Fetal and
Hybrid Procedures
in Congenital

i—(eart Diseases

Gianfranco Butera
John Cheatham
Carlos A.C. Pedra
Dietmar Schranz
Gerald Tulzer
Editors

@ Springer



Fetal and Hybrid Procedures in Congenital
Heart Diseases






Gianfranco Butera ¢ John Cheatham
Carlos A.C.Pedra ¢ Dietmar Schranz
Gerald Tulzer

Editors

-etal and Hybrid
Procedures in Congenital
Heart Diseases

@ Springer



Editors

Gianfranco Butera Dietmar Schranz
IRCCS Policlinico San Donato Justus Liebig University Hospital
San Donato Milanese Giessen
Italy Hessen
Germany
John Cheatham
Pediatric Cardiology Gerald Tulzer
Nationwide Children's Hospital Kepler University Hospital
Columbus, Ohio Linz
USA Austria

Carlos A.C. Pedra

Hospital do Coragao

Instituto D. Pazzanese de Cardiolog
Sao Paulo

Brazil

ISBN 978-3-319-40086-0 ISBN 978-3-319-40088-4  (eBook)
DOI 10.1007/978-3-319-40088-4

Library of Congress Control Number: 2016953296

© Springer International Publishing Switzerland 2016

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recita-
tion, broadcasting, reproduction on microfilms or in any other physical way, and transmission or infor-
mation storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publica-
tion does not imply, even in the absence of a specific statement, that such names are exempt from the
relevant protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the
editors give a warranty, express or implied, with respect to the material contained herein or for any errors
or omissions that may have been made.

Printed on acid-free paper

This Springer imprint is published by Springer Nature
The registered company is Springer International Publishing AG Switzerland



Preface

The field of congenital heart disease has dramatically changed over the past years as
a consequence of significant advances in imaging, understanding of disease mecha-
nisms, and treatments through surgical and/or transcatheter techniques.

Among all, two fields have had interesting and significant evolutions: the
development of fetal transcatheter treatments and the hybrid approach to therapy of
congenital heart disease.

The idea of performing a therapy during fetal life has the aim to modify the
natural history of some congenital heart diseases as aortic or pulmonary stenosis
and the restrictive interatrial septum. The development of these techniques has
opened new hopes. However, there are still many debated issues. All these aspects
are developed throughout the book by world-renowned experts in the field.

The hybrid concept refers to the effort of joining the knowledge and the skills
from both the interventionalists and the surgeons in order to minimize risks and
optimize results. Furthermore, undergoing these procedures, patients may have a
quicker recovery, a shorter hospital stay, and a better quality of life.

These techniques require not only a specific training but also need a tight col-
laboration within the team which includes pediatric interventionist, echocardiogra-
pher, surgeon and anesthesiologist. Almost all the leaders of the field collaborated
to the book providing a complete overview of technique and results.

This book is the result of the collaboration of 40 world-renowned experts and
gives plenty of details, tips, and tricks on 48 different topics. It provides the state of
the art in the fetal interventional and the hybrid fields. To the reader the effort to
develop new ideas in order to improve lives of our small patients.
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Ethical Aspects of Fetal Heart
Interventions

Patrizia Salice, Nicola Persico, Carlo Casalone,
Salvatore Natoli, and Federico Lombardi

The treatment of fetuses with altered cardiovascular physiology due to critical val-
vular stenosis or atresia is a complex clinical situation involving several ethical
issues.

In contemporary clinical practice, a prenatal diagnosis of these pathological situ-
ations usually leads to the termination of pregnancy (TOP), that is offered, accord-
ing to the different legal issues in different countries. It must be kept in mind and
eventually discussed with the patient that, in early diagnosis, legal constraints on
gestational age limit for TOP together with the development of defensive medicine
may lead to an increasing number of women opting for TOP [1]. Fetal heart inter-
ventions (FHI), under these circumstances, are an alternative to TOP, offering to
women the choice to continue their pregnancies and to more babies to reach birth
with an acceptable outcome.

There are no laws forcing a pregnant woman to undergo invasive fetal treatment
outside mainly historical legal orders of performing caesarean section for fetal dis-
tress [2]. Embarking on fetal invasive therapy or surgery is a demanding
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commitment, not only for the heaviness of the immediate treatment but also for the
long-term consequences, encompassing perinatal care, postnatal management, and
follow-up, including medical and social aspects, which cannot be successful with-
out the full and active cooperation of the pregnant woman.

Given the complexity, the risks (for both woman and fetus), and the long-lasting
effects of this specific interventional treatment, particular care must be paid to the
practice of informed consent (IC). Moreover, it is mandatory for the ethical standard
of any medical act to be aware of its shortcomings. Autonomy and human dignity
are respected and promoted in the IC through accurate and complete information on
the medical act, with all the benefits, side effects, and risks that it implies. The IC
refers to the clinical perspective of a physician who performs his job with responsi-
bility, fairness, and conscience, through the evidence-based medicine. The main aim
has always been the patient’s interest.

In order to avoid possible conflict of interests, a third person should ideally be in
charge of the IC procedure. Nevertheless, when this is not possible and the informa-
tion is provided by the same operator, the potential conflict must be disclosed and
handled with particular care. It is also important to keep in mind that words such as
child, baby, mother, and parents have important emotional impact. It must be con-
sidered if it is worthwhile to avoid them, using more neutral terms such as fetus,
womb, and pregnancy, whose connotation is anatomical or functional. It is not only
a linguistic choice but also an ethical one [3—4].

It is important for the IC:

1. To clarify that the aim is to increase the chances of biventricular repair [5-7], to
underline fetal risks (pro and cons) either in case the FHI would be performed or
in case the procedure wouldn’t be performed, and to report, from most recent
data, what is the clinical success rate [8—14]

2. To explain to the mother and the couple how the FHI will be held, detailing the
steps of the procedure and the anesthesia for both mother and child and to deeply
take into consideration both physical and psychological mother risks [15]

3. To remind that this is not a stand-alone intervention and patients will require a
combination of repeated balloon aortic valvuloplasty, coarctation repair, endo-
cardial fibroelastosis resection, and mitral or aortic valvuloplasty

The limit of the IC in this field is the paucity of data and the lack of:

(a) Data on progression of the lesions to determine whether outcome would be
favorable or unfavorable. There is a conflict of timing particularly in the diag-
nosis and treatment of critical aortic stenosis (AS) and intact atrial septum. On
the one hand, it seems logical that earlier fetal intervention could reverse
pathophysiology at least in case of AS. On the other hand, the earlier the deci-
sion is made to intervene, the less confidence the physicians have that the defect
will ultimately progress to hypoplastic left heart syndrome [16].

(b) Randomized studies on real utility of the procedure. Many argue that only a
properly designed, adequately powered, and meticulously conducted
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prospective trial, ideally randomized, would sufficiently overcome bias. The
counteragument is that available data [8] allow to differentiate, in well selected
cases, what patients were highly likely to evolve toward hypoplastic left heart
syndrome and what were born with a nearly normal-sized left ventricle after
fetal valvuloplasty.

Because of these reasons, women’s request for treatment while refusing to enter
a trial is not a rare situation. Finally, nowadays, it is preferable to take the stance of
a controlled trial with possible crossover, in case of worsening of fetal conditions,
being the only way to access treatment, even if TOP is then requested when treat-
ment cannot be offered.

IC is only a part of the communication and counseling. It is very important to
build a multidisciplinary team to overcome the possible difference from clinical
background of different practitioners. In fact, for example, fetal cardiologists and
pediatricians accord somewhat less weight to maternal decision-making than obstet-
rics and shift the focus of care to the fetus and perhaps privilege the interests and
claims of the fetus over those of the pregnant woman [17, 18].

Ethical issues specifically related to fetal therapy articulate to a large extent
around the transition between experimentation, therapeutic innovation, and stan-
dard of care. Our ability to diagnose and treat several fetal conditions has developed
more rapidly than our understanding of their short-term and, even more so, long-
term outcome in both treated and untreated cases.

Enthusiasm for fetal intervention must be tempered by mindfulness of the inter-
ests of the mother and her family, by careful study of the natural history of the dis-
ease in untreated human fetuses, and by willingness to abandon therapy that does
not prove effective and safe, in properly performed trials.

To date, clinical results of maternal/fetal intervention for AS are based on com-
parisons with historical controls and address efficacy (Techne) rather than safety
(Praxis) [19, 20].

In conclusion, interventional fetal cardiology is a model where ethical consider-
ations must guide decisions, aimed to minimize damages and to increase success
rate of proposed interventions. Such opportunity of applied ethics has to produce
the right choice to realize the beneficence of the mother, fetus, and future child.
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Tools in Fetal Heart Procedures

Cleisson Fabio Andrioli Peralta, Simone Rolim Fernandes
Fontes Pedra, and Carlos Augusto Cardoso Pedra

2.1 Introduction

Fetal cardiac interventions have gained acceptance in the fetal medicine and cardi-
ology fields as their efficacy and safety have been demonstrated throughout the
world [1-13]. Some of the tools used in these procedures deserve comments.

In order to guarantee a successful intervention by a multidisciplinary team, an
adequate case selection and some technical aspects should be respected [12, 13].

Despite slight variations exist in the assessment of different congenital heart
abnormalities, the main instruments used for these procedures are basically the same.
We shall comment about some details of maternal and fetal perioperative care, as
well as about the main tools used during and after the fetal procedure [12, 13].

2.2  Maternal and Fetal Perioperative Care

Maternal fasting should start about 8 h before the procedure, which is performed
under spinal blockage. We do not recommend general anesthesia because it could
impede fetal positioning, which is more easily accomplished with an active fetus.
Local anesthesia could eventually be an option; however, most patients do not toler-
ate well the external manipulation of the uterus. Depending on maternal anxiety,
conscious sedation can be used after the fetus is properly positioned [12, 13].

For uterine relaxation, several options can be considered. In our unit, oral nife-
dipine (20 mg TID) is started about 12 h before the procedure, with two additional
doses after the intervention. Other options are terbutaline (intravenous or subcuta-
neous) and atosiban (intravenous) during the procedure, followed by two additional
doses of nifedipine [12, 13].

C.F.A. Peralta (><) * S.R.EF. Pedra » C.A.C. Pedra
Fetal Cardiology Unit, Heart Hospital, Sao Paulo, Brazil
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After the mother is anesthetized and the fetus is well positioned, fetal anesthesia
is given either by intramuscular or intravenous injection of pancuronium (20 pg/
Kg), fentanyl (10 pg/Kg), and atropine (20 pg/Kg) using a 15-cm-long 20-gauge
Chiba needle. If polyhydramnios is present, it is imperative that it is drained before
the access to the fetal heart, so that the deepest vertical pocket of amniotic fluid does
not exceed 8 cm. This process avoids passive fetal dislodgement during the heart
intervention [12, 13].

2.3  Main Tools Used During Fetal Intervention

All steps from external version of the fetus to the heart procedure are performed
under continuous ultrasound guidance using high-resolution ultrasound devices
equipped with convex 2—-6 MHz transducers.

As previously described, in our institution, a 15-cm-long 17-18-gauge Chiba
needle (Fig. 2.1) is advanced through the maternal abdomen, uterine wall, and fetal
chest wall and into the cardiac chamber (left or right ventricles or right atrium) [12,
13]. Other groups have described the use of cannulas with diamond-tipped stylet
needle instead of the sharp-tipped Chiba needle [1-11]. There is no need for open
surgery to expose the uterus in these procedures, as long as the fetal medicine spe-
cialist is familiar enough with the external manipulation of the fetus. Adjustments in
the imaging plane are continuously done to include both the whole needle and the
target cardiac chamber in the same field of view. The entry through the apex of the
left or right ventricles is achieved as the tip of the needle is directed to the stenotic
or atretic semilunar valves. The needle may occasionally need to traverse the pla-
centa or the fetal liver. Pre-marked systems with rapid exchange 6—-10-mm-long
coronary balloons pre-mounted over cutoff 0.014-in. floppy-tip guidewires are used
(Fig. 2.1). Clear visualization of the guidewire in the ascending aorta for aortic val-
vuloplasty or across the ductus for pulmonary valvuloplasty is recommended before
balloon inflation. The coronary balloons are inflated up to two to four times with a
pressure gauge device to reach diameters that are 20-30 % larger than the valve
annulus. In our unit, the fetal medicine specialist is responsible for the external

i P

\
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Fig. 2.1 Chiba needle (17 gauge, 15 cm long) and pre-marked system with rapid exchange
10-mm-long coronary balloon pre-mounted over a cutoff 0.014-in. floppy-tip guidewire
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version of the fetus, as well as the ultrasound self-guided needle steps, and the inter-
ventionist manipulates the catheters and wires. After valve or interatrial septum
dilatation, the whole system (needle +balloon + wire) is pulled out of the fetal heart
and maternal body as a unit to avoid shearing off the balloon from the catheter shaft.
No attempts should be made to recapture the balloon through the sharp tip of the
needle. In cases of tamponade, the pericardium is promptly punctured for drainage
using a 15-cm-long 20-gauge needle. If severe and persistent fetal bradycardia
occurs, epinephrine (1-10 pg/kg) and atropine are injected directly into the ventri-
cle [12, 13].

The use of stents and special catheters instead of coronary balloons is an option
for interatrial septum procedures, although our team does not have experience with
this technique.

24 Main Tools Used After Fetal Intervention

After the main steps of fetal cardiac intervention are finished, fetal monitoring is
performed by ultrasound. Apart from an initial evaluation of the success of the pro-
cedure, umbilical and cerebral Doppler can be used to reassure fetal hemodynamic
stability. Middle cerebral artery peak systolic velocity is measured to detect fetal
anemia, usually the day after the procedure, in cases of excessive fetal bleeding
(subjective evaluation) [14].

Magnetic resonance imaging is also a useful tool that can be used especially in
cases of severe fetal bleeding and tamponade followed by persistent bradycardia
and/or heart arrest. It allows the detection of acute and recent fetal brain damage,
through the evaluation of water diffusion restriction, and it can be performed right
after the cardiac intervention until 7-10 days after the procedure [15, 16].

In summary, the tools used for fetal cardiac interventions nowadays are relatively
simple and widely available. Despite new instruments, as catheters and dilating
devices, are welcome and may help to improve results in the future, it seems that the
success of fetal cardiac intervention relies mainly on the expertise of a dedicated
multidisciplinary team.
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Role of Multicenter Registries to Assess 3
Outcomes of Fetal Interventions

Daud Lodin, Tara Karamlou, and Anita J. Moon-Grady

3.1 Introduction to Congenital Heart Registries
3.1.1 What Are Health Registries?

Health registries are databases that are managed by an organized network of centers
that contribute clinical data for research purposes. Within these registries, analysts,
researchers, and physicians work together to generate new knowledge from pooled
data that may improve treatments, outcomes, and systems of care. By combining
cases from multiple sources, health registries create larger pools of study data with-
out the added expense of clinical trials. They provide sample populations that have
superior variability and therefore may have better representation of larger popula-
tions. Because registries utilize aggregate data, they are ideal for studying rare dis-
eases, complications, or adverse effects. Registries also provide a unique source of
collaboration for the research community, as the creation of these multicenter part-
nerships requires extensive participation from experts across many disciplines.
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3.1.2 Fetal and Congenital Heart Registries

Currently, three major registries of infant, children, and adult case data exist inter-
nationally that contribute to the body of knowledge for the treatment of congenital
heart diseases (CHD). The Society of Thoracic Surgeons (STS) was the first organi-
zation to develop databases in the United States (US) for the sole purpose of track-
ing heart disorders requiring surgical intervention [1]. The STS Adult Cardiac
Surgery Database and the STS Congenital Heart Surgery Database (CHSD) contain
over five million surgical cases, with data from approximately 90 % of all cases
occurring nationally [1]. Two other major cardiac health registries, the European
Association for Cardio-Thoracic Surgery (EACTS) database [2] and the Japanese
Congenital Cardiovascular Surgery Database (JCCVSD) [3], both obtain similar
data on patients undergoing surgery for cardiac disease. Though none of these reg-
istries currently collect data specifically on prenatal intervention, the STS-CHSD
will ascertain prenatal intervention and many prenatal and maternal variables in the
next upgrade.

Although lacking the sponsorship of major congenital heart organizations, the
necessity for more in-depth data is what initially drove the creation of a small col-
lection of fetal intervention centers to join together to create the first global registry.
The International Fetal Cardiac Intervention Registry (IFCIR) was created in 2010
to collect data and monitor the state of rare congenital heart cases that were referred
for or received fetal cardiac interventions (FCI) [4]. The IFCIR is a collective of 35
fetal surgery centers worldwide, working to collect data on all cases. While cur-
rently in its infancy, the registry has collected over 450 FCI cases over its 5-year
existence and was the subject of a recent report detailing the results that have been
cultivated so far [5]. Preliminary reports of the registry’s efforts have shown prom-
ise and may well pave the way in improving aspects regarding FCIL.

3.2  Overview of Registry Structure and Standards

The creation of a reliable and well-functioning registry requires a high level of stan-
dardization and quality control in order for it to serve as an effective tool for identi-
fying risk factors and advances in care. The development and use of a common
nomenclature, standardized data collection procedures, and a network for long-term
validation of data from participating sites contribute to the success of health regis-
tries. Understanding these concepts as they pertain to multicenter health databases
will help elucidate the complexities of registries describing fetal and hybrid pediat-
ric cardiac surgery.

3.2.1 Registry Structure

The first step in developing a registry is the creation of a network of data collection
centers that may require cooperation from participating medical centers, state health
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departments, and potentially national organizations, depending on the scope of vari-
ables included. Data progresses from these smaller centers and is shuttled to larger,
overseeing centers, responsible for collating, correcting, and analyzing the com-
plete dataset. As an example of this structural balance, the STS recommends that
each center utilizes a dedicated data manager to enter data for local cases and send
them to a central data warehouse, the Duke Clinical Research Institute, DCRI, for
concatenation, quality assurance, and data verification [1]. For developing regis-
tries, the importance of establishing structure relies on the coordination and recruit-
ment of new centers. For IFCIR, operations began in 2011 with four centers
contributing case data [3]. At its current size of 35 centers across 15 countries, the
organization will require greater infrastructure to handle the complexity and bureau-
cratic aspects of their growing registry. Moon-Grady and colleagues discussed the
program’s preliminary experience in a 2015 publication, detailing the work they had
done since their inception [5]. The authors explained the importance of establishing
an FCI registry and elucidated many of the shortcomings in the initial iteration of
the dataset. Noncompliance from institutions, the need for individual institutional/
ethics review board approval, the legal implications of local regulations, and varia-
tions on what information centers were able to divulge all contributed to limitations
in the data collection process. The IFCIR has potential to overcome these shortcom-
ings, as the registry adapts to handle these expansions. As was the case with the
establishment of the STS national databases, harnessing the support of national
organizations and personnel may facilitate growth of the registry with fewer com-
plications and greater data accuracy.

3.2.2 Common Coding and Nomenclature

A common system of nomenclature and health coding must be established in
which diseases, outcomes, interventions, and anatomy consistently have the same
code, description, name, and characterization for successful high-quality data col-
lection. In 1998, the EACTS and the STS worked together to develop the
International Congenital Heart Surgery Nomenclature and Database Project
(ICHSNDP) [6]. The project worked to combine the knowledge of both organiza-
tions in order to form a standardized, internationally accepted, CHD nomencla-
ture. The end result of the three entities’ roles was the creation of the International
Pediatric and Congenital Cardiac Code (IPCCC), a standardized code on the web
(http://www.IPCCC.net) that offers standardized lists of CHD code [6]. The
establishment of these standardized codes, as well as the presence of committees
dedicated to ensuring its integrity, is paramount to ensuring the quality of CHD
data being collected is at a high standard and that bias from data errors and mis-
classification is minimized.

From the standpoint of fetal cardiac intervention, however, several unique
issues regarding nomenclature exist. For example, what “diagnosis” should the
fetus with evolving heart disease seen in the midtrimester (or in some cases as
early as the late first trimester) be assigned? Aortic stenosis clearly may evolve
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to hypoplastic left heart syndrome [7], but pulmonary stenosis may or may not
become pulmonary atresia after birth; currently, the IFCIR utilizes an overall
classification scheme coupled with key echo-derived anatomic and physiologic
descriptors rather than a set nomenclature system. This issue regards the natural
versus the “unnatural” history of disease evolution, when prenatal intervention
may change the postnatal diagnosis substantially. This concern needs to be
resolved before fetal cardiac registries can be integrated into the existing registry
efforts mentioned previously.

3.2.3 Data Collection and Variables of Interest

The selection of variables to be collected is a paramount step in establishing a basis
for both new and growing registries. Different study designs from all aspects of the
field in question will require an assortment of diverse variables, allowing for several
hypotheses be tested longitudinally and cross-sectionally. Variable categories that
may be of interest in FCI registries are included in the table (Table 3.1).

Table 3.1 Fetal cardiac intervention variable categories and examples

Variable category Example variables

Demographics (maternal) Age, race, gender, obstetric history, gravity, parity, pregnancy
dating

Noncardiac congenital List of congenital disorders in the fetus (diaphragmatic

abnormalities (fetus) hernia, brain abnormalities, omphalocele, etc.)

Chromosome abnormalities Trisomies, monosomies, or chromosomal deletions detected

(fetus and infant) by invasive or noninvasive means

Syndromes (fetus and infant) List of syndromes (DiGeorge, Noonan, etc.)

Hospitalization (maternal and Hospital location, insurance information, admission and

infant) procedure date

Preoperative factors (fetus/ List of factors (hydrops, atrioventricular block, etc.)

infant/child)

Diagnoses (fetus) Aortic valve abnormalities, atrial septal restriction,
pulmonary valve abnormalities, mitral valve abnormalities,
arrhythmias

Procedures (maternal/fetal) List of procedures for each diagnosis

Anesthesia (maternal and fetal) Anesthetic used, adverse events

Operative factors (maternal, Procedure type, surgeon, procedure duration, anatomic and

infant/child) access factors, i.e., placental location, technical components,

medications, and resuscitative measures
Postoperative factors (maternal) Blood products utilized, tocolysis

Complications (maternal and List of complications (intraoperative death, preterm rupture
fetal) of membranes or labor, late intrauterine death, etc.)
Discharge and outcomes Date of birth, operations, discharge, readmission, mortality
Adult factors Smoking status, history of chronic disease, family history,

operations, and complications

Intended as illustrative, not necessarily comprehensive
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3.2.4 Quality Assurance and Data Verification

Quality assurance and data verification go hand in hand to address issues with dupli-
cate records, incorrectly entered data, and missing entries. There are several ways in
which checks and balances can be implemented to ensure complete data and the
reduction of errors. Depending on the infrastructure, the size of the registry, and the
number of data entry points, evaluations and audits at each level are required to
ensure high data integrity. As one model, in the STS National Database, each center
participating in the registry receives a data quality report of their own data after each
bulk submission [8, 9]. These reports include information on the raw data they sub-
mitted, changes to this data, completeness issues, and a percent missing itemized
list of missing variables [8, 9]. They allow centers to audit their own records, as well
as confirm or correct the changes made by STS in their database. Their annual
national report also presents an opportunity to benchmark individual center results
compared to the aggregate using composite quality ratings. Voluntary public report-
ing for in-hospital mortality is currently an option using a center’s own STS data.
Such national initiatives may improve quality, by facilitating transparency regarding
outcomes. The current FCI database represented by IFCIR relies on intermittent
data quality review and manual query and data verification. Clearly, a more rigorous
model for data verification will be necessary, as the registry matures and before the
information can be made publicly available.

3.2.5 Risk Adjustment Modeling and the Goal
of Registry-Based Data

Because global benchmarks and goals must be set for fetal cardiac centers in order
to reduce complications and mortality, registry data is likely to play an increasingly
important role. One of the analytical tools that registries utilize is a risk-adjusted
model, an analysis method that collectively examines several associations to a sin-
gle outcome. Risk-adjusted models rely on comparing the effect of multiple relevant
variables together, ensuring that false association is not made and that a proper
description of vulnerable populations can be determined. Continuing with the STS-
CHSD as an example for CHD case analysis, the organization’s most recent risk
adjustment models had excellent discrimination regarding in-hospital mortality and
clearly identified several predictor variables that increased the risk of in-hospital
death. The analysis was conducted comparing mortality in 54,224 patients in over
80 centers. Demographic, diagnostic, surgical, and clinical characteristics were
examined first individually for their effect, then by an examination of their collec-
tive effect on mortality. The final risk-adjusted model included primary procedure,
patient age, weight, and several other important comorbidities [10, 11]. This com-
plete model effectively identified which patient populations are at a greater risk for
adverse surgical outcomes, as well as which disorders and procedures carry a greater
risk for death, thereby allowing clinicians to discuss and set goals to improve care
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for these specific populations. As changes are made to the management of care and
interventions, future multivariate analyses will help determine if these improve-
ments have ultimately led to better outcomes. Risk-adjusted models serve as an
important tool for registries to determine areas of improvement and to examine the
efficacy of clinical and procedural developments.

3.2.6 Limitations to Multicenter and Registry-Based Studies

There are certain limitations to multicenter and registry studies that must be
addressed to better understand their strengths and weakness. Studies associated
with health registries are not randomized or blind and may not include a proper
control group. Many registries are voluntary, and therefore the data may not be
extrapolatable or representative [12, 13]. Misclassification from coding inaccura-
cies, duplicated records, or missing values may introduce important bias [12].
Additionally, selection bias can occur from institutions or individuals, who may
have a financial or other stake in these studies [12]. Smaller, poorly performing, or
low-resource medical facilities may abstain from participating in registry data col-
lection, introducing another important source of bias and further limiting generaliz-
ability [12, 13]. One additional limitation unique to the field of fetal cardiac
intervention regards the potential linkage of fetal data from maternal records with
postnatal databases, as there is a potential for data lost due to case data not being
recorded separately or included solely in maternal records. In particular, some
fetuses may not survive to live birth and thus may be present only in maternal
records, creating a situation that could cause the loss of records on patients that
undergo any interventions prenatally.

3.3  Public Health Implications of Registry Data

3.3.1 Data Linkage: Challenges and Advantages to Registry
Collaboration

As congenital and fetal registries begin to grow in size, a standard for data collection
and patient recruitment will require the collaboration of multiple centers and regis-
tries in order to properly collect case data and present important results. Creating a
linkage between these registries will be important for examining the efficacy of FCI
and has been an important topic for CHD databases over the past few years. The
STS-CHSD has worked on linking their data with two other major registries. The
Congenital Heart Surgeons’ Society (CHSS) and the Pediatric Health Information
System (PHIS) are two organizations whose databases have separate yet important
focuses and intentions for CHD data [14—16]. Certain analyses, such as longitudinal
and Medicare-based studies, could never have been conducted by the STS without
the combined effort of these organizations [14—16]. Linkage also identified gaps,
misclassifications, and errors within databases, highlighting the importance of
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cross-examining patient information and increasing the sample size for conducting
analyses [14-16]. Lastly, combining population data allows these registries to
examine the overall representative nature of the study pool with the rest of the popu-
lation, improving statistical adjustments to state and nationwide statistics [14-16].
As registries begin to expand to include data on FCI, collaboration through data
linkage will help to expand the effort in regard to improving the field and creating
long-term benefits for patients while capitalizing on the efforts of these larger orga-
nizations and minimizing duplication of effort in data collection and storage.

3.3.2 Fetal Registries and New Discoveries

The overarching purpose of multicenter FCI registries is to provide large databases
for use in discovering rare associations and ultimately improving care and interven-
tional techniques [12, 17]. The increased statistical power of multicenter studies is
extremely beneficial to studying rarer diseases and their treatments [12, 17]. This
concept has been proven important in the field of CHD, as several multicenter stud-
ies have successfully shown unique traits and characteristics associated with cardiac
interventions and disorders. Research on FCI will benefit immensely from the
development of new and current registry systems. In only the recent few decades,
fetal interventions have gone from an experimental aspect of cardiology to a viable
opportunity to address congenital malformations before birth. Intervention data
globally has been scarce, however, as IFCIR has collected less than 500 cases over
the past 5 years [5]. The organization’s most recent analysis showed the importance
of this small data pool with regard to three major cardiac procedures: aortic valvu-
loplasty, pulmonary valvuloplasty, and atrial septal interventions [5]. The highlight
of their 2015 report showed that fetal patients with CHD who underwent these inter-
ventions were more likely to have improved cardiac physiology upon discharge than
patients that had no intervention [5]. The results of this publication are a small step
forward in the right direction for furthering FCI efficacy. While the IFCIR has
grown slowly since its debut, developments to the size of their network have been
impressive and will be paramount to the future of the registry. The number of cen-
ters associated with IFCIR has grown to almost ten times its initial size in 2011, and
ongoing progress and participation will be essential to its success.

3.3.3 The”Public”View: Awareness, Transparency,
and Accountability

In the context of FCI, the US Affordable Care Act (ACA) emphasizes the right to
equity and access to care for all, including mothers and their fetuses [18]. While this
declaration ensures that there will be support for FCI, its ascension into a common
medical practice will not arrive without scientific scrutiny. The need to progress and
justify the efficacy of these procedures will be paramount in developing public per-
ception of the field, as well as provide reasoning for conducting them.



18 D.Lodinetal.

Beyond creating transparency and building public perception, the role that mul-
ticenter studies have had on healthcare payers will ultimately play a part in the suc-
cess of whether FCI will be a viable and accepted healthcare option. For instance,
one prominent health agency offering insurance in the Unites States recently
released a policy brief explaining their rationale for coverage of only certain fetal
surgical procedures [19]. Effective May of 2015, the cost of repair procedures for
six noncardiac fetal diagnoses will be covered. The company’s published brief
stated that there was sufficient evidence associated with specific repair techniques
that proved the scientific efficacy. However, fetal interventional techniques associ-
ated with congenital heart disease were listed as a non-coverable medical expense.
According to the agency, study evidence was found inadequate to verify the efficacy
of any FCI. The studies cited, however, were all single site, utilizing only small
datasets that would have created little study power to prove the usefulness of FCI on
the whole, let alone for individual procedures [19]. The lack of large-scale viable
studies for use in verifying procedures will be a challenge for the field to overcome
as it develops. The use of FCI multicenter or registry studies may well be the step-
ping stone necessary for organizations and the public to embrace FCI as a medically
and financially safe form of healthcare.

3.3.4 Challenges to Fetal Registries: Politics, Ethics,
and Fetal Data

While bias and systematic limitations are a threat to the integrity of registry data,
social and political aspects present unique challenges in the context of FCI and their
registries. As was stated earlier, the ACA in the United States mandated access to
healthcare for all, including the consignment of this right to a fetus. But does that
necessarily mean that a fetus may have other rights? What about the right to privacy
or the respect for autonomy? Stem cell research brought these questions into light
several years ago, as politicians and the public debated whether the benefits of
research superseded a fetus’ right to life [20]. The debate regarding fetal rights cre-
ated a stigma that has since divided the nation and been detrimental to advance-
ments in fetal and stem cell research in the United States. Prenatal studies have and
will come under greater scrutiny from governmental and institutional officials. Such
hurdles present themselves for new and ongoing fetal databases to overcome in
order to survive and flourish in the current political climate.

Within the realm of medical ethics, several vulnerable subpopulations have been
identified, including minors, seniors, prisoners, and the mentally disabled [21].
These groups are fortunate enough to have the protection of certain laws and regula-
tions that prevent coercion and manipulation [21]. A continuing international debate
on fetal rights, however, has not established similar criteria for fetuses. Guidelines
on intrauterine fetal research generally only condone work done where there is min-
imal (or no) risk to the fetus and that proper consent is documented from the parents
[22]. These guidelines also restrict research procedures that would possibly cause
harm to the pregnancy, regardless of the benefits of study outcomes or if the mother
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had decided upon pregnancy termination prior to enrollment [22]. There is, how-
ever, no mention within ethics board guidelines of long-term privacy or dissemina-
tion of the patient data. As FCI databases develop and research begins to investigate
outcomes that extend into early child or adulthood, the private data of a fetus will
instead become associated with a born individual. A barrier that fetal cardiac regis-
tries will need to consider is the right to hold maternal and/or fetal data for long-
term use. Regulation may need to be developed for adults, who successfully survived
fetal cardiac intervention, to be informed of their status in registry participation and
be given the option to have their data kept or removed.

3.4  The Future: Fetal Intervention Registries
and Advocating for a Global Database for All
Congenital Heart Disorders

The focus of this chapter was to discuss the means, rationale, and hurdles for the
creation and maintenance of FCI registries, looking at current and non-FCI models
to explain the many facets of registry and multicenter studies. It must be made
clear that the future of FCI registries will rely on the collective effort of established
CHD registries and will also require the extensive cooperation from their large
governing bodies. While IFCIR currently serves as the largest FCI database on a
global scale, their outreach is limited, as the organization does not carry any major
infrastructural or collaborative support from larger organizations such as STS or
EACTS. The prospects of improving FClIs lie in the joint organization of several
major international bodies, working together to gather data and help build the field.
In 2010, Jacobs and colleagues published a summative report on the feasibility of
producing an international system of data collection for a global CHD registry [6].
Citing consensus between international standards for nomenclature, interagency
cooperation, data quality, and verification, the authors provided evidence showing
that this large-scale endeavor was achievable. They also underlined two important
points for future development. First, registries relying on multidisciplinary col-
laboration would be the key in ensuring the database’s success [6]. This field-wide
rule would include specialists of FCI, helping to bring awareness and expansion for
the field. Second, they made clear that a new system of data collection was not
necessary and that a global system could simply be integrated into the current
infrastructure of each major organization [6]. The field would benefit greatly from
the fruition of a global CHD system and receive greater attention and support for
improving FCIL.

Conclusion

Registry and multicenter studies benefit the field of FCIs by providing aggregate
data for analysis and support for further innovation and by providing a potential
source of advertising for participating centers. There are important limitations
inherent in voluntary registry data that must be recognized in order to avoid the
threats of chance, bias, and confounding. Moreover, several political, ethical, and
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social barriers exist that will create obstacles in further progress with fetal regis-
tries. However, the benefits of creating a unified system of data collection are
likely to advance care, increase education initiatives and patient access, and ulti-
mately improve maternal and fetal outcomes worldwide.
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Role of Counseling in Fetal
Congenital Heart Diseases

Maria Giovanna Russo, Fiorella Fratta,
Beniamino Tormettino, and Nicola Colacurci

Counseling is a profession that helps individual, family, or group through the relation-
ship between the professional and client. Counseling facilitates the processes of
change and improves the quality of life, enhancing both the resources and the relation-
ships with the environment surrounding. The fetal echocardiography is a technique
born in the late 1980s, when the improvement of ultrasound technology has made it
possible to highlight the characteristics of the fetal heart. Huhta JC, one of the fathers
of this method, wondered immediately if, without the possibility of dealing with in
utero congenital heart disease, it was useful or advisable to diagnose before birth.
Numerous studies have now clearly demonstrated that a team consisting of a gynae-
cologist and a cardiologist pediatrician can diagnose with very high accuracy a num-
ber of congenital heart defects in the fetal stage; so, the spectrum of the anomalies
discovered in the uterus is almost superimposed on the heart disease observed at birth.
Nowadays, high attention to the anatomy of the fetal heart is associated with an
equally close attention to the psychological aspect of the matter: in practice it is not
always possible to deal adequately with the counseling prospective parents.

In the last years, thanks to the ultrasound equipment and to the skills of the peri-
natologists, the prenatal diagnosis of fetal malformation is improved, and it’s now
possible to detect or suspect a fetal malformation from the mid-gestation. This is for
sure an important improvement in the field of the fetal medicine, but it resulted in
another issue, the ones related to the counseling, the ethical and psychological
aspect of the problem. These aspects are of great important as we can see by the
large and growing scientific literature on this argument [1-4]. As a consequence of
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these observations, many authors [5, 6] state that it is mandatory a multidisciplinary
counseling comprise the obstetrician, the cardiologist, the pediatric surgeon, and the
psychologist, in order to provide a comprehensive information to the parents. This
raises the question of whether or not repeated consultations during the follow-up of
the mother and the fetus, on the one hand, could improve the emotional side of par-
ents, but according to others, this approach would worsen the anxiety. At present the
literature did not arrive at conclusions supported by evidence [7, 8]. There is evi-
dence that prospective parents may be able to face up with anxiety with a psycho-
logical support; therefore, in these cases a single consultation may be inadequate.

4.1 Invasive Fetal Cardiac Intervention (FCI)

The outcome of fetuses with congenital heart disease, developing a postnatal univen-
tricular heart despite improvements in neonatal surgical care and development of dedi-
cated follow-up programs, remains poor. This case has become the main indication for
antenatal intervention. Postnatal surgery, which results in a far from optimal single-
ventricle Fontan-type circulation [9], has a considerable mortality rate, leading to a
total long-term survival of less than 65 % [10]. Numerous studies have been published
documenting the natural history of congenital heart defects in utero and the potential
of prenatal progression [11, 12]. A well-functioning biventricular heart may develop
into a univentricular heart, or it may acquire myocardial damage, which can lead to
congestive heart failure, arrhythmias, hydrops, and intrauterine death. Pulmonary
development may be also affected. It would therefore seem logical that a fetal intracar-
diac intervention at the right time and in the right fetus should be able to improve or
even normalize hemodynamics and to prevent secondary damage to the fetal heart and
lungs [13]. Recently, technological advances in fetal cardiac imaging have given us a
window into the womb, creating the field of fetal cardiology, where the fetus is con-
sidered an individual patient from the time of diagnosis. One of the challenges we face
as fetal caregivers is that we must strive to understand the “prequel” of what we
already know: the natural history and progression of congenital heart disease in utero.
More than 25 years ago, researchers reported that structural heart disease, specifically
aortic stenosis, evolves in utero [11]. Fetal therapy, either by catheter intervention or
surgery, is based on the fundamental principle that intervention will alter the natural
history of the disease process. To prove that this is true, we must first gain an under-
standing of the unaltered progression of heart disease in utero. Referral centers have
shown that fetal cardiac intervention can be performed successfully, with minimal risk
to the mother and encouraging outcomes for fetuses, particularly in those with aortic
stenoses evolving to HLHS hypoplastic left heart syndrome (HLHS).

4.2 Counselingin Fetal Cardiac Intervention

In recent years, several advances have been made in the fetal cardiac intervention of
congenital heart disease. All these advances are accompanied by the need to be
prepared for the best to be able to explain clearly to parents what are these
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procedures and the risks associated with them. Indeed counseling with parents
regarding these procedures really becomes a very delicate process. It must not only
be accurate in the technical description of the procedure, but list all of the risks and
complications and less common and finally also understand the emotional side.
Counseling is both multidisciplinary and multistage. Of primary importance is the
story of the mother, the presence of diseases and allergies, or taking drugs. A careful
consultation should be carried out with the consultant physicians. The counseling
should be carried out in the presence of both parents and possibly all members of
the family who may support the decision.

The duration varies from case to case; it is necessary to be sure that parents have
understood all the risks associated with the procedure and all the possible complica-
tions postprocedure. Only after being sure that counseling has been comprehensive,
you may ask the parents to sign written informed consent. If it is assumed that the
parents do not demonstrate a clear understanding of the benefits and risks of the
procedure, it is a contraindication to the same.

Parents are counseled extensively about the maternal and fetal risks.

4.2.1 Maternal Risk

The mother’s safety, health, and future reproductive potential remain the priorities
when undertaking fetal therapy. A comprehensive preprocedure workup is per-
formed to exclude maternal contraindications for the procedure. Nevertheless, com-
plications related to the anesthesia, laparotomy, and uterine manipulation can occur.
In addition, a sick or hydropic fetus can lead to premature labor or the maternal
mirror syndrome, a preeclampsia-like syndrome for which the only therapy is the
delivery of the sick fetus. Given appropriate technique, maternal morbidity is rare,
except when uterine exposure is needed or when fetal deterioration requires imme-
diate abdominal delivery [14]. The interventions remain invasive, as the amniotic
cavity has to be entered transabdominally with an 18- or 19-gauge needle; there are
inevitable risks for the mother such as prelabou preterm rupture of the membranes,
premature labor, placental abruption, bleeding, or infection. The quoted pPROM
rates 2-7 % [15, 16]. Long-term outcomes are not yet available. The precise number
of procedures and types of personnel needed for a successful center has yet to be
determined, but analysis of registry data, including that in the International Fetal
Cardiac Intervention Registry (IFCIR), may help us gain insight into the learning
curve and the minimum number of cases needed to obtain initial, and maintain
ongoing, proficiency.

4.2.2 Fetal Risk

Fetal death during the procedure is not uncommon (11 %) and occurred across all
procedure types. Additionally, early postprocedural (<48 h) fetal demise was an
issue in this dataset. These rates, which are higher than those previously published
in single-center experiences with fetal cardiac surgery, likely represent a
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combination of different learning curves combined with the known complications
of any invasive intervention in a compromised fetus [17]. Fetal intraprocedural
complication rates remain high, with bradycardia and hemopericardium occurring
in a significant number of cases and across all procedure types, underlining the need
for a team of experienced maternal/fetal and pediatric cardiologist and surgical
practitioners whenever these cases are performed. Fetal bradycardia is common,
occurring in about 50 % of cases in which there was needle access to a ventricle.
Fetal bradycardia has not been experienced with access to the right atrium. The
bradycardia is treated by discontinuing manipulation and either intramuscular or
direct intracardiac administration of epinephrine. Small pericardial effusions are
common, and moderate to large ones can occur and can be drained successfully.
Thrombus formation within a ventricle can occur but usually resolves within days
without treatment. Fetal aortic valve dilation may leave significant aortic regurgita-
tion, which usually is well tolerated and improves or even disappears until the term.
The rate of complications is definitely dependent on the experience of the operating
team: fetal positioning, imaging, choice of the right instruments, correct diameter of
the balloon, technique of balloon withdrawal, and management of complications
have an impact and are subject to a learning curve [18].

Conclusions

During pregnancy there is a tendency to idealization of the unborn and attributed
qualities, feelings, and abilities that he would like to possess. The child already has
a fantastic space. The birth of a child with a birth defect is the loss of the imagined
child. The new parents have to put together new indications. Considering that most
of the diagnoses of fetal congenital heart disease are made after the 18th week of
gestation, when the mother has already warned the first fetal movements. For these
reasons gynaecologist and pediatric fetal cardiologist must have counseling skills,
and a psychological support should be provided to the couple. The prognosis is a
communicative event and not only an informative event. To follow the patient
through difficult choices is one aspect of the medical profession as important as the
diagnostic and therapeutic competence. Building and maintaining a relationship
require a prerequisite: the empathy which is the imaginary reconstruction of the
experience of the other. The counseling skills can be summarized in being able to
maintain “the right distance” from the couple. It is important to learn to recognize
our emotions and not to minimize the couple’s emotions. On the other hand, it is
mandatory to avoid behavior of fusion like excessive familiarity with the couple.

In conclusion, it is necessary that those involved in counseling of the interven-
tional procedures (cardiologists, gynaecologist, anesthesiologists, and parents)
speak “the same language,” both in technical terms (avoiding language too com-
plex) and, above all, in psychological terms. The needs of the couple must be put
in the first place, and the pair is ridden without constraints in the difficult path
that leads to the taking care of a fetus with a congenital heart disease. The words
of Jean-Claude Fouron “We cannot run the Fetal echocardiography ignoring the
consequences of our act” [19] enclosed all the complexity of this matter.
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Fetal Anatomy: The Aortic Valve in
Fetal Aortic Valve Diseases

Annalisa Angelini, Marny Fedrigo, Carla Frescura,
and Gaetano Thiene

5.1 Introduction

As in the adults, also in the fetus, the pathology of aortic valve diseases can manifest
at subvalvular, valvular, or supravalvular level [1-4]. Fetal supravalvular aortic ste-
nosis is very rare, while subvalvular stenosis is encountered more often in the set-
ting of complex congenital defect, like posterior malalignment of conal septum,
subaortic conus, or mitral valve tissue [5]. The most common fetal aortic valve
diseases are represented by atresia or valvular stenosis.

5.2  Morphological features

Aortic valvular stenosis is often characterized by restricted cusps excursion and
post-stenotic dilatation of the ascending aorta. In aortic atresia an imperforate mem-
brane is guarding the aortic severe hypoplastic annulus and ascending aorta
(Fig. 5.1).

Congenital aortic stenosis is a very rare condition falling in the spectrum of con-
genital left heart obstructions, encompassing a wide range of morphological fea-
tures, from tricuspid aortic valve dysplasia or asymptomatic bicuspid aortic valve to
unicuspid, severely stenotic valve to complete atresia and can be part of the hypo-
plastic left heart syndrome [1, 2, 6-9].

As in critical pulmonary valve stenosis, also in critical aortic valve stenosis, the
blood flow and pressure during gestation impact on the remodeling cardiac process
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Fig.5.1 Aortic valve atresia with imperforate valve. (a) View of the imperforate valve from above,
after sectioning of the ascending aorta. Three well-formed commissures are still identifiable. (b)
Four-chamber cut of the heart, showing the well-formed right ventricle reaching the apex and the
dilated right atrium. Note the severe hypoplasia of the left ventricle, with hypertrophic free wall and
minute mitral valve. AA ascending aorta, AoV aortic valve, LA left atrium, RA right atrium, RAA
right atrial appendage, RV right ventricle, SVC superior vena cava, PT pulmonary trunk

and can lead to hypoplastic left heart syndrome (HLHS) due to impairment in left
ventricle and aortic arch growth [10, 11].

HLHS with mitral and aortic stenosis manifests with severe aortic stenosis and left
ventricular remodeling of different degree: at midtrimester of gestation, with hypopla-
sia, or dilatation, if associated to mitral valve incompetence; later in the gestational
period, critical aortic stenosis can occur with a borderline left ventricle or even a rela-
tively normal ventricle. In some setting the dimensions of the left ventricle remain
unchanged throughout the gestational period [12—-14].

Critical aortic valve stenosis can be due to an anomaly in the number of cusps,
namely, unicuspid, bicuspid, or even quadricuspid, and/or to dysplasia of the cusps.
The structure of the cusp is composed by the fibrosa covered by the ventricularis
and the arterialis and by the spongiosa located on the ventricular side between the
fibrosa and the ventricularis. In the setting of dysplasia, the structure is altered with
loss of fibrosa integrity and mucoid degeneration and nodular thickening. The dys-
plastic cusps are usually thicker and rigid than the normal ones.

In the setting of unicuspid valve, there are one commissure with an eccentric
intrinsically stenotic commissural orifice, only one well-formed interleaflet triangle,
and a small aortic annulus and dysplastic cusp with myxoid nodular excrescences
usually located on the ventricular aspect of the valve (Figs. 5.2 and 5.3). Two raphes
can be identified as remnants of the commissures indicating lack of cusp separation
or fusion. Bicuspid aortic valve is usually non-stenotic, and stenosis is usually pres-
ent when there is associated dysplasia of the cusps (Fig. 5.4). Even tricuspid valve
can be stenotic due to cusp dysplasia. The ascending aorta and aortic arch can be
hypoplastic to a different extent. The left cavities can present with different
patterns:
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Fig.5.2 Critical aortic valve stenosis with dysplastic valve. (a) View of the left ventricle and the
aorta: note the unicuspid valve with severe dysplastic thickening and one identifiable commissure
and the left ventricle with whitish thickened endocardium suggestive of endocardial fibroelastosis.
(b) Close-up of the same specimen showing the hypoplasia of the annulus and the origin of the
right coronary artery. Ao aorta, CA coronary artery, LV left ventricle

Fig.5.3 Ceritical aortic valve stenosis with unicuspid dysplastic valve. (a) Right lateral view of the
great arteries and of the right atrial appendage: the aortic valve present hypoplasia of the anulus
and an eccentric orifice. (b) View from the left outflow tract showing the dysplastic cusp with
nodular thickening. AoV aortic valve, PV pulmonary valve, RAA right atrial appendage
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Fig.5.4 Aortic valve stenosis with bicuspid valve. (a) View from the above of the great arteries and
of the right and left atrial appendages two well formed interleaflets triangles and one aborted triangle
in relation to the raphe are present. (b) View from the left outflow tract showing the two cusps, the
anterior one with the raphe and dysplasia of the cusp. AAo ascending aorta, LV left ventricle

Fig.5.5 Critical aortic valve stenosis with unicuspid valve. (a) View from the left outflow tract
showing the dysplasia of the cusp and the small left ventricle with hypertrophy of the parietal wall
and severe diffuse endocardial fibroelastosis. (b) View from the left outflow tract showing the
dysplasia of the cusp and a more developed left ventricle and less severe endocardial fibroelastosis
confined to the lateral wall. RAA right atrial appendage, LAA left atrial appendage, Ao aorta, PT
pulmonary trunk, AoV aortic valve, LV left ventricle
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Critical aortic stenosis and HLHS can be associated to severely restricted or
intact atrial septum. With left heart obstructive lesions, there is left atrial hyperten-
sion leading to severe pulmonary vein dilatation and altered blood flow, which can
produce dilated lymphatics and arterialization of the pulmonary veins.

Valve stenosis is due, in the majority of cases, not only to the fusion of the cusps
with the presence of rudimentary commissures but also (sometimes mainly) to
irregular cups thickening. These excrescences protrude into valve orifice and ham-
per its opening. Endocardial fibroelastosis is usually associated with critical aortic
stenosis and can be focal, involving the papillary muscle or the septum, or can be
diffuse to all the ventricular cavity with, at macroscopic evaluation, whitish appear-
ance of the endocardium and severe thickening due to fibroelastic fiber endocardial
deposition [15] (Fig. 5.5). There is no association between the severity of the endo-
cardial fibroelastosis and size of the aortic valve and leaflet.

Conclusions

Aortic valve disease can present with a wide spectrum of abnormalities, at subval-
vular, valvular or supravalvular level. Heterogeneity affects the number of cusps,
grade of dysplasia of the cusp, and is associated with aortic annular hypoplasia.
This is directed related to the number of cusps. Critical aortic valve stenosis or
atresia is associated to hypoplasia of the left ventricle, mitral valve involvement
and usually endocardial fibroelastosis. If mitral valve incompetence is present the
left ventricle can be dilated with thin parietal wall and giant left atrium.

References

1. Frescura C, Ho SY, Thiene G. La collezione anatomica di cardiopatie congenite dell’Universita
di Padova. Cleup, Padova 1996.

2. Anderson RH, Devine WA, Ho SY, Smith A, McKay R. The myth of the aortic annulus: the
anatomy of the subaortic outflow tract. Ann Thorac Surg. 1991;52:640-6. J Heart Valve Dis. 5
Suppl 3:5272-5.

. Ho SY. Structure and anatomy of the aortic root. Eur J Echocardiogr. 2009;10:i3-10.

4. Sievers HH, Hemmer W, Beyersdorf F, Moritz A, Moosdorf R, Lichtenberg A, Misfeld M,
Charitos EI, Working Group for Aortic Valve Surgery of German Society of Thoracic and
Cardiovascular Surgery. The everyday used nomenclature of the aortic root components: the
tower of Babel? (2012). Eur J Cardiothorac Surg. 2012;41:478-82.

5. Yamamoto Yand Hornberger LK. Progression of outflow tract obstruction in the fetus. Early
Hum Dev. 2012;88:279-85.

6. Angelini A, Ho SY, Anderson RH, Devine WA, Zuberbuhler JR, Becker AE, Davies MJ. The
morphology of the normal aortic valve as compared with the aortic valve having two leaflets.
J Thorac Cardiovasc Surg. 1989;98:362-7.

7. Duran AC, Frescura C, Sans-Coma V, Angelini A, Basso C, Thiene G. Bicuspid aortic valves
in hearts with other congenital heart disease. J Heart Valve Dis. 1995;4:581-90.

8. Frescura C, Thiene G. Small aortic root in neonates. J Heart Valve Dis. 1996;Suppl
3:5272-5.

9. Maizza AF, Ho SY, Anderson RH. Obstruction of the left ventricular outflow tract: anatomical
observations and surgical implications. J Heart Valve Dis. 1993;2:66-79.

10. Arzt W, Wertaschnigg D, Veit I, Klement F, Gitter R, Tulzer G. Intrauterine aortic valvulo-

plasty in fetuses with critical aortic stenosis: experience and results of 24 procedures.
Ultrasound Obstet Gynecol. 2011;37:689-95.

(98}



36

A. Angelini et al.

11.

12.

13.

14.

15.

Freud LR, McElhinney DB, Marshall AC, Marx GR, Friedman KG, del Nido PJ, Emani SM,
Lafranchi T, Silva V, Wilkins-Haug LE, Benson CB, Lock JE, Tworetzky W. Fetal aortic val-
vuloplasty for evolving hypoplastic left heart syndrome: postnatal outcomes of the first 100
patients. Circulation. 2014;130:638-45.

Marantz P, Grinenco S. Fetal intervention for critical aortic stenosis: advances, research and
postnatal follow-up. Curr Opin Cardiol. 2015;30:89-94.

Maskatia SA, Ing FF, Justin H, Crystal MA, Mullins CE, Mattamal RJ, O’Brian Smith E, Petit
ClJ. Twenty-five year experience with balloon aortic valvuloplasty for congenital aortic steno-
sis. Am J Cardiol. 2011;108:1024-8.

McKay R, Smith A, Leung MP, Arnold R, Anderson RH. Morphology of the ventriculoaortic
junction in critical aortic stenosis. Implication for hemodynamic function and clinical manage-
ment. J Thorac Cardiovasc Surg. 1992;104:434-2.

McElhinney DB, Vogel M, Benson CB, Marshall AC, Wilkins-Haug LE, Silva V, Tworetzky
W. Assessment of left ventricular endocardial fibroelastosis in fetuses with aortic stenosis and
evolving hypoplastic left heart syndrome. Am J Cardiol. 2010;106:1792-7.



Fetal Aortic Stenosis: Natural History
and Echocardiographic Evaluation

David Black and Gurleen Sharland

6.1 Introduction

Aortic stenosis encompasses a spectrum of abnormality ranging from mild to criti-
cal forms. Antenatal diagnosis of aortic stenosis can be made in the full range of the
spectrum, but it is the more severe cases that are dominant in the fetal series, as
these are more easily detected during obstetric screening scans. The progressive
nature of obstructive lesions detected in the fetus has been well described, and this
type of progression was first described in a case of fetal aortic stenosis [1]. In this
chapter, we discuss the echocardiographic features, natural history, and progression
of fetal aortic stenosis in relation to the degree and timing of aortic obstruction.
Congenital aortic stenosis occurs in 0.2-0.5 per 1000 live births [2]. In a series from
a large tertiary referral center, aortic stenosis was diagnosed in 2 % of cases with fetal
congenital heart disease, with 91 % of cases being critical aortic stenosis [3].

6.2  Fetal Echocardiographic Features

The usual form of obstruction to the left ventricular outflow in the fetus is valvar.
Diagnosis is based on echocardiographic visualization of a stenotic dysplastic aortic
valve with reduced excursion or an increased Doppler velocity across the valve or
both. Impaired left ventricular function which may be associated with left ventricu-
lar dilatation is a feature seen in cases at the severe end of the spectrum.

Fetal aortic stenosis results in restricted movement of the aortic valve. The valve
leaflets will appear thickened and the aortic annulus may be hypoplastic. There is
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often an association with a bicuspid aortic valve which is more commonly identified
postnatally, though the valve may be tricuspid or unicuspid.

The Doppler velocity across the aortic valve in the normal fetal heart changes
with advancing gestation. The peak velocity is around 30—40 cm/s at 14 weeks,
increasing to 1-1.2 m/s at term. The peak velocity in the aorta is usually slightly
higher than in the pulmonary artery. In cases of aortic stenosis, an increased Doppler
velocity may be detected depending on the function of the left ventricle (see below).

The fetal echocardiographic features will be influenced by the degree and timing
of obstruction.

6.3  Degree of Obstruction
6.3.1 Mild to Moderate

The echocardiographic appearance of the four-chamber view in these cases is usu-
ally normal. The size and function of the left ventricle are preserved. The dimension
of the aortic valve and aorta is also normal. The aortic valve may appear mildly
thickened or echobright with restrictive movement. Occasionally there may be asso-
ciated post-stenotic dilatation of the ascending aorta. The Doppler velocity across
the aortic valve will be mildly elevated in the range of 1.2-2 m/s.

6.3.2 Moderate to Severe

In the four-chamber view, the left ventricle may appear normal with preserved func-
tion. There may however be evidence of left ventricular hypertrophy (Fig. 6.1). The
aortic root and aorta are of a normal size but may become smaller with advancing
gestation. The aortic valve annulus is often normal although the valve itself will
appear dysplastic and doming (Fig. 6.2). The Doppler velocity across the valve will
be increased, and in cases with preserved function, velocities in the range of 2—4 m/s
may be observed (Fig. 6.3). Color flow demonstrates turbulent flow across the valve
and occasionally in the aortic arch.

6.3.3 Critical Cases

At least four different kinds of pathophysiology have been described in fetal critical
aortic stenosis [4]:

(i) Early left ventricular hypoplasia with markedly reduced left ventricular size
and volume in the first or early second trimester
(ii) Left ventricular dilatation with endocardial fibroelastosis and myocardial dys-
function which is likely to evolve to hypoplastic left heart syndrome
(iii) Left ventricular dilation and dysfunction with fetal hydrops
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Fig. 6.1 Four-chamber view in a fetus with moderate aortic stenosis. In these cases there is often
preservation of left ventricle function and size. RA right atrium, LA left atrium, RV right ventricle,
LV left ventricle

(iv) Left ventricular dilatation and dysfunction with severe mitral regurgitation and
an enlarged left atrium

It is not possible to predict which pathophysiology will be the predominant fea-
ture in a given case. In fetal lamb studies of left ventricular outflow tract obstruction
during which the aorta was banded, the fetal hearts responded in different ways with
some dilating and others becoming hypoplastic as gestation progressed. Interestingly
in this study, endocardial fibroelastosis (EFE) did not develop, and the authors pos-
tulate that in fetal aortic stenosis, there may be an inherent myocardial microstruc-
tural abnormality [5].

Increased echogenicity of the left ventricular walls and papillary muscles of the
mitral valve is often seen in critical cases. This appearance correlates well with the
finding of EFE at postmortem examination and implies damage to the ventricular
wall. In patients with critical AS, the presence of EFE is a risk factor for poor out-
come [6]. There are also some cases that may have primary EFE but are difficult to
distinguish from critical AS with EFE [7].

The aorta and aortic valve are commonly small for gestational age, although their
size can be variable. The aortic valve is thickened and dysplastic, and due to the
reduced left ventricular function, the Doppler velocity may be within the normal
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Fig. 6.2 Doppler across the left ventricular outflow tract in a patient with moderate aortic steno-
sis. The peak velocity of 2.1 m/s is above normal for gestational age

range. There may also be a lack of forward flow across the aortic valve with reversed
flow into the transverse arch from the arterial duct. The mitral valve also appears
abnormal in these cases and is restricted with reduced inflow. Mitral regurgitation is
often detected with varying severity.

Critical aortic stenosis in association with an abnormal mitral valve with severe
regurgitation, left ventricular dysfunction and dilatation, restrictive foramen ovale
or intact atrial septum, and severe left atrium dilatation is a rare condition, fre-
quently leading to compression of the right-sided chambers, low cardiac output, and
hydrops, with a very poor prognosis (Figs. 6.4 and 6.5).

6.4 Timing
6.4.1 Obstruction in Early Gestation

In fetal aortic stenosis, a combination of hemodynamic and structural abnormalities
leads to a decrease of blood flow through the left heart structures. It has been postu-
lated that the degree of resultant hypoplasia depends on the timing of the obstruc-
tion; the earlier this occurs, the more severe the degree of hypoplasia will be [8].
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Fig. 6.3 Short axis view of left ventricle and left ventricular outflow tract in a case of moderate
aortic stenosis. There is turbulent forward flow across the aortic valve into the aorta with a degree

of left ventricular hypertrophy. Left ventricular outflow tract (757) ascending aorta ( )

With the advance of high-resolution ultrasound machines, the evaluation of the
fetal heart in early gestation is possible. Aortic stenosis was detected at 11 weeks of
gestation in a fetus with a normal four-chamber view, but evidence of an increased
aortic Doppler velocity was subsequently shown to develop hypoplastic left heart
syndrome by 17 weeks of gestation [8].

6.4.2 Obstruction in Late Gestation

For a diagnosis of aortic stenosis made in the midtrimester, the possibility of disease
progression also exists. This progression may vary in severity with some fetuses
ultimately developing a form of hypoplastic left heart syndrome. In these cases, the
right ventricle continues to grow normally and ultimately forms the apex of the
heart with the lack of growth of the left ventricle. Despite forward flow through the
left heart, these ventricles would not sustain a biventricular circulation [9].

The prenatal diagnosis rate among neonates with critical aortic stenosis and ulti-
mately a biventricular outcome is very low. This is likely due to a relatively normal
four-chamber view in midgestation with the development of significant obstruction
in the third trimester [10]. Not all cases of aortic stenosis will progress as some
remain mild to moderate throughout the pregnancy.
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Fig. 6.4 Four-chamber view in a fetus with severe aortic stenosis. The left ventricle is dilated and

globular with endocardial fibroelastosis. There is mitral regurgitation (793). RA right atrium, LA left
atrium, RV right ventricle, LV left ventricle

Fig. 6.5 Four-chamber view in a fetus with severe aortic stenosis and an intact atrial septum. The
left ventricle is hypoplastic and is significantly dilated and bows into the right atrium. There was
also significant mitral regurgitation in this fetus. RA right atrium, LA left atrium, RV right ventricle,
LV left ventricle
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6.5 Predictors of Progression

Sherman et al. have shown that if left ventricular growth is serially measured in
fetuses with left ventricular dysfunction, the subgroup of patients who ultimately
develop a hypoplastic left heart can be identified by arrested left-sided (left ventri-
cle, aorta, and mitral valve) growth; second trimester identification of aortic obstruc-
tion in association with a dilated poorly contracting left ventricle, severe stenosis or
atresia of the oval fossa, or other left heart obstructive lesions [11].

More recently, it has been shown that all of the fetuses that progressed to HLHS
had retrograde flow in the transverse aortic arch, 88 % had left-to-right flow across
the foramen ovale, 91 % had monophasic mitral inflow, and 94 % had significant LV
dysfunction [12]. Recent data from our institution assessing progression to HLHS
showed that if two or more of these criteria were present in early gestation, then a
univentricular outcome occurred in 16 of 17 cases (94 %).

6.6 Outcomes

At our institution to date, there are 89 cases of aortic stenosis diagnosed prenatally.
Of these, 5 % of pregnancies resulted in termination of pregnancy. If the termina-
tions are excluded, then the outcome of the continuing pregnancies was 4 % result-
ing in spontaneous intrauterine death, 56 % died in the neonatal period, 4 % died in
infancy, and 33 % were alive at last follow-up.

References

1. Allan LD, Sharland G, Tynan MJ. The natural history of the hypoplastic left heart syndrome.
Int J Cardiol. 1989;25(3):341-3.

2. van der Linde D, et al. Birth prevalence of congenital heart disease worldwide: a systematic
review and meta-analysis. J Am Coll Cardiol. 2011;58(21):2241-7.

3. Sharland G. Fetal cardiology simplified — a practical manual. Harley: tfm publishing Itd; 2013.

4. Marantz P, Grinenco S. Fetal intervention for critical aortic stenosis: advances, research and
postnatal follow-up. Curr Opin Cardiol. 2015;30(1):89-94.

5. Eghtesady P, et al. Revisiting animal models of aortic stenosis in the early gestation fetus. Ann
Thorac Surg. 2007;83(2):631-9.

6. McElhinney DB, et al. Assessment of left ventricular endocardial fibroelastosis in fetuses with
aortic stenosis and evolving hypoplastic left heart syndrome. Am J Cardiol.
2010;106(12):1792-7.

7. Sharland GK, et al. Left ventricular dysfunction in the fetus: relation to aortic valve anomalies
and endocardial fibroelastosis. Br Heart J. 1991;66(6):419-24.

8. Axt-Fliedner R, et al. Development of hypoplastic left heart syndrome after diagnosis of aortic
stenosis in the first trimester by early echocardiography. Ultrasound Obstet Gynecol.
2006;28(1):106-9.

9. Simpson JM, Sharland GK. Natural history and outcome of aortic stenosis diagnosed prena-
tally. Heart. 1997;77(3):205-10.

10. Freud LR, et al. Low rate of prenatal diagnosis among neonates with critical aortic stenosis:
insight into the natural history in utero. Ultrasound Obstet Gynecol. 2015;45(3):326-32.



44 D. Black and G. Sharland

11. McCaffrey FM, Sherman FS. Prenatal diagnosis of severe aortic stenosis. Pediatr Cardiol.
1997;18(4):276-81.

12. Makikallio K, et al. Fetal aortic valve stenosis and the evolution of hypoplastic left heart syn-
drome: patient selection for fetal intervention. Circulation. 2006;113(11):1401-5.



Fetal Aortic Valvuloplasty (FAV)

Carlos A.C. Pedra, Simone F. Pedra, and C. Fabio Peralta

7.1 Introduction and Historical Aspects

In the early 1990s, some renowned pediatric cardiologists such as Dr. Lindsay Allan
in Europe, Dr. Norman Silverman in the USA, and Dr. Jean Claude Fouron in
Canada applied evolving echocardiographic technologies to diagnose congenital
heart diseases (CHD) in utero. A novel sub-specialty called fetal cardiology was
born. Not only the prenatal diagnosis could be accurately made, but also serial echo-
cardiographic examinations of fetuses with CHD allowed for a better understanding
of the natural history of some diseases while still in utero. It was not long when the
first fetal transcatheter aortic valvuloplasty was successfully performed in the UK
under the leadership of Drs. Allan and Tynan, resulting in the advent of fetal inter-
ventional cardiology. Despite some initial resistance of the pediatric cardiology
community to embrace such prenatal interventions because of legitimate concerns
regarding their efficacy and ethics, the Boston group led by Dr. Tworetzky decided
to push forward a strong program in this field in the early 2000s. Since then, their
group have published a great deal of good data in fetal cardiac procedures, which
helped to establish their role in the management of patients with fetal aortic stenosis
(AS) and evolving hypoplastic left heart syndrome (HLHS), pulmonary atresia and
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intact septum, and HLHS with intact interatrial septum or restrictive atrial septal
defect. With evolving catheter and imaging technologies associated with favorable
local scenarios, other groups also embarked on similar programs including ours in
Brazil led by Dr. Fontes Pedra and the one in Vienna led by Dr. Tulzer. This chapter
reviews our experience with fetal aortic valvuloplasty (FAV).

7.2  The Anatomy of the Stenotic Aortic Valve in the Fetus
and Its Natural History

Aortic stenosis (AS) in the fetus can be associated with a variety of valve morpholo-
gies including tricuspid, bicuspid, unicuspid, or unicommissural. The aortic valve
annulus can be normal or hypoplastic. Depending on the time period the diagnosis
is made, left ventricular function can be normal or severely depressed with variable
degrees of endocardial fibroelastosis (EFE). Variable degrees of mitral regurgitation
(MR) and hypoplasia of the ascending aorta can be encountered as well.

Indeed, in some fetuses critical AS can evolve to HLHS while still in utero. This
progression may be anticipated when some functional flow abnormalities are seen
on fetal echocardiograms performed between 20 and 29 weeks of gestation. These
markers were defined by the Boston group and are now used as indication criteria to
dilate the valve in utero (see below) with the hope to avert this progression and
achieve a biventricular (BV) circulation.

7.3  Indications of Fetal Aortic Valvuloplasty (FAV)

FAV is indicated in two scenarios: critical AS and evolving HLHS and critical AS
associated with massive MR, giant left atrium (LA), and hydrops [1-3]. Critical AS
is determined by the visualization of a thickened, almost immobile aortic valve with
turbulent or decreased antegrade flow by color Doppler mapping on the echocardio-
gram. The Doppler-derived gradient across the valve can be low due to associated
left ventricular (LV) dysfunction and therefore should not be used to select patients.
In the former scenario, evolving HLHS is anticipated when there is moderate-to-
severe LV dysfunction, reversed blood flow in the transverse aortic arch (TAA),
left-to-right flow across the interatrial septum, and monophasic mitral valve (MV)
inflow in mid-gestation. Dilation should be undertaken under 30 weeks’ gestational
age. The best candidates are those with larger LVs (LV diastolic length Z-score >—2
at the time of diagnosis), lesser degrees of EFE, and less spherical LVs. Occasionally,
the procedure is performed with smaller LVs (LV diastolic length Z-score between
—2 and —3) not only with the hope to avert LV hypoplasia but also to ameliorate LV
function and promote antegrade flow across the aortic valve. In such patients, mater-
nal hyperoxygenation may have a role to stimulate LV growth.

In the later scenario, although these fetuses usually have normal-sized LV, ante-
grade flow across the aortic valve is reduced due to valve stenosis and massive
MR. Also, there is reversed flow in the TAA, heart failure, hydrops, and
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compression of the pulmonary veins and the right ventricle (RV). Aortic valvulo-
plasty and atrial septostomy (to decompress the gigantic LA and the lungs) should
both be considered between 30 and 34 weeks’ gestation as a “rescue” procedure to
diminish the risk of fetal loss.

7.4  Center Experience and Step-by-Step Approach

From July 2007 to December 2015, we have performed 22 FAVs in 20 fetuses with
critical AS with reasonable outcomes (see below). Our technique was developed
based on previous publications on the subject (mainly by the Boston group) and on
continuous medical education at meetings worldwide. FAV should be conducted by
a multidisciplinary team, including the fetal cardiologist, the fetal medicine special-
ist, the anesthesiologist, and the interventionalist. Our step-by-step approach is
described below.

The procedure is performed in a regular operating room (OR) under maternal
conscious sedation and regional spinal blockade [1, 2]. To promote uterine relax-
ation, mothers are given nifedipine 20 mg TID for 48-72 h, starting 12-24 h before
the procedure. If present, a large polyhydramnios is evacuated using a 15-cm-long
21-G Chiba needle (Cook Inc., Bloomington, IN, USA). After the mother has been
anesthetized, an appropriate fetal position is almost always achieved by careful
external version of the baby. We do not proceed if surgical uterine exposure is
required. The fetus is anesthetized using a mixture of fentanyl (5-10 pg/kg), pan-
curonium (10-20 pg/kg), and atropine (20 pg/kg) given intramuscularly or in the
umbilical cord using a 21-22-G Chiba needle [1, 2].

Under continuous two-dimensional ultrasound guidance, a 15-cm-long 17-gauge
Chiba needle (with a stylet) is advanced to the LV apex across the maternal abdo-
men, uterine wall, and fetal chest wall. Occasionally, a transplacental and/or subcos-
tal transhepatic needle course is required to reach the desired location. Optimal
needle alignment toward the LVOT is crucial for procedural success. A pre-marked
system (a rapid exchange 10-mm-long coronary balloon premounted over a cutoff
0.014" floppy tip guidewire) is used. The needle, guidewire, and balloon shafts are
premeasured and marked so that positioning within the fetal heart is known from
external measurements rather than the ultrasound imaging alone. The balloon shaft
is marked with sterile tapes so that no more than the full length of the balloon is
extruded out of the Chiba needle tip when fully advanced. The wire is also fixed
with sterile tapes so that no more than 3—4 cm of the distal flexible wire straight tip
extruded out from the balloon tip. The LV is punctured at the apex, with the needle
directed at the stenotic aortic valve. After stylet removal, pulsatile flow is seen com-
ing off the needle hub. The catheter system is then introduced and advanced until the
shaft mark reaches the proximal hub of the needle. Some very gentle manipulation
of the catheter-wire system is required to cross the aortic valve. Seeing the wire in
the ascending aorta is the unequivocal sign that the valve was properly crossed
through the diminutive hole (Fig. 7.1a). Balloon positioning is primarily based on
the external aforementioned measurements and ultrasound imaging. Balloons are
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Fig.7.1 Technical aspects
of the procedure in a fetus
at 25 weeks of gestational
age. (a) The wire (marked
by an arrow) is seen in the
ascending aorta, which is
an unequivocal sign that
the valve was properly
crossed through the
diminutive hole. (b) The
inflated balloon (marked
by an arrow) is seen across
the aortic valve annulus.
Abbreviations: Asc Ao
ascending aorta, LV left
ventricle

inflated with pressure gauges to allow precise estimates of inflation diameters.
Balloon diameters 10-30 % larger than the aortic valve annulus are selected for dila-
tion. Two to four inflations are performed depending on the fetal clinical status
(Fig. 7.1b). After the valve is dilated, the whole system (needle +balloon + wire) is
withdrawn as a unit through the fetal cardiac wall and out of the fetal and maternal
bodies to avoid shearing off the balloon from the catheter shaft. Small-volume-unit
doses of epinephrine (1-10 mcg/kg) and atropine are available for immediate intra-
cardiac injection to treat hemodynamic instability due to significant and persistent
fetal bradycardia (<80-100 bpm for 3—-5 min). Also a new 21-22-G Chiba needle
should be readily available for pericardial drainage in case of tamponade.

After the procedure, mothers are hospitalized overnight. The fetuses are assessed
the following day before planned maternal discharge. Echocardiography is per-
formed at intervals determined by the primary fetal cardiologist. We have recom-
mended that these mothers give birth at our own institution to customize the
management strategy for each patient. In line with this policy, we believe that an
elective C-section helps to better plan the next treatment step and at the same time
posing less stress on such fragile patients.
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7.5 Immediate Outcomes

Feasibility Success in crossing and dilating the aortic valve is observed in >90 %
of patients. Reasons for failure include less than optimal fetal lie, too small fetus,
poor imaging, and inadequate needle course toward the aortic valve. In our experi-
ence, we were unable to cross the valve in 2 fetuses at 22 and 23 weeks of gestation.
The already small hearts in such young fetuses got even smaller after the LV apex
was entered, which limited manipulations. Progressive worsening of the quality of
imaging also played a role.

Complications Morbidity to the mothers is rare in the literature. We have not
encountered any complications in our whole experience with fetal cardiac interven-
tions (total of 45 procedures). On the other hand, fetal hemodynamic instability due
to fetal bradycardia and hemopericardium is very common during FAV. Prompt
pericardial drainage should be undertaken before the blood starts to coagulate in the
pericardial space forming some sort of carapace resulting in prolonged bradycardia
due to external compression. In our experience we had to drain the pericardium in
20/22 procedures. Fetal loss occurred in one of our failed cases, presumably due to
excessive manipulation. This is also reported in the literature with a 10% rate,
approximately. Although fetal loss is more commonly associated with hemody-
namic instability and hemopericardium, other contributing factors such as fetal and
maternal anesthetic issues and mechanical stimuli may also play a role. Premature
labor may ensue as in any other fetal intervention.

Efficacy A technically effective FAV is defined as one in which an unequivocal
evidence of antegrade flow and/or new aortic regurgitation (AR) is seen on color
Doppler echocardiography (Fig. 7.2). We have considered post-procedural AR as a
marker of effective dilatation. It is well tolerated due to the low systemic vascular
resistance determined by the placental circulation and the high end-diastolic left
ventricular pressure and improves significantly or disappears until birth.

7.6  Follow-Up Outcomes

It is not uncommon to observe progressive improvement of LV function and size
while such babies are still in utero (Fig. 7.3). Usually, satisfactory forward flow
across the aortic valve is maintained until delivery. After birth, these babies are
started on a prostaglandin drip for echo reassessment. The main question that rises
after birth is whether the LV alone will be able to handle the whole systemic car-
diac output. Many factors should be taken into account to answer this question and
make the best decision for each patient including size and function of the LV, MV,
and aortic valve and pattern of flow across the TAA and the ductus. We have not
recommended achieving a BV circulation in the neonatal period in borderline
cases. In such patients, we have employed a staged LV rehabilitation starting with
a neonatal hybrid approach, which works as a bridge to a later operation in infancy
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Fig.7.2 Immediate results after successful fetal aortic valvuloplasty as assessed by echocardiog-
raphy. Left panel: long-axis view of the left ventricular outflow tract showing unequivocal ante-
grade flow (in blue) across the aortic valve with color flow mapping. Right panel: same view of the
left ventricular outflow tract showing aortic insufficiency (in red) with color flow mapping.
Abbreviations: LV left ventricle, Ao ascending aorta

Fig.7.3 Progressive growth over time of a small left ventricle after successful fetal aortic valvu-
loplasty and maternal hyperoxygenation. (a) Pre-procedural aspect of a smaller left ventricle that
does not reach the heart apex at 27 weeks of gestational age. The Z value of the LV length was —
3.0. Significant and diffuse endocardial fibroelastosis is also seen. (b) Slight improvement of left
ventricular dimensions and function in the neonatal period prior to a hybrid procedure. (c)
Unequivocal increase in left ventricular dimensions at 5 months of age. The left and the right ven-
tricles contribute equally to form the heart apex. The Z value of left ventricular length was — 1.5.
(d) Transesophageal echocardiography immediately after surgical overhaul of the left ventricular
structures at 10 months of age. A normal-sized and functioning left ventricle is appreciated. (e) A
normal left ventricular length (Z value —1.0) is seen at the age of 18 months. (f) Normal-sized left
ventricle and a widely patent aortic valve is seen on long-axis view at the age of 3 years.
Abbreviations: LV left ventricle, RV right ventricle, LA left atrium
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(9—-12 months of age). This strategy gives more time to the LV to grow and/or
improve its dimensions. The LV is overhauled later in infancy with EFE resection,
aortic valve commissurotomy with leaflets thinning, MV plasty, ductal stent, and
bilateral pulmonary artery band removal (Fig. 7.3).

In the literature, a neonatal BV circulation is achieved in about 30 % of fetuses who
had undergone FAV. Usually these patients have a LV long-axis Z-score>0, a LV
short-axis Z-score>0, an aortic annulus Z-score>3.5, a MV annulus Z-score>2, and
a high-pressure LV defined by the presence of MR or AS with a maximum systolic
gradient of >20 mmHg and milder degrees of EFE. It is our impression that even
fetuses that have smaller LVs may also benefit from the procedure due to improved
coronary flow and preservation of myocardial function, which may have a positive
impact on neonatal outcomes, regardless of the surgical strategy (Norwood vs Hybrid)
[1, 2]. In addition, promoting forward flow across the aortic valve in utero may theo-
retically help to minimize the neurodevelopmental abnormalities secondary to retro-
grade TAA perfusion. Moreover, progressive growth of the left heart structures during
fetal life and over infancy resulting in an eventual BV repair has been observed our
experience [1, 2] (Fig. 7.2). Out of our 18 patients who were successfully dilated in
utero, only 3 had a BV circulation achieved in the neonatal period after repeat balloon
aortic valvuloplasty. In five patients, a BV circulation was eventually attained after an
initial hybrid operation followed by hybrid takedown and LV overhaul late in infancy.
Although postnatal LV diastolic dysfunction may be an issue in these patients, we still
think that this is a lesser evil than the immediate and long-term morbidity and mortal-
ity of a univentricular pathway [1]. Patients with no significant LV growth should
obviously follow a univentricular pathway treatment strategy.

Fetuses with critical AS, severe MR, and gigantic LA have a somber prognosis
no matter what is performed in the pre- or postnatal periods. This condition is com-
monly associated with either fetal loss or prematurity. In our experience, only one
out of four patients with this condition survived, achieving a BV circulation after an
initial hybrid procedure and LV overhaul at 9 months [2].

7.7  Future Ideas and Perspectives

Although our experience with fetal cardiac interventions in general is not huge
(total of 45 cases, 22 FAV), we are comfortable at this moment to offer this treat-
ment modality to all fetuses that need it, especially those with fetal critical
AS. Proper selection is crucial to achieve better outcomes. Some might still con-
sider ethics an issue with such interventions. However, proper multidisciplinary
counseling on an individual basis generally solves any possible concerns over the
procedure. Transparency is key for both the family and the hospital staff. Although
we do not consider FAV an experimental procedure in our hands any more, we
would agree that such intervention should only be performed by some very specific
groups that can amass enough experience to analyze their own data.
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Although there have been some technical refinements since its introduction, it is
unlikely that we will witness a revolution with FAV in the near future. Imaging
improvements will likely result in a more straightforward procedure. Miniaturization
of catheters is likely to occur, which may help to minimize some complications such
as tamponade.

Finally, it is unlikely that randomized trials will be ever undertaken to compare
the outcomes of fetus with critical AS who underwent FAV with those who were
treated conservatively. This information should be derived from large and well-
designed registries. This initiative is already in motion and has provided some use-
ful data.
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Fetal Aortic Valvuloplasty:
State of the Art

Francesca R. Pluchinotta and Wayne Tworetzky

The most commonly performed fetal cardiac intervention (FCI) is balloon aortic
valvuloplasty. The primary aim of fetal aortic valvuloplasty is to modify the in utero
natural history of severe aortic stenosis, characterized by left heart growth arrest,
and prevent progression to hypoplastic left heart syndrome (HLHS).

Fetal aortic stenosis can be isolated or quite commonly is the dominant lesion
associated with mitral valve and left ventricular myocardial disease. It includes a
spectrum of severity from the mildest form, with patients requiring only a neonatal
balloon aortic valvuloplasty, to the more severe form, resulting in HLHS at birth.
Clinically significant aortic stenosis can occur at any gestational age. Importantly,
the earlier it occurs in gestation, and in particular if it is moderate or severe in early
or mid-gestation, the more likely it is to progress to HLHS.

In contrast, some fetuses have milder aortic stenosis in early and mid-gestation
with it becoming more severe in late gestation. Such patients may have adequate left
ventricular growth and are more commonly not detected until after birth and, if seen
in late gestation, may not need fetal therapy.

At the time of diagnosis, fetuses with moderate-to-severe valvar aortic stenosis
present with a normal-sized or dilated left ventricle in mid-gestation and then prog-
ress to HLHS over the course of gestation. Not all patients with HLHS have aortic
stenosis as the inciting event but rather can be the result of inadequacy of a combi-
nation of left heart structures. However, the subgroup of HLHS that has captured
interest for fetal therapy is those with predominant aortic stenosis and still normal-
sized left heart structures. A selected group of these fetuses with aortic stenosis
presents an opportunity for fetal therapy.
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When faced with a patient being considered for FCI, two important questions
have to be considered. The first question is whether this heart defect, if left alone,
will progress to HLHS at birth. The second question to be asked is whether, if a
technically successful FCI is performed, the left ventricle can be salvaged resulting
in a good biventricular outcome after birth. In addressing the first question, there are
several papers characterizing the perinatal natural history of aortic stenosis. It is
essential to understand that, unlike most other heart defects diagnosed and observed
during gestation, aortic stenosis and its effects on the other heart structures is a pro-
gressive disease with a broad spectrum of severity and outcome. Predicting the
natural history and likely postnatal outcome is fairly accurate at the extremes of
severity, but we have to acknowledge that there is limited data predicting the natural
history in those in between. Herein lies the challenge when considering patients for
FCI. The consequences of making the incorrect decision for an individual patient
can be as follows. On the one hand, performing a FCI on a patient whose heart dis-
ease is too far advanced may be futile in achieving the desired outcome and puts the
patient at unnecessary risk. Similarly, we would not want to perform a FCI in a
patient whose disease is mild enough to have an adequate result with postnatal ther-
apy. On the other hand, not performing a FCI for a patient in whom we believe we
can avert progression will result in HLHS at birth and consequently all its well-
described morbidities.

Predicting progression of aortic stenosis to HLHS in fetuses with normal-sized
left heart structures can be performed using color and pulse Doppler-derived physi-
ologic aberrations that can occur alone or in combination. Most fetuses with aortic
stenosis will have left ventricular dysfunction. Left to right or bidirectional flow at
the foramen ovale is a consequence of elevated left atrial and left ventricular pres-
sure that diverts flow away from the left ventricle. The elevated left ventricular
diastolic pressure and dysfunction result in changes in the mitral valve inflow
Doppler pattern. The normally biphasic pattern becomes either fused or monopha-
sic with a shortened duration of diastolic filling. As the aortic stenosis progresses
and/or the function deteriorates, the LV is unable to eject flow antegrade around the
aortic arch. Consequently, the right ventricle (RV) takes over much of the systemic
flow workload and provides flow retrograde around the aortic arch via the ductus
arteriosus. Variable mitral stenosis and/or regurgitation are common although not
shown to be predictive. The thought is that the higher the left ventricular pressure,
the more healthy or healthier myocardium there is for recovery. Commonly associ-
ated anatomic features are increased endomyocardial echogenicity due to scar tissue
formation and increasing left ventricular dilation or globularity. Predicting which
fetuses with aortic stenosis have salvageable left ventricles has been more challeng-
ing and is the focus of ongoing research. It appears plausible that a left ventricle that
still has some function, generates pressure, and has minimal scar tissue would be
salvageable. Doppler estimation of the mitral regurgitation and aortic stenosis jet
velocities are surrogate methods to estimate left ventricular pressure, but there is no
objective technique to quantify myocardial echogenicity [1].

Surgeons have long argued that early neonatal repairs carried the promise of
improved ventricular function and improved cerebral perfusion due to early removal
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of volume- or pressure-loading conditions on the ventricles. Logically the reverse
remodeling phenomenon should be even more pronounced in fetal life where tissue
is naturally prone to regeneration [2]. In selected case with aortic stenosis, opening
the aortic valve in utero decreases the left ventricular afterload and promotes flow
through the left heart. These may help to limit myocardial damage, prevent progres-
sive left heart hypoplasia over the course of gestation, and may help to maintain two
functioning ventricles. Moreover by improving antegrade flow through the aortic
arch, brain perfusion may be improved, perhaps allowing for better neurological
outcome. Indeed, brain growth, volume, and metabolism have been shown to be
abnormal in the third trimester gestation in some forms of congenital heart disease
with neurological morbidity recognized in up to 22 % of survivors of palliative sur-
gery [3, 4]. However, FCI has not yet been shown to improve neurodevelopmental
outcome and is the subject of ongoing research.

In 1991 Maxwell reported the first pioneering attempts at percutaneous fetal bal-
loon aortic valvuloplasty in two human fetuses [5]. Despite the disappointing
results, this work demonstrated for the first time the feasibility of the procedure in
humans. From 1989 to 1997, six groups around the world attempted similar proce-
dures and reported the result of 12 fetuses with aortic stenosis or aortic atresia who
underwent ultrasound-guided balloon valvuloplasty in the third trimester of preg-
nancy. Technically successful balloon valvuloplasties were achieved in 7 of the 12
fetuses, but only 1 of these 7 survived beyond the newborn period. Although poor,
this experience highlighted several important clinical and technical aspects, includ-
ing patients’ selection criteria, potential procedural complications, and equipment
limitations [6].

The first reported single-center series of FCI for aortic stenosis with evolving
HLHS was published by Tworetzky et al. in Boston in 2004 [7]. Of the 20 mid-
gestation fetuses in whom the procedure was performed, aortic valvuloplasty was
technically successful in 70 %. In addition, the data demonstrated improvements in
fetal left heart physiology and promoted growth of the aortic and mitral valves suf-
ficiently to achieve a biventricular circulation in almost a fourth of affected fetuses.
Previously reported fetal aortic valvuloplasties were performed in the third trimes-
ter [6], which was likely too late in gestation to reverse the disease. In contrast, the
encouraging data from the Boston group suggests that FCI should probably be per-
formed as earlier as possible in gestation to have its intended effect. Interestingly,
the Boston group compared the population that underwent successful fetal interven-
tion with a control group of ten affected pregnancies wherein intervention was
unsuccessful or offered but declined by the parents [7]. In the observational cohort,
fetuses showed minimal growth in left heart structures during pregnancy and devel-
oped left heart hypoplasia requiring single-ventricle palliation after birth.

With growing experience in FCI and modifications of the technique, 5 years later
the Boston group updated the results and published a larger series of FCI for aortic
stenosis [8]. Of the 50 fetuses who underwent balloon aortic valvuloplasty, 17
(30%) went on to have a successful biventricular outcome as neonates. Of the
remaining 33 patients, 5 died and the others underwent a single-ventricle palliation.
This large series of patients contributed to an enhanced understanding of the effects
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of fetal aortic valvuloplasty on left heart growth and function and demonstrated the
importance of optimal patient selection and procedural timing.

In 2000 a group from Linz, Austria, started a FCI program [9]. In their experi-
ence, 67 % of live-born patients who had a technically successful FCI achieved a
biventricular circulation after birth. The higher success rate with regard to postnatal
outcomes of the biventricular group compared to the Boston data (67 vs. 24 %)
might be explained by the older gestational age at the time of intervention, reflecting
less severe and therefore later presentation and diagnosis of the defect and perhaps
the less severe LV involvement (LV long axis Z-scores in Linz group 0.72 versus
Boston -2.1).

In the most recent study from the Boston group that evaluated the postnatal out-
come of 100 fetuses who had undergone FCI, 38 of the 88 who were live-born had
a biventricular circulation, either from birth or after initial univentricular palliation
[10]. Larger dimensions of left heart structures at the time of the fetal procedure and
higher left ventricular pressure have been retrospectively recognized as predictors
of successful fetal aortic valvuloplasty and eventual biventricular circulation [8],
whereas moderate-to-severe endocardial fibroelastosis at the time of procedure is
associated with lack of response despite technically successful valvuloplasty [11].

In conclusion, it is clear from present studies that in utero balloon aortic valvu-
loplasty can be performed successfully in selected fetuses with severe aortic steno-
sis and evolving HLHS with a biventricular outcome achievable in an increasing
proportion of patients. Refinements in patient selection and timing of the procedure
as early as possible are critical factors for success in achieving a biventricular out-
come. Important in making this happen is the cooperation between specialists in
maternal-fetal medicine and pediatric cardiology. Data from an international regis-
try of cases presenting for fetal cardiac intervention [12] that includes 370 cases
from 18 institutions demonstrate that overall the biventricular circulation rates for
fetuses undergoing aortic valve dilation were 31 % of all procedural successes and
43 % of live-born infants with technical success.

Despite increasing procedural success and enhanced understanding of both the
natural history and patient selection, in utero balloon valvuloplasty is not a stand-
alone procedure. Almost all patients will require one or more postnatal procedures
and eventually an aortic or mitral valve replacement. They remain with a variable
burden of disease, the long-term outcome of which is as yet unknown. Fetal aortic
valvuloplasty may improve left ventricular growth but still results in a neonatal
borderline left heart requiring staged palliation or modified surgery to promote left
heart growth. Centers involved in this endeavor continue to work on both improve-
ments in technique and better understanding of this disease [9, 10, 13, 14].
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Fetal Anatomy: The Pulmonary Valve
in Fetal Pulmonary Valve Disease

Annalisa Angelini, Marny Fedrigo, Carla Frescura,
and Gaetano Thiene

9.1 Introduction

Prenatal diagnosis has changed the understanding of the development of congenital
heart defects during the gestational period. Some defects remain unchanged
throughout pregnancy since the early period, while others evolve from mid to late
fetal life. During gestation the pulmonary valve and trunk are slightly larger than the
aortic valve and the aorta, and this difference persists until birth. The semilunar
pulmonary valve is formed before the right atrioventricular valve is completed, and
the cusps appear thicker early during gestation and progressively became thinner
until birth. The nodules of Morgagni, identified at the line of apposition and free
edge, can be identified also during fetal life. The structure of the cusp is composed
by the fibrosa covered by the ventricularis and the arterialis and by the spongiosa
located on the ventricular side between the fibrosa and the ventricularis.

9.2 Morphological Features

Pulmonary valve atresia and critical valve stenosis with intact ventricular septum
usually develop in the setting of a hypoplastic right ventricle outflow, supporting the
blood flow theory for the progressive onset of pulmonary valve stenosis and atresia
and right ventricle hypoplasia during pregnancy and the development of intrauterine
cardiac intervention therapeutic approach [4, 7, 8, 13, 17].

Pulmonary atresia with intact ventricular septum is a heterogeneous lesion mor-
phologically characterized by the absence of communication between the right ven-
tricular outflow tract and the pulmonary trunk [1, 19]. The size of the right ventricle
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can vary considerably from normal size right cavity and pulmonary valve atresia at
the level of the cusps with imperforate valve to severe right ventricle hypoplasia,
lack of outflow tract, and pulmonary valve and abnormal right ventricle coronary
artery communication. In these last settings, the hypoplasia of the right ventricle
could be often ascribed to massive hypertrophy of the right wall due to the outflow
tract obstruction [11, 14—16]. The associated anomalies will influence the outcome
and management of these patients [3-5]. The tricuspid valve can be dysplastic or of
diminutive size, and usually tricuspid valve dimension is directly proportional to the
size of the right ventricular cavity [12, 18]. The presence of severe dysplastic valve
cusps with severe incompetence can be a favorable parameter providing a potential
right ventricle growth secondary to right ventricle overload. However massive tri-
cuspid regurgitation can produce right ventricle negative remodeling with thinning
of the parietal wall and dilatation [7]. The presence of the three components of the
morphologically right ventricle, namely, the inlet, the trabecular, and the outlet por-
tions, does not necessarily ensure an adequate size of the cavity due to the second-
ary hypertrophy [9]. Pulmonary arteries are usually of normal size retrogradely
supplied via the ductus arteriosus. The presence of a restricted foramen ovale can
reduce the right-to-left shunt and favor tricuspid and right ventricle growth. Fistulae
are associated with pulmonary atresia and intact septum in one third of the fetal
cases [2, 6, 8, 10, 15].

Focusing on the pulmonary valve morphology, three types of valves can be iden-
tified in pulmonary valve atresia/critical valve stenosis with intact ventricular
septum:

* Type a: pulmonary valve atresia, due to imperforate valve, with a dome-shaped
valve and two to four raphes (Fig. 9.1). Usually there is potential continuity
between the right ventricle and the pulmonary trunk. Only seldom there is a
muscular pulmonary atresia with no continuity between the outflow and the pul-
monary trunk.

e Type b: critical pulmonary valve stenosis, with three dysplastic leaflets
(10-20 % of patients with critical pulmonary valve stenosis) with a pinhole cen-
tral jet of flow (Figs. 9.2 and 9.3).

* Type c: critical pulmonary valve stenosis, with the bicuspid or unicuspid valve
with hypoplasia of the annulus (Fig. 9.4).

Type a is characterized by different morphologic features starting from pulmo-
nary atresia with intact ventricular septum in the setting of imperforate valve but
still with identifiable three cusps and well-formed commissures, as if the three cusps
had fused after being well formed and differentiated during development. The right
ventricle is variable in size but is usually small in around 50 % of the cases, moder-
ately hypoplastic in 25 %, and normal in only 10-15 %. The right infundibulum is
also hypoplastic with a hypertrophic parietal wall with an underdeveloped tricuspid
dysplastic valve, small tricuspid annulus, and short chordae. The pulmonary arteries
are usually normal in size and only in about 10% of the cases can be smaller.
Sinusoidal communications between the right ventricle and the coronary arteries
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Fig.9.1 Pulmonary valve
atresia with imperforate
valve. (a) View of the
imperforate valve, after
removal of the pulmonary
trunk. Three cusps and
well-formed commissures
are still identifiable, as if
the three cusps had fused
after being well formed
and differentiated. (b) The
right ventricle has been
opened from the apex
toward the infundibulum.
Note the severe hypoplasia
of the right ventricle, with
hypertrophic free wall.

(¢) The tricuspid valve has
been opened along the
acute margin of the right
ventricle. Note that the
tricuspid valve is also
severely dysplastic.

(type a). Ao aorta, LAA
left atrial appendage, PoV
pulmonary valve, RA right
atrium, RAA right atrial
appendage, RVOT right
ventricular outflow tract,
TV tricuspid valve
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Fig.9.2 Dome-shaped critical pulmonary stenosis. (a) Anterior view of the heart with hypoplasia
of the pulmonary trunk and normal size aorta. (b) A dome-shaped pulmonary valve with a pint-
point central orifice and dysplasia of the free cusps (type b). (¢) A dysplastic and hypoplastic tri-
cuspid valve is also present. Ao aorta, LAA left atrial appendage, PT pulmonary trunk, RAA right
atrial appendage, RVOT right ventricular outflow tract, 7V tricuspid valve

may develop as a mechanism of decompression of the blood from the right ventricle
[6, 8, 15]. In some cases endocardial fibroelastosis can be detected in the right ven-
tricle [8]. The right atrium is usually enlarged and hypertrophied, and the foramen
ovale usually patent.

Type b is characterized by cusps with a dome-shaped pattern without clear sepa-
ration in cusps, the appearance being of a thick curtain, with two to four raphes, and
a pinpoint central hole allowing some blood flowing through the valve. In these
cases the central hole can vary in dimension, but what seems constant is the hypo-
plasia of the pulmonary annulus and the dilatation of the pulmonary trunk and
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Fig.9.3 Critical pulmonary valve stenosis and dysplastic tricuspid valve. (a) Note the three cusps with
severe dysplastic thickening and identifiable commissures. (b) The tricuspid valve has been opened along
the acute margin to show the severe dysplasia (type b). PT pulmonary trunk, 7'V tricuspid valve

Fig.9.4 Critical pulmonary valve stenosis with bicuspid pulmonary valve and hypoplasia of the
annulus. (a) Anterior view of the heart with dilated pulmonary trunk. (b) Bicuspid and dysplastic
cusps with hypoplasia of the annulus (type c). (¢) Hypoplasia of the infundibulum and dysplasia of
the tricuspid valve are present. Ao aorta, LAA left atrial appendage, PT pulmonary trunk, RVOT
right ventricular outflow tract
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pulmonary branches. The arterial duct is not so hypoplastic as one could expect,
since it is the way through which pulmonary arterial blood flow is retrogradely
guaranteed. The features of the right ventricle are similar to that of the pulmonary
atresia and intact septum. In rare cases the pint-point dome-shaped valve can pres-
ent with severe nodular dysplastic leaflets where it is still possible to identify three
leaflets with a central hole. In other settings the three dysplastic leaflets are more
developed with identifiable commissures. Histological evaluation of the leaflets
showed mucoid degeneration of the fibrosa and disorganization of the leaflet struc-
tures. The right ventricular cavity is again of different sizes, mainly hypoplastic
with ventricular wall hypertrophy, mainly infundibular, with subvalvular stenosis.
In some cases septomarginal trabeculation can be prominent, producing the pattern
of bipartitioned right ventricle.

Type ¢ can be characterized by a bicuspid pulmonary valve with well-formed and
thin bicusps, with or without a raphe but two well-formed commissures. The annu-
lus is still smaller than in the setting of a tricuspid pulmonary valve. The right ven-
tricle is of normal size as it is the tricuspid valve. The parietal wall is also of normal
thickness. In the setting of a unicuspid valve, the morphology is that of a curtain-
like cusp, with only one commissure and an eccentrically displaced hole. One or
two raphes can be present as remnants of a commissure. The cusp can be dysplastic
as well, and the right ventricular and atrial cavity similar to the other types previ-
ously discussed.

Conclusions

In the assessment of pulmonary atresia with intact ventricular septum/critical
pulmonary valve stenosis, besides the evaluation of the valve morphology and
the presence of cusp dysplasia, it is important to evaluate carefully the right ven-
tricle dimension and hypertrophy, especially the outflow for subvalvular obstruc-
tions caused mainly by secondary hypertrophy, which is present in one third of
the cases. Moreover, also the tricuspid valve desires precise assessment. Careful
consideration should be given also to the left cavities since seldom aortic valve
dysplasia and supravalvular aortic stenosis could be identified and could impact
on fetal interventional procedure policy.
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Fetal Pulmonary Valvuloplasty: 1 0
Natural History and Echocardiographic

Evaluation of Critical Pulmonary
Stenosis/Pulmonary Atresia with

Intact Ventricular Septum

Vlasta Fesslova and Savina Mannarino

Pulmonary atresia with intact ventricular septum (PAIVS) is a morphologically
heterogeneous lesion characterized by variable dimensions of the right ventricle
(RV) from a normal size to a variable degree of hypoplasia, often with associated
anomalies of the coronary circulation. Critical pulmonary stenosis (CPS), also, is
often present with an abnormal right ventricle.

Fetal diagnosis of PAIVS is relatively easy, although the differentiation between
complete atresia and CPS may not be always feasible. The natural history of this
complex anomaly diagnosed in utero and the predictors of neonatal outcome and of
the type of postnatal correction (univentricular versus biventricular) are still objects
of studies. The definition of anatomic features is fundamental for the prognosis and
counseling in this anomaly.

10.1 Anatomic Features and Echocardiographic Evaluation

There is a wide anatomical spectrum involving all components of the RV.
Each echocardiographic examination should aim to:

* Achieve fetal biometry, calculation of C/T ratio, measures of the valves and
ventricular chambers, and ratio of right to left heart dimensions including ven-
tricular diameters and lengths and diameters of the atrioventricular valves and
great arteries.
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e Assign z-scores for valvular and ventricular dimensions.'

» Study the flow across the cardiac valves and the interatrial septum, in the fetal
umbilical artery and ductus venosus (DV) in the absence of fetal breathing or
movements, using the color and pulsed wave Doppler.

» Evaluate the ductus arteriosus (DA) (morphology and the direction of the flow
and systolic and diastolic velocities).

10.1.1 Tricuspid Valve (TV)

TV and mitral valve (MV) dimensions are measured at the hinge points at end-
diastole, immediately before the closure of the atrioventricular valves; tricuspid-to-
mitral valve (TV/MV) ratio and valve z-score are calculated.

The TV orifice is more frequently hypoplastic, sometimes associated with dys-
plasia of valve leaflets. The TV appears restricted in the opening because of an
increased right ventricular pressure.

More rarely the TV may seem apparently normal, or with a dilated orifice, or
may present Ebstein’s malformation or dysplasia.

The tricuspid regurgitant (TR) jet is visible across the valve. Continuous wave or
high-pulse repetition frequency Doppler records a high-velocity jet due to the raised
right ventricular pressure. To assess its severity, the visual impression, the duration
of the Doppler waveform in the cardiac cycle, and the extension of the regurgitant
jet into the right atrium (RA) are considered. TR is graded as absent, mild, moder-
ate, or severe (holosystolic trace extending into diastole, TR reaching the back of
the RA) [1, 2]. See Fig. 10.1.

10.1.2 Right Atrium and Atrial Septum

RA enlargement is seen in the case of a moderate/severe TR and elevated right ven-
tricular filling pressure.

Fetal assessment of the foramen ovale includes the evaluation of the septum
mobility and the recording of the interatrial Doppler flow velocities: a poor mobility
of the flap and a Doppler velocity >1.5 m/s indicate a restrictive communication.

Interrogation of the DV and inferior vena cava waveforms is used as indicator of
raised systemic venous pressure and is estimated as normal in the presence of a
positive end-diastolic velocity or abnormal if the end-diastolic flow is absent or
reversed [3, 4].

Fetal right atrial pressure (RAP) score is calculated from the combination of the
severity of TR, waveform characteristics of DV, and restriction of the interatrial
septum, with each parameter having a score of 0-2 [5] (Table 10.1).

!Z-scores representing the number of standard deviations with respect to the data of the normal
population for a given gestational age, derived from echocardiographic data — Boston criteria,
Circulation. 2009;120(15):1482-1490.
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CPS
RV tripartite,
Tric.regurg.

Fig.10.1 Case with critical pulmonary stenosis with good RV (a), tricuspid regurgitation at color
Doppler till the top of the right atrium (RA) in blue -arrow (b), and holosystolic regurgitant flow at
pulsed Doppler. LV left ventricle, LA left atrium (¢) Doppler gradient across the tricuspid valve

Table 10.1 RAP score

Points 0 1 2
Tricuspid None/mild Moderate Severe
regurgitation
Ductus venosus Normal Absent end-diastolic flow Reversed
end-diastolic flow
Foramen ovale Normal right/left Tense, bowing with moderate Very restrictive
phasic flow velocities  restriction; right/left Right/left
<1 m/s velocities 1.0-1.5 m velocities
>1.5 m/s

10.1.3 Right Ventricle

The diameter of the RV is measured as the inlet length taken at closed TV from the
midportion of the atrioventricular annulus to the apex of the RV at end diastole, in
apical four-chamber view, to the endocardial surface [6].

The partiteness of the RV is morphologically evaluated by the number of parts of
the RV not obliterated by trabecular muscular overgrowth:

e Tripartite: all three ventricular components — inlet, outlet, and trabecular — are
present without intracavitary muscular overgrowth.

* Bipartite: overgrowth of the apical trabecular portion.

e Unipartite: muscular obliteration of both apical and infundibular portions.
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The dimensions of the RV can worsen throughout the gestation to a pattern of a
major hypoplasia with the RV progressively smaller in comparison with the left ven-
tricle (LV). Parietal and trabecular RV hypertrophy is evident in this case and the right
to left wall thickness is >1 [7]. Significant endocardial fibroelastosis is uncommon.

A septal displacement into the LV outflow tract may be present, and, when this
bowing is extremely pronounced, an impairment of the left ventricular filling and
function is possible.

More rarely a significant RV dilation with thin walls is observed, associated with
a moderate or severe TR.

10.1.4 Pulmonary Valve (PV)

Differential diagnosis between pulmonary atresia and critical pulmonary stenosis
(CPS) is difficult. In some cases severe pulmonary stenosis can progress to pulmo-
nary atresia during the prenatal period [8—10].

Among different types of atresia, valvular atresia is more commonly membra-
nous (in about 75 %), due to a complete fusion of the valve leaflets with a patent
infundibulum existing in the latter setting up to the level of the valvular tissue. At
echocardiography this valve is visible also during the systole with a potential for a
continuity between the RV and pulmonary trunk.

In a minority of cases, a muscular atresia with infundibular obliteration is pres-
ent, without echocardiographic continuity between the RV and the pulmonary trunk.

In the cross-sectional view of the great vessels, a retrograde flow through the
ductus confirms the diagnosis.

In the CPS the valvular orifice is reduced by the fusion of the commissures of the
valve, thickened and doming. An accelerated forward pulmonary blood flow can be
detectable, in addition to the reversed flow from the DA at color Doppler, in severe
cases. See Fig. 10.2.

All vessel measurements are estimated at their maximum dimensions, at the end
of systole, and z-score is calculated. Pulmonary/aorta ratio is obtained at the level of
the annulus of both vessels. The PV and pulmonary trunk are usually smaller than
normal for gestational age and of aortic annulus.

The pulmonary arteries are confluent ranging from slightly smaller dimensions
in comparison with the normal values to a severe hypoplasia and are usually sup-
plied in the fetal life in a retrograde way from the DA.

10.1.5 Ductus Arteriosus

An acute angled ductus tends to arise more proximally from the aortic arch than
usual. The flow at color Doppler is interrogated — showing a total retrograde flow
toward the valvular plane in the case of PAIVS (see Fig. 10.3) and a partial compo-
nent of an anterograde flow in the case of CPS.
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=M CPS, hypoplastic RV, increased pulm.flow at Doppler

Fig.10.2 Case with critical pulmonary stenosis with hypoplastic RV (a), small pulmonary valve
annulus (b), and increased pulmonary flow at Doppler (c¢)

10.1.6 Ventriculocoronary Connections (VCCs)

Coronary artery anomalies in PAIVS include RV-to-coronary artery fistulae and/or
coronary artery stenosis and occlusions.

VCCs occur as a persistence of the primitive connections in the condition of a
high pressure, from the RV to the aorta in systole and from the aorta to the RV in
diastole. They are reported both in cases of PAIVS and CPS [11].

VCCs are more frequent in cases with RV hypoplasia (z-score <—3) and major
hypoplasia of the main pulmonary artery and the sigmoid shape of the DA [11, 12].

RV-to-coronary artery fistulae have been reported to occur in 31-68 % of patients
with PAIVS [13-15].

RV-dependent coronary circulation (RVDCC) is defined by:

1. The presence of ventriculocoronary fistulae with severe obstruction of at least
two major coronary arteries

2. Complete aortocoronary atresia

3. Situations in which a significant portion of the LV myocardium is supplied by
the RV
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PAIVS,
reversed
flow from
the duct

Fig. 10.3 Two-D echocardiographic images (a and b). Case with pulmonary atresia and intact
septum (PAIVS) and reversed pulmonary flow from the duct at color Doppler — in red (c, d). PA
pulmonary artery, Ao aorta, pda ductus arteriosus

RVDCC may cause RV “steal” in the presence of fistulae alone and ischemia,
coronary isolation, or myocardial infarction in the presence of coronary stenosis
[13, 16].

The coronary stenosis is usually not detectable prenatally by echocardiography,
while a more precise evaluation of the VCCs is possible by a postnatal
angiography.

Echocardiographic Evaluation The evaluation of the fetal coronary circulation is
now possible with high-resolution 2-D imaging and with new color Doppler
techniques.

The coronary arteries in normal heart are difficult to detect by fetal echocardiog-
raphy. In PAIVS or CPS, the systematic evaluation to assess VCCs involves scan-
ning the aortic root and the right ventricular myocardium using color Doppler
mapping with a low-velocity setting.
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PAIVS,
+
sinusoids

Fig.10.4 Case of PAIVS and hypoplastic RV (a, b), reversed flow from the duct (¢), and turbulent
flow at color Doppler due to sinusoids (d), with systodiastolic flow at pulsed Doppler (e)

When turbulent color signal is identified only on the epicardial surface of the
myocardium and within trabeculations of the RV, minor fistulae or sinusoids may
be suspected (see Fig. 10.4). In this case there is a connection between trabecula-
tions of the RV and coronary capillaries with a slight filling of nondilated coronary
arteries. In the presence of intracavitary right ventricular connections, the coronary
turbulent diastolic flow pattern is best seen at the transverse section of the fetal
heart, immediately over the five-chamber view, but sometimes this flow is difficult
to record.

The existence of a VCC between the right ventricle and right coronary artery
(mayor fistulae) is suspected when a dilated vessel along the right ventricular wall
is observed, and color flow imaging reveals that this blood flow arises from the
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aortic root and faces the right ventricular chamber. The pulsed Doppler interroga-
tion shows a forward diastolic and reversed systolic flow.

Multiple VCCs with the possibility of RVDCC are suspected when other abnor-
mal blood flows are found between the right ventricular wall and the left coronary
artery [13, 17-19].

10.1.7 Other Abnormalities

LV: very rarely, it is possible to observe spongiform noncompactile interventricular
septum, dysplastic MV, or concentric LV hypertrophy [20].

Also left superior caval vein, right aortic arch, and aberrant subclavian artery are
rarely described.

Associated extracardiac or chromosomal anomalies are reported: chromosome
22 deletion and, rarely, chromosome 4p deletion and Dandy-Walker syndrome
[20, 21].

10.2 Natural History

When the right heart is small in the second and third trimester, its dimensions can
worsen during the remaining gestation to a pattern of a major degree hypoplasia.
Equally, severe pulmonary valvular stenosis can progress to a complete atresia [22].

The possibility of the development of a hypoplastic RV led to the idea of per-
forming an early valvuloplasty already in utero with the aim of making possible a
postnatal biventricular repair: the selection criteria of cases and the results obtained
until now will be treated in a specific chapter.

Severe anomalies of the tricuspid valve as Ebstein or non-Ebstein anomaly with
important valvular regurgitation may predispose to the hydrops fetalis and intrauter-
ine death [23].

Fetal growth may be restricted in some cases of PAIVS and CPS.

Failed differentiation between CPS and PAIVS in fetal life will not in any case
affect the prenatal and postnatal management of the case, because of a similar
strategy.

10.2.1 Postnatal Treatment

Postnatally, a ductus-dependent circulation with desaturation and cyanosis is pres-
ent, often with a need of a respiratory assistance. The first procedure after birth is
the prostaglandin treatment. Then, after a reevaluation of the cardiac features, the
decision is taken with regard to the possibility of the RV decompression in suitable
cases (without VCCs), by means of pulmonary valvuloplasty, usually with the need
of radiofrequency opening of the valve, establishing so the RV-PA continuity with a
potential for the subsequent RV and TV growth. Otherwise, systemic pulmonary
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shunt is performed, in alternative to the ductal stenting. This approach may be
needed also after the valvuloplasty, if the arterial saturation does not improve, due
to inadequacy of the RV to provide a valid pulmonary flow [24].

A disproportional growth of the tricuspid valve with respect to the somatic
growth can occur, especially in patients with small tricuspid valves and lower right
ventricular pressures after decompression [25].

The size of the TV and RV will determine the type of the final repair — the pos-
sibility of a Fontan operation. Long-term outcome after Fontan is comparable to
other complex cardiac anomalies treated this way.

Management of Cases with VCCs A main surgical option is the creation of a
systemic-to-pulmonary shunt. However, there is a rather relevant postnatal mortal-
ity due to ischemia/coronary events, in these cases. Subsequently, a single-ventricle
palliation provides a good long-term clinical outcome even in this category of
patients [26]. In some cases, however, there may be a progression of the size and
numbers of coronary fistulae at the long term, with clinical symptomatology of
ischemia at exercise, and this should be kept in mind.

More rarely, an option of the tricuspid valve closure is chosen [27].

10.2.2 Predictors for the Postnatal Outcomes and Treatment

Different studies have used tricuspid and pulmonary valve fetal z-scores to predict a
postnatal biventricular or univentricular repair.

For Gardiner et al. [5], the TV z-score was a good predictor in all cases studied,
but the best predictive scores for a postnatal biventricular repair were the PV
z-score>—1 and the median TV z-score>-3.4 before 23 weeks, the median TV
score>—-3.95 before 26 weeks, the combination of median PV z-score and the
median TV/MYV ratio (at 26-31 weeks), and the combination of median TV z-score
and median TV/MV ratio (>31 weeks). The RAP score and the evidence of coro-
nary fistulae were good independent predictors: RAP score >3 predicted biventricu-
lar repair, and the detection of fistulae usually predicted a univentricular route.

In the study of Salvin et al. [11] on 13 fetuses with a midgestation fetal TV
z-score<—3, only 1 achieved biventricular repair, compared with 5 of 5 with a TV
z-score>-3. Of 13 fetuses with a midgestation fetal TV z-score<-3, 8 were diag-
nosed postnatally with a right ventricular-dependent coronary circulation, compared
with none who had a TV z-score>-3.

The average rate of TV growth between mid- and late fetal echocardiograms was
significantly lower in patients who did not achieve biventricular repair.

The presence of TR was found to be a good predictor of a better outcome with a
biventricular repair, having these fetuses larger RV dimensions, without VCCs [28].
This is in agreement with the study of Peterson et al. [29], who suggest that TR can
facilitate the growth of the RV and TV despite the pulmonary atresia. Also, in this
study, both a fetal TV z-score of —4 or less beyond 23 weeks of gestation and a fetal
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TV annulus of 5 mm or less beyond 30 weeks of gestation were predictive of poor
postnatal outcomes. In addition, right/left ventricular length or width less than 0.5
and/or the absence of TR were predictive of poor outcome.

Roman et al. [30] suggested a four-criteria scoring system to predict the postnatal
outcome of PAIVS/CPS. They found the best sensitivity and specificity for a non-
biventricular outcome as follows: TV/MV ratio <0.7, RV/LV length ratio <0.6, TV
inflow duration <31.5 % of cardiac cycle length, and the presence of RV sinusoids.
If three of these four criteria were fulfilled, this predicted a non-biventricular out-
come with sensitivity of 100 % and specificity of 75 %.

In conclusion, the echocardiographic diagnosis of PAIVS/CPS is feasible.
However, as reported above, both outcomes and management are still under
evaluation.
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Indications for Fetal 1 1
Pulmonary Valvuloplasty

Roland Gitter, Wolfgang Arzt, and Gerald Tulzer

In parallel to the interventions on the aortic valve, pulmonary valvuloplasty in utero
may follow two different indications. The first is to simply ensure fetal survival by
reversing fetal hydrops caused by severe right-ventricular decompensation. The sec-
ond and more ambitious goal is reducing fetal morbidity, by promoting intrauterine
growth on ventricular, valvular, and vascular level so as to avoid the development of
a functionally univentricular heart. The achievements of these goals depend on an
evidence-based selection of suitable candidates, on the level of expertise and coop-
eration of the team performing the intervention, and on the availability of adequate
technical equipment. In light of improving results of postnatal treatment ranging
from postnatal dilatation, radio-frequency perforation of atretic valves, and surgical
strategies of one-and-a-half heart or univentricular course, only limited types of
lesions have the potential to benefit from prenatal interventions.

The selection of suitable candidates remains difficult and is still based on the
center’s experience, the level of expertise and ability of cooperation of the team
performing the intervention, and at last the adequate technical equipment.

Contraindications for fetal pulmonary valvuloplasty result from valvular, right-
ventricular, and other cardiac malformations as well as extracardiac lesions, chro-
mosomal aberrations, and twin pregnancies. An atretic or subatretic right-ventricular
outflow tract cannot be perforated by the needle and is thus not feasible for interven-
tion. Large coronary sinusoids, which indicate a right-ventricular-dependent
coronary perfusion, represent another contraindication for intrauterine treatment.
Severe extracardiac malformations have to be taken into account as well as twin
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pregnancies as both conditions raise the important ethical issue of exposing the
mother or the sibling to the risks of the intervention. The ethical question is even
more ostensible in the case of weighing up the indication against the experience of
the team. A fetus with critical pulmonary valve stenosis in good circulatory status
judged to be suitable for in utero treatment should not be treated by an inexperi-
enced team doing the intervention every now and then, but referred to a center with
sufficient expertise which is able to deal with unfavorable fetal positions and peri-
procedural complications.

The ideal patient for intrauterine intervention on the pulmonary valve comes
with an obstruction solely on the valvular level. The RVOT is developed; the size of
the right ventricle is not too small to be determined as clearly hypoplastic but on the
other hand not of normal size which would favor postponing treatment to the post-
natal period (Fig. 11.1). Roman et al. in 2007 tried to identify cutoff values of mea-
surements regarding the size of the tricuspid valve in comparison to the mitral valve
and the right-ventricular to the left-ventricular length, respectively, to predict a uni-
or biventricular course [1] (Fig. 11.2). Gomez Montes et al. in 2012 published a
scoring system to predict the most likely course of circulation in PA/IVS by means
of combining cardiac dimensions and functional parameters [2].

The ideal patient therefore should match the criteria for a non-biventricular out-
come as close as possible to justify fetal treatment. Furthermore and again under
ideal auspices, close monitoring of the fetal heart’s status, especially the size of the
right ventricle to depict growth arrest, allows setting of the indication and the proper
timing for in utero valvuloplasty. If the right ventricle does not show any increase in
size over a period of 3—4 weeks in the midterm gestation, a spontaneous reversal of
this process is unlikely and can be achieved only by decompressing the right ven-
tricle by opening the pulmonary valve.

Fig.11.1 This 2D echo
picture shows a typical
borderline right ventricle
due to pulmonary atresia
with equivocative
prediction concerning
biventricular outcome and
therefore basically a
potential candidate for
intrauterine treatment
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Fig.11.2 This illustration
of a heart with hypoplastic
right ventricle shows how
to measure RV and LV
parameters which are used
for the estimation of the
further intrauterine course

So in summary the indication for intrauterine treatment of the pulmonary valve
is by far more difficult to determine when compared to postnatal dilatation and cov-
ers more or less the field between a clear-cut hypoplastic right ventricle which is lost
for biventricular circulation and a well-sized right heart without additive structural
abnormalities which may be preserved for intervention after birth. Further studies,
especially dealing with the comparison in the outcome of treated fetuses and fetuses
with the intention to treat and abandoned procedure, will modify and adjust the
indication for intrauterine valvuloplasty in the future (Table 11.1).

Besides these two traditional indications mentioned above, another issue may be
stressed when pondering about future perspectives of in utero therapy. If the strat-
egy of treatment as soon as possible to avoid damages for the myocardium or the
heart rhythm — as it is well established in the treatment of atrial septal defects or
tetralogy of Fallot — is transferred and applied to the treatment of critical pulmonary
valve stenosis, the indications for intrauterine treatment will include another sub-
group of patients. Currently the intervention itself bears still an immanent risk for
the babies’ heart function and survival and a not negligible risk for the pregnancy
and mother’s health. On the other hand, it is obvious that systemic or suprasystemic
pressures in the right ventricle do have negative effects on both right-ventricular
architecture and function. Unloading the suffering subpulmonary ventricle in utero
remains therefore a more or less technical question. The more experience in per-
forming the intervention is present, better equipment is available, and image quality
is improved, the less risk emanates from the intervention. This therapeutic princi-
ple — bringing the right ventricle into optimal shape and function by intervening
early even in cases of expected biventricular course — may turn out to be an impor-
tant third indication for pulmonary valvuloplasty in the fetus (Table 11.2).
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Table 1 1_-1 Indications for Severe stenosis or membranous atresia on the level of
intrauterine pulmonary the pulmonary valve with
valvuloplasty Retrograde flow in the duct

Intact or highly restrictive ventricular septum
Identifiable but small right ventricle
Prediction of most likely univentricular course with
RV/LV ratio<0.6
TV/MV <0.7
TV Z-score<-3
Tricuspid inflow time < 31,5 % of cardiac cycle
Growth arrest of the RV over 3—4 weeks
Fetal hydrops in pulmonary valve stenosis or atresia due
to
Severe right heart failure
Restrictive foramen ovale
Severe tricuspid regurgitation

Table 11.2 Contraindications Atresia of the RVOT
for intrauterine pulmonary Unipartite right ventricle
valvuloplasty

Ventricular septal defect

Large coronary sinusoids

Unexperienced team

Severe extracardiac malformations and chromosomal
abnormalities

Twin pregnancy
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Center Experience and Step-by-Step 1 2
Approach for Fetal Pulmonary
Valvuloplasty

Gerald Tulzer and Wolfgang Arzt

12.1 Center Experience

In our center (the Children’s Heart Center Linz), the fetal cardiac intervention pro-
gram was started in the year 2000. In fact, the very first procedure, which we per-
formed, was in a fetus with pulmonary atresia with intact ventricular septum (PAIVS)
at 28 weeks [1]. Since then a total of 91 interventions have been here conducted, the
majority in fetuses with critical aortic stenosis, few in fetuses with hypoplastic left
heart syndrome and restrictive foramen ovale, and altogether 20 procedures in 14
fetuses with PAIVS or critical pulmonary stenosis with intact ventricular septum. We
reported our first case together with a case that was done in the UK in a publication in
the year 2002. This fetus was thought to develop restriction at the atrial level with
increased central venous pressures and imminent hydrops as indicated by severely
abnormal venous Doppler waveforms — a complication that may result in fetal hydrops
and intrauterine death. The fetus had a hypoplastic RV with growth arrest and supra-
systemic right ventricular pressures, a significant tricuspid regurgitation (TR), and a
favorable anatomy with a membranous atresia of the pulmonary valve and well-devel-
oped confluent pulmonary arteries. For this first procedure, we used a 16-gauge nee-
dle and managed to perforate the membrane between the RV and main pulmonary
artery. Clear antegrade as well as retrograde flow across the pulmonary valve annulus
was observed immediately after the procedure by color-flow and CW Doppler. This
fetus was followed longitudinally in our center, and over the following weeks, signifi-
cant changes in hemodynamics were documented: growth of RV long axis, growth of
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tricuspid valve annulus, change from a short monophasic to a longer biphasic RV
inflow, as well as complete disappearance of the TR jet. Six weeks after the procedure,
TR reappeared again with high velocities due to an increasing restenosis of the perfo-
rated pulmonary valve. This baby was delivered at 38 +2 weeks; postnatally it received
a pulmonary valvuloplasty, and because of a still borderline RV output, a 3.5 mm
modified right BT shunt was placed. This shunt was successfully removed at the age
of 8 months. Now 15 years later, this girl still has had no other interventions; she has
mild to moderate pulmonary stenosis and mild pulmonary regurgitation with some
dilation of the main pulmonary artery. She is on no medication, is very sportive, and
has no exercise intolerance at all.

This encouraging preliminary experience motivated us to continue and to further
develop in utero treatment of PAIVS. Our experience with the first series of five and
six cases, respectively, was published in 2006 and 2011 [2, 3]. At that time we had
a technical success rate — which means that we were able to perforate and to dilate
the pulmonary valve — in four out of six cases. Of the successful cases, three became
biventricular and one ended up with a one-and-a-half ventricle circulation. In 2015
we presented our experience of 12 procedures in ten fetuses. We were able to perfo-
rate and to dilate the valve in 80% of these fetuses. Again we saw RV and TV
growth and longer RV inflow durations but with remaining high PV gradients in
most of them. Six of them became biventricular, one with a one-and-a-half ventricle
and one with a univentricular circulation. Currently our experience consists of 20
procedures in 14 fetuses; three of them are still in utero.

12.2 Step-by-Step Approach
12.2.1 Assessing Fetal Position

The single most important factor for a successful procedure is the fetal position.
Once the fetus is in a dorso-posterior position with the RV facing toward the mater-
nal abdomen and the fetal spine is positioned between 5 and 7 o’clock, the proce-
dure has a very high chance of being successful. There are “borderline” positions,
where an intervention theoretically is still possible but certainly more difficult and
a challenge for the whole team: amount of amniotic fluid, position of the placenta,
distance between maternal skin and fetal heart, maternal obesity, and obvious obsta-
cles in the way of the intended needle insertion (umbilical cord, fetal extremities,
etc.). Additionally there are fetal positions, where a successful intervention is
impossible (e.g., spine anterior), and the procedure has to be postponed until a better
position is present. This initial evaluation is usually done by both perinatologist and
cardiologist together and certainly needs a lot of experience.

12.2.2 Setting Up the OR

All procedures were performed in the operating theater with enough space for the
anesthesia team (we performed all procedures under general anesthesia); on one
side of the table, there is the ultrasound machine positioned and on the other side the
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catheter table with the necessary equipment. Our interventional team consists of an
anesthetist with one or two nurses, one perinatologist for the needling, two fetal
cardiologists for scanning and handling of the catheter, and one physician or nurse
handling the balloon inflation.

12.2.3 Preparing the Procedure

Mother: After having given informed consent on the day before the procedure, an
ultrasonic assessment of the fetal position is done. If the fetus is found to be in a
favorable position, the mother is brought into the theater and scanned again, and if
the fetus has not changed position, anesthesia is started instantly. Only after effec-
tive anesthesia of the mother and fetus has been confirmed, all other necessary prep-
arations continue: positioning of the mother, skin sterilization, and preparing the
operation field.

Fetus Fetal weight is estimated by ultrasound and emergency medication is pre-
pared (epinephrine, atropine).

Catheter and needling equipment (Fig. 12.1): The following items were pre-
pared: 18G or 19G needles (Cook Medical®) depending on gestational age and
distance to the fetal heart, floppy 0.0014 in. guidewires, and 2.5-4 mm semi-
compliant, monorail coronary artery balloon catheters (Maverick®, Boston
Scientific) with a manometer-equipped syringe and sterile strips to mark cath-
eters and wires. The guidewire is inserted into the catheter and then both
together through the needle after the trocar was removed. Markers on the cath-
eter and the wires are placed to make sure the depth of insertion can be con-
trolled. Then catheter and wire are removed from the needle; the trocar is
inserted back again and handed over to the perinatologist to perform the punc-
ture. The wire remains in the catheter and both will be inserted together, once
the needle will be in place.

Fig.12.1 Equipment used
for fetal valvuloplasty: left,
syringe with manometer
for balloon inflation;
middle, 18G needle with
the trocar removed; and
right, monorail balloon
catheter with a 0.0014 in.
floppy wire inside. Note
the two markers on the
catheter and on the
guidewire, respectively
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Ultrasound We use a Voluson E8 (GE Healthcare) ultrasound machine for imag-
ing with standard curve array scanners equipped with Doppler and color Doppler.
Keyboard and probe get a sterile cover. All procedures are recorded continuously on
DVD.

12.2.4 Procedure

Puncture + imaging: This is the most critical part. The direction of the needle has to
be perfect from the beginning, because larger manipulations or angle corrections are
not possible once inside the fetal heart. So the synchronization between the scan-
ning and needling person is crucial; sometimes both have to be done simultaneously
by the same person. This procedure is significantly more challenging than aortic
valve dilation, because the target, the hypoplastic RV, is usually very small. It has to
be entered in the region of the RVOT about 1 cm proximal to the atretic valve and
almost perpendicular to the fetal chest.

Testing the right needle position: Before perforating the atretic pulmonary valve
or advancing a guidewire across a critical pulmonary stenosis, one has to be sure to
be inside the cavity of the RV, which by ultrasound alone is very difficult to judge.
So at this time, the trocar is slowly removed, and if blood is coming out through the
needle (usually with quiet a high pressure), one can be sure to have an intracardiac
position.

Perforation of the atretic valve: In the case of pulmonary atresia, the trocar has to
be inserted again — be careful to do it very slowly; otherwise, one will push air
bubbles into the RV and imaging will be a dramatic worse afterward. Under ultra-
sound guidance the needle is then advanced through the valve into the main PA. If
there is critical pulmonary stenosis with still a tiny opening, the trocar should stay
outside, and the whole ensemble (catheter with guidewire) will be slowly inserted.
The ultrasound picture as well as the markers on the catheter will show you when
the catheter tip has reached the tip of the needle. Then only the guidewire is advanced
forward to cross the tiny opening, which is successful in most of the cases after a
few attempts. Once the guidewire is clearly seen in the main PA or in the ductus
arteriosus, the catheter is manipulated over the wire into an optimal position across
the valve annulus (Fig. 12.2).

Performing the dilatation: Now the balloon is inflated with the respective diam-
eter. Balloon size should be at least 10-20 % larger than the valve diameter. With the
current available equipment, a 4 mm balloon will be the largest size that would fit
through an 18G needle. Using larger needles will allow larger balloons, but will
increase the likelihood for complications.

Withdrawal of all equipment: A deflated balloon sometimes cannot be retracted
back into the needle again. Instead of applying increased force, we prefer to with-
draw the needle together with the deflated balloon, which is still outside. After a
successful dilatation, one should see good antegrade flow as well as some pulmo-
nary regurgitation (Fig. 12.3a, b).
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Fig. 12.2 Fetal pulmonary valvulotomy procedure: the needle is already passed from the right
ventricular outflow tract through the perforated pulmonary valve in the main pulmonary artery. Ao
aorta, PA pulmonary artery, PV pulmonary valve, RVOT right ventricular outflow tract

Fig. 12.3 Color Doppler after a successful pulmonary valvuloplasty: (a) picture in systole (note
the blue color across the pulmonary valve indicating now antegrade flow from the right ventricle
into the pulmonary artery) and (b) picture in diastole (note the red pulmonary regurgitation jet back
into the right ventricle indicating some damage of the pulmonary valve after valvuloplasty). Ao
aorta, PA pulmonary artery, PV pulmonary valve
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12.2.5 Post-procedural Assessment

Immediate: Watch for pericardial effusion and drain instantly if it gets too large with
signs of hemodynamic compromise. If persistent bradycardia develops, epinephrine
is administered (according to estimated fetal weight) into the left ventricle (now
using a 22G needle).

First 24-48 h: Nonstress test to watch for premature labor or fetal arrhythmias;
observe if there are signs of premature rupture of the membranes or
amnioinfection.

Long term: The patients were discharged 2 days after the procedure is stable, and
follow-up visits were recommended every 2 or 4 weeks to assess hemodynamic
changes.

So far we did not see any major maternal complication from this procedure [4].
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Pulmonary Valvuloplasty: Fetal, 1 3
Neonatal, and Follow-Up Outcomes

Eva Grohmann, Andreas Tulzer, Wolfgang Arzt,
and Gerald Tulzer

The primary management and outcome of unborn children with atresia (PA/IVS)
or critical stenosis of the pulmonary valve (CPS) and intact ventricular septum are
still under discussion. The degree of the morphological and clinical picture of this
disease can vary from a hypoplastic right heart syndrome with a univentricular
physiology to a biventricular heart only with the need for valvuloplasty after deliv-
ery. Neonates with CPS or PA/IVS show considerable variation of abnormalities of
the right ventricle, tricuspid valve (TV), and coronary arteries. Therefore, there is
a wide range in the reported 5-year survival rate from 50 to 86% [1]. This cardiac
malformation is rarely associated with chromosomal defects or extra-cardiac mal-
formations. Therefore, the cardiologist’s prediction of a univentricular or biven-
tricular circulation could have even more influence on the parents’ choice regarding
the future of the pregnancy [2]. The focus of this chapter lies especially on the fetal
and neonatal outcome of fetuses, who underwent pulmonary valvuloplasty in
utero.

A fetal pulmonary valve dilatation is a technically highly challenging procedure,
thus making the outcome of fetuses undergoing intervention dependent on an expe-
rienced team that knows how to deal with the accompanying difficulties and com-
plications, both fetal and maternal, respectively. The most common complications
are pericardial effusions or episodes of severe bradycardia. Without adequate ther-
apy intrauterine death may occur. Complications from the maternal side with the
potential of endangering the fetus are premature rupture of membranes and preterm
labor resulting in premature delivery with its known problems.
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Fetuses undergoing intrauterine pulmonary valvuloplasty in our institution expe-
rienced bradycardias and pericardial effusions to the same extent (approximately
3540 %). Due to prompt intracardiac administration of epinephrine, so far no intra-
uterine deaths occurred because of bradycardia. In the case of pericardial effusions,
the fluid was drained immediately as soon as hemodynamic impairment was seen.
Another rare complication was the formation of a clot inside the right ventricle with
the potential of filling even the whole cavity of the right ventricle, thus impairing the
visibility by ultrasound and making the continuation of the procedure impossible. In
these cases the procedure had to be aborted and repeated later.

There are several predictors and scores to predict the outcome and eventual cir-
culation of fetuses with PA/IVS or CPS. Gardiner and colleagues [2] published
specific criteria depending on gestational age to predict an eventual postnatal out-
come. The variables included the ratio of tricuspid valve and mitral valve annular
diameter, pulmonary valve z-scores, a right atrial pressure score (combination of
tricuspid valve Doppler, foramen ovale, and ductus venosus flow patterns), and the
presence of coronary fistulae. Another scoring system established by a Canadian
group [1] used four criteria to discriminate between fetuses, who would undergo
univentricular or biventricular management after delivery. This scoring system
included a ratio of tricuspid valve and mitral valve annular diameter with a ratio of
less than 0.7 predicting a univentricular circulation; a ratio of the right ventricular
over left ventricular length of less than 0.6 predicted a univentricular circulation;
furthermore biventricular repair was unlikely if the tricuspid valve inflow duration
was less than 32 % of the cardiac cycle or if there were sinusoids to the right ven-
tricle. If three of these factors were fulfilled, univentricular physiology was detected
with 100 % sensitivity and 75 % specificity in fetuses below 31 weeks of gestation.
Currently there are no studies that prove an improvement of one of these scores after
successful fetal pulmonary valvuloplasty [1].

To optimize the overall outcome, delivery should be planned in a specialized
center with an experienced team and the possibility to perform cardiac catheteriza-
tion in newborns. After delivery all newborns with CPS or PA/IVS, who underwent
valvuloplasty in utero, should receive prostaglandins for initial hemodynamic stabi-
lization; as in many cases, a residual gradient can impair pulmonary arterial
perfusion.

Up to now there is only little experience on the overall outcome of children with
CPS or PA/IVS, who underwent in utero valvuloplasty. The biggest series reported
so far by Tworetzky et al. in 2009 reported ten cases, who underwent fetal pulmo-
nary intervention since 2002 [3]. In this study fetuses with membranous pulmonary
atresia and identifiable pulmonary valve (PV) leaflets or membrane, an intact or
highly restrictive ventricular septum, with a tricuspid valve annulus z-score of -2 or
below, and an identifiable but small right ventricle underwent fetal intervention.
Cardiac puncture was performed under ultrasound guidance percutaneously or
through a limited laparotomy, and a coronary angioplasty balloon was used for val-
vuloplasty. Here six of ten procedures were technically successful and lead to sig-
nificant growth of right heart structures compared to control fetuses, which did not
undergo prenatal intervention [3].
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We recently reported our experience with 12 pulmonary valve procedures in ten
fetuses, all with hypoplastic RVs and suprasystemic RV pressures. The median TV
z-score was —3.13. The procedures were performed at a median gestational age of
27 +4 weeks. Technical success was achieved in 8 out of 12 interventions or in eight
out of ten fetuses. No maternal side effects from the procedure or anesthesia were
observed. In all successful cases, some improvements of right-sided structures or
RV filling were observed, but high pulmonary valve gradient remained in most
cases, and these gradients increased again toward the term indicating restenosis.
After a median follow-up of 38 years, all successful dilated patients are alive, six
have a good biventricular circulation (three of them had transient BT shunts), one
patient had a one-and-a-half ventricle repair, and one patient remained
univentricular.

13.1 Case Reports from Our Institution

In the year 2000, our very first fetus with PA/IVS and signs of heart failure with
imminent fetal hydrops underwent intrauterine intervention at 27 +6 weeks of ges-
tation [4]. The procedure was successful; growth of RV structures as well as disap-
pearance of the TR and a change from monophasic to biphasic filling of the RV was
observed. After elective delivery at 38 weeks of gestation, the patient underwent a
successful balloon valvuloplasty on her second day of life. Suprasystemic right ven-
tricular pressures could be reduced to nearly normal values. Due to the hypertrophic
and still somewhat hypoplastic right ventricle, we decided to put in a modified BT
shunt to ensure adequate pulmonary perfusion.

At the age of 8 months, the BT shunt was removed, and a repair of a double orifice
tricuspid valve was performed. Right ventricular growth and function were close to
normal at that time. Up to today the child was doing well with mild to moderate pul-
monary regurgitation. She was always asymptomatic and is now a very sportive young
lady without any medication. A cardiac MRI at the age of 14 years showed excellent
right ventricular function and a mildly dilated RV (97 ml RVEDV/m2 BSA).

Another case was a fetus with a severe pulmonary stenosis, a subpulmonary
stenosis, a hypoplastic right ventricle with nearly no trabecular part, a borderline
tricuspid valve, and a coronary fistula. In the year 2007, we performed an unsuc-
cessful intervention at 31+ 1 and a partially successful one at 32+ 1 weeks of gesta-
tion in this fetus. After elective delivery at 37+2 weeks of gestation, the patient
underwent a successful balloon valvuloplasty on his second day of life. Due to the
borderline right ventricle, the patient received a modified Blalock-Taussig shunt on
his tenth day of life. The BT shunt was removed at the age of 7 months, and a one-
and-a-half ventricle repair with a bidirectional Glenn shunt, valvulotomy of the pul-
monary valve with muscle bundle resection in the RVOT, and closure of the ASD
was done. A previously performed catheterization showed a good development of
the pulmonary vascular bed, a moderately elevated right atrial pressure of 12 mmHg,
and a reduced growth of the right ventricle. At the age of 7 years, the boy is still
doing fine with no exercise intolerance and no medication.
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Fig.13.1 Four-chamber view of a fetus with a small hypertrophic right ventricle (case 3)

Another fetus with diagnosis of PA/IVS and a small but tripartite right ventricle
underwent a successful intrauterine intervention at 25+0 weeks of gestation
(Fig. 13.1). This intervention resulted in severe pulmonary regurgitation. Right ven-
tricular filling was primarily retrograde during the rest of pregnancy. The baby was
delivered spontaneously at 37+ 1 weeks of gestation, and a modified BT shunt with
repair of the pulmonary valve was performed at the 20th day of life. Follow-up
echocardiograms showed a good growth of the right ventricle, a normal tricuspid
valve inflow, and a moderate pulmonary regurgitation. Due to the satisfactory
growth and function of the right ventricle, the BT shunt could be closed by interven-
tion at the age of 8 months. Three years later the girl is doing fine with excellent
exercise tolerance and no medication.
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Due to the relative rarity of the lesion and the complexity of patient selection and
the intervention itself, current numbers of reported cases are limited to approxi-
mately two dozens. The first publication worldwide was issued in 2002 by Tulzer
et al. [1] from Children’s Heart Center Linz, describing a successful valvulotomy of
the pulmonary valve, performed in a fetus with heart failure at 28 weeks of gesta-
tion. Following the procedure significant growth of the tricuspid valve and the right
ventricle was observed. The neonate was delivered at 38 weeks with a RV suitable
for biventricular repair leading the authors to the conclusion that in utero pulmonary
valvulotomy is feasible and may change the natural history of the condition in
affected fetuses with PA/IVS [1]. In 2006 another successful intervention was
reported by Galindo et al. [2] performed in a fetus with critical PS-IVS and heart
failure at 25 weeks of gestation. After the procedure a significant improvement in
fetal hemodynamics was seen up to 34 weeks, when a significant restenosis with
signs of circulatory failure leads to premature delivery of the baby and an immediate
postnatal valvuloplasty provided a biventricular repair for the baby [2].

Another 3 years later in 2009, the first consecutive series was published by
Tworetzky W. et al. from the Boston group [3]. During a 6-year period, ten fetuses at
a median gestational age of 24 weeks (range from 21-28 weeks) underwent the
attempt of balloon dilation of the PV in utero. Whereas the first four procedures were
technically unsuccessful, the most recent six were technically successful. Success
was defined by the inflation of a balloon within the pulmonary valve followed by
unequivocal antegrade blood flow across the valve detected by color Doppler imag-
ing. Compared to 15 control fetuses with PA/IVS who did not undergo prenatal inter-
vention and out of whom nine had univentricular outcomes after birth, the tricuspid
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valve annulus, right ventricle length, and PV annulus grew significantly more from
mid- to late gestation in the six fetuses who underwent successful interventions. Five
of these successfully treated patients had maintained antegrade pulmonary blood
flow postnatally and underwent neonatal augmentation of the right ventricular out-
flow tract combined with a systemic to pulmonary shunt, which could be closed later
on in four patients — the fifth patient in the intermediate period at the time of the
paper’s publication. Biventricular circulation — in which per definition the right ven-
tricle is the only source of pulmonary blood flow, with systemic arterial saturation of
more than 90 % in room air, with or without interatrial communication — was the
primary goal of the intervention and could be achieved in five out of six successfully
treated valves. The authors conclude that the initial results are promising, but fetal
intervention for PA/IVS remains an experimental therapy, and it is necessary to com-
pare the outcomes of this approach with those of postnatal transcatheter and surgical
interventions that are currently the standard of care. The risk/benefit balance must be
clear before prenatal intervention becomes an accepted therapy.

In 2012 Polat et al. [4] yielded a case of PA/IVS which they followed during mid-
gestation from 24-28 weeks, observing increased tricuspid regurgitation and a lack
of growth of the right ventricle ending up with a tricuspid valve annulus Z-score of
—2.8. Intervention was successfully performed at 28 weeks. Immediately after the
procedure, there was an improvement in fetal hemodynamics, but no further follow-
up is described in this case report. Another small series of four interventions was
published by Gomez-Montes et al. [5] in 2012. Fetal valvuloplasty was offered to
three fetuses with signs of heart failure and one fetus with a predicted univentricular
course. All interventions were considered successful; two babies died postnatally,
but the other two were fine with a biventricular course at follow-up period of 8 years
and one-and-a-half ventricle repair after 21 months, respectively [5].

In 2014 the group of Children’s Heart Center Linz reported their experience of
12 attempted fetal valvuloplasties performed in 10 fetuses with suprasystemic RV
pressures. Eight cases were considered successful and the intervention resulted in
better RV filling and continuous, but slower than normal growth of the tricuspid
valve and RV. Out of the first five newborns, four were biventricular at the end of the
first year; one child received a Glenn shunt. One 6-month-old patient still has a
Blalock-Taussig shunt; two fetuses were still in utero at the time of publication.
Currently there is no literature available concerning the definitive treatment of
fetuses, who underwent intrauterine pulmonary valvuloplasty. This field is predomi-
nantly still unexplored resulting in a lack of publications.
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Pulmonary Valvuloplasty

Gerald Tulzer

Prenatal intracardiac interventions for PA/IVS or CPS are still in its early stages. So
far it has been shown that pulmonary valve perforations and dilations are technically
feasible and have the potential to change fetal hemodynamics. The first case series
and our experience have been promising, but a lot of issues have to be clarified and
improved before it will become clinical routine.

15.1 Patient Selection

The proper patient selection is still unclear: the current selection criteria have been
described already earlier in this chapter, and it is clear that these criteria are not
really satisfactory. If there is severe congestive heart failure and hydrops, the ratio-
nal for a fetal intervention is, as mentioned above, fetal survival. If the goal is a
biventricular instead of a univentricular circulation, it becomes complicated. We are
still lacking exact predictors of univentricular vs biventricular outcomes, and a lot
of work is still ahead of us to better understand and predict the natural history of this
cardiac lesion. However, the goal could be even more ambitious: not only biven-
tricular instead of univentricular but to optimize RV size and function already pre-
natally to prepare the RV for a lifelong excellent performance. It is evident that
suprasystemic RV pressures have deleterious effects on RV size, growth, and func-
tion and that these RVs should be decompressed as early as possible to avoid more
secondary damage (in the absence of large ventricular to coronary communica-
tions). The only reason to wait until after birth is that prenatal interventions (1) are
very difficult and (2) expose fetuses (who are not in heart failure and would survive
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to term without major problems) and healthy mothers to the risks of anesthesia and
intervention. If theoretically there would be no risk at all to the mother and child,
everyone would agree to decompress the RV as soon as possible. Therefore one of
the future perspectives would be to minimize the risks for mother and fetus and to
optimize the procedure for a technical success.

15.2 Equipment

In order to minimize risks and optimize technical success, currently used equipment
has to be improved significantly. Future directions could be better needles, better
balloons, and better imaging.

Eighteen or 19 gauge needles are still too large for small fetal hearts. They result
in increased trauma to amniotic membranes (risk for premature rupture of mem-
branes) and to the fetal heart (risk for bradycardia, thrombus, and pericardial effu-
sions). The use of significant smaller needles is necessary to minimize these risks.
Another important point is the ability to maneuver the needle tip, once inside the
fetal heart. The RV cavity is small, the angulation toward the RV outflow tract very
difficult. Angulated needles of even better needles with variable angulations would
improve safety and technical success rates.

There are no dedicated balloon catheters for fetal intervention: the currently used
standard coronary balloon catheters from the adult cath lab are too long, their profile
is too high, and the balloon is too small. A fetal cardiac catheter has to be short for
easy manipulation with according guide wires; it needs to have a very low profile in
order to fit through small needles, and the balloon on the tip has to be short (max
10 mm) but with a large inflated diameter.

Clear imaging is the clue to a successful intervention: 2D resolution has already
improved but still could be better. Three-dimensional (3D) orientation can be
extremely difficult, so a real-time 3D imaging system with excellent image quality
and high-frame rate would be optimal.

Proof of efficacy: important questions to be answered are as follows: Does a fetal
pulmonary valvuloplasty in this condition always lead to improved growth of RV
and tricuspid valve or is it dependent on certain conditions? What are the mecha-
nisms of prenatal RV growth: proliferation versus hypertrophy? What would be the
best time for intervention, what is the earliest possible or the latest date in preg-
nancy that makes sense? What are the mechanisms of early fetal pulmonary reste-
nosis or atresia and how to avoid or treat it? All these questions and many more are
unclear at this moment and need a scientific evaluation. However, the main prob-
lems are low numbers, lack of standardization, and too many centers performing
valvuloplasties in different ways and settings. The best way at this stage would be
to define few centers and to conduct RCT trials.
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15.3 Training

As mentioned above, currently too many centers are starting with fetal cardiac inter-
ventions. Patient selection is unclear, the equipment is far from optimal, different
teams in different settings are performing interventions in a non-standardized way,
and assessment of success and hemodynamic changes are poor as well as postnatal
assessment and decision-making. If fetal intracardiac interventions and fetal pulmo-
nary valvuloplasties for fetuses with PA/IVS or CPS in particular will have a chance
to evolve into a useful clinical routine, treatment in the future is largely dependent
on the clarification of most of these abovementioned issues. In my opinion, central-
ization and concentration to few dedicated centers are absolutely necessary to
advance the skills and our knowledge about this exiting new promising treatment
option.
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Procedures on the Interatrial Septum
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Interatrial Septum
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The interatrial septum develops from the 27th to the 37th days of gestation, when
the human embryo goes from 5 mm to 16—-17 mm in length [23].

To better understand the complex structure of the interatrial septum and its
embryological development, it is first useful to describe the embryological constitu-
tion of the atria.

16.1 Right Atrium

In human beings, the anatomical right atrium is constituted embryologically by the
primitive right atrium and by sinus venosus. The primitive left atrium and the sinus
of the pulmonary veins form the anatomical left atrium [6, 26]. In the mature heart,
the parts that are derived from sinus venosus are easily distinguished by their smooth
internal wall, in contrast to the wall of the atrial components, which carries pecti-
nate muscles. The atria acquire their septal wall by means of the septation process.

According to the bilateral right and left symmetry of organisms, the primitive
atria are the only primitive cardiac segments that are situated one to the right and the
other to the left from the time of their initial appearance [19]. All other primitive
cardiac segments develop in series. As a result of this process, the atria and the atrial
appendages are the only cardiac structures that can be used for the diagnosis of the
type of situs [17]. The primordial right and left atria appear before the sinus veno-
sus, which is progressively incorporated into the right atrium during its develop-
ment. At the beginning, the sinus venosus is a vascular sac in a dorsocranial position
with respect to the dorsal wall of both atria, and it receives the venous blood from
the right and left side of the embryo. It is made of a central portion and two lateral
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horns: the right and the left horns of the sinus venosus [5]. They are connected to the
rest of the heart tube through the sinoatrial foramen and collect blood from the com-
mon cardinal, vitelline, and umbilical veins, which are all the venous blood return-
ing to the heart. The junction of the sinus venosus with the common atrium is called
the sinoatrial junction [14]. Contrary to what occurs in most vertebrate embryos,
asymmetry of the venous pole in human embryos appears to be present from the
beginning onward [6]. In fact, the sinoatrial connection gradually shifts to the right
side of the common primitive atrial chamber so that all the systemic venous drain-
age is limited to what will become the right atrium [14, 15].

At the beginning of the process that leads to the incorporation of the sinus veno-
sus into the right atrium, the sinoatrial foramen has no valves, but it has muscular
wall and cardiac jelly, which seem to prevent the retrograde blood flow during atrial
contraction. Afterward, the right sinus valve (right sinoatrial valve) and the left
sinus valve (left sinoatrial valve) appear, which grow from their onset into the right
primitive atrium cavity [25]. The sinus valves are oriented craniocaudally, and
where they meet cranially, they form a structure called the septum spurium [14].
This septum flanks the inlet of the future superior caval vein and will finally be
incorporated into the terminal crest, which separates the right auricle from the rest
of the right atrium [22, 30]. The left venous valve is no longer apparent in the
mature heart, because it fuses with the atrial septum by the end of the embryonic
period. The right venous valve, however, remains present as the valve of the inferior
vena cava, called the Eustachian valve, and the valve of the coronary sinus, called
the Thebesian valve [16, 25]. The Eustachian valve continues into the terminal crest,
which courses along the posterior atrial wall surrounding the access of the superior
vena cava. In the mature heart, the anatomical limits of the sinus region of the right
atrium are cephalically, the orifice of the superior vena cava; caudally, the orifices
of the inferior vena cava and of the coronary sinus; to the right, the crista terminalis;
to the left, the septal wall of the right atrium [16]. In summary, the anatomical right
atrium has a sinus region, which originates from the right horn of the sinus venosus,
and a fan-shaped pectinate muscles region, which originates from the primitive right
atrial myocardium. The boundary between these two regions is the crista terminalis,
which takes origin from the right sinus valve [6].

16.2 Left Atrium

The definitive left atrium is constituted by the primitive left atrium and the pulmo-
nary sinus venosus. Completion of the development of the left atrium requires the
formation of the lungs and the pulmonary vasculature. The lungs themselves
develop as outpouchings from the trachea [23]. As the lung buds form, a plexus of
vessels develops around them [19]. This pulmonary plexus drains through a short
vessel, which anastomoses to form common pulmonary veins that open into the
dorsal wall of the left atrium. Afterward, the common pulmonary vein divides into
two branches, each one of which in turn branches into a pair of pulmonary veins
[21]. As a result of the incorporation of the common pulmonary vein and its two
branches into the wall of the left atrium, the four pulmonary veins will each have an
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individual opening into this chamber [26]. The incorporated venous tissue also con-
stitutes a major portion of the smooth-walled surface of this atrium. In the mature
heart there is no morphological structure that can suggest the limit between the
pulmonary sinus venosus and the primitive left atrium [11].

16.3 Atrial Septation

In human beings, the interatrial septum consists of several embryological compo-
nents including the septum primum, the anterosuperior and the posteroinferior
cushions of the atrioventricular canal, the septum secundum, the left sinus valve,
and the extracardiac mesenchyme called “spina vestibuli” [4, 13, 27]. Atrial septa-
tion starts with formation of the septum primum that grows out from the roof of the
common atrium as a thin muscular structure with an endocardial cushion like mes-
enchymal cap lining the free under-rim (Fig. 16.1). The direction of the growth of
the septum primum is from cranioposterior toward the atrioventricular canal,
thereby reducing the size of the space between the free edge of the septum primum
and fusing atrioventricular cushions [3]. This space is called ostium primum.
Despite the fact that the anterosuperior and the posteroinferior endocardial cushions
of the atrioventricular canal are a part of the perimeter of the ostium primum, only
the posteroinferior endocardial cushion contributes to the closure of this foramen, as
confirmed by in vivo-labelling experiments in chick embryo hearts [10]. Before the
closure of the ostium primum, multiple perforations appear in the septum in the
region adjacent to the future drainage of the superior vena cava and the right supe-
rior pulmonary vein, most likely by a process of apoptosis. These perforations
coalesce to form the so-called ostium secundum (Fig. 16.1) [20].

Another important component of the interatrial septal complex is the “spina ves-
tibuli,” which in human beings is constituted by extracardiac mesenchyme, which is
involved in the incorporation of the different components to form the definitive
interatrial septal complex [6]. The origin of this structure is a matter of some con-
troversy, but its importance in atrial septation now appears to be well established.
The “spina vestibuli” was initially described by His in 1880, as a triangular mesen-
chymal wedge, which protruded into the lumen of the atrium from a nonmuscular
area, which he called the “area interposita” in the dorsal wall of the common atrium
[12, 18, 27]. It originates in the splanchnic mesoderm ventral to the foregut as a
mesenchymal protrusion that contributes to the final formation of the basal part of
the developing atrial septum [29]. This structure, in direct continuity with the medi-
astinal mesenchyme, protrudes into the atrial cavity at the caudal end of commis-
sure between the valves of the sinus venosus. Normal growth of the “spina vestibuli”
is important for separate formation of the right and left atrioventricular junction [1,
2]. When development proceeds in a normal way, the “spina vestibuli” grows to
reinforce the right side of the area over which the mesenchymal cap on the septum
primum fuses with the atrial surface of atrioventricular endocardial cushions [18].
The fusion of the mesenchymal tissues with the atrioventricular endocardial cush-
ions leads to the closure of the ostium primum [6]. Failure of the mesenchymal cap
to fuse with atrioventricular cushions results in atrial septal defects [8, 24, 30]. The
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Transection through En-face view of embryonic atrial
embryonic atrial septum septum from right atrium
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G

Fig.16.1 Development of the atrial septum in utero. (a) The septum primum grows from the roof
of the atria. (b) Fenestrations develop within the septum primum. (¢) The septum secundum devel-
ops by an infolding of the atrial walls. The ostium secundum acts as a conduit for right-to-left
shunting of oxygenated blood. (d) At the anterosuperior edge of the fossa ovalis, the primum and
secundum septum remain unfused, which constitutes a PFO. Arrow denotes blood flowing through
the PFO from the embryonic right atrium to the left atrium. Abbreviations: EC endocardial cush-
ion, FO fossa ovalis, LA left atrium, OP ostium primum, OS ostium secundum, PFO patent fora-
men ovale, SP septum primum, RA right atrium, SS septum secundum (Adapted by permission
from Macmillan Publishers Ltd.: (Patrick et al. [9]), copyright (2011))
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derivation and position of the “spina vestibuli” are fundamental, because alterations
in the connection of the atrial chamber to the body of the embryo, through the dorsal
mesocardium and “spina vestibuli,” influence the atrial relationship to the extracar-
diac midline mesenchyme. The connection with the midline is critical, as this area
of attachment encloses the pulmonary pit, which represents the entrance of the pul-
monary vein [22, 28]. Variation in the connection gives the potential for abnormal
positioning of the pulmonary vein, which would allow the possibility of abnormal
pulmonary venous return.

The septum secundum grows later in the development out of the roof of the primi-
tive common atrium, to the right of the septum primum, to form a crescent-shaped
structure. The complex of the lower rim of the septum secundum and the ostium
secundum is called foramen ovale (Fig. 16.1). One limb of the septum secundum
extends ventrally and the other cephalodorsally, thus forming the limbus of the fora-
men ovale [14, 29]. Moreover, the left sinus valve fuses with the right side of the
septum secundum. During the embryologic and fetal period, due to a higher pressure
in the right atrium, the limbus of the foramen ovale allows the passage of blood from
the right atrium to the left atrium through the ostium secundum (Fig. 16.1). After
birth, when lung circulation begins its function, the pressure in the left atrium rises,
and the foramen ovale is functionally closed by the septum primum or valve of the
foramen ovale, which is pressed against the free border of the septum secundum. The
right atrium receives the systemic blood through the superior vena cava, inferior vena
cava, and coronary sinus. The left atrium receives the pulmonary venous blood
through the pulmonary veins. Functional closure is followed by anatomical closure
during the neonatal period due to a process of laminar thrombosis. When anatomical
closure takes place, this area is nominated the fossa ovale: the floor is the septum
primum, and the limbus is the free border of the septum secundum [7].
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Fetal Anatomy: The Interatrial Septum 1 7
in the Fetus with Congenital Heart
Disease

Annalisa Angelini, Marny Fedrigo, Carla Frescura,
and Gaetano Thiene

Hypoplastic left heart syndrome (HLHS) [12] represents a complex congenital
defect which is characterized by different entities as:

e Mitral stenosis or atresia
e Aortic stenosis or atresia
* Hypoplastic left ventricle

In the setting of HLHS, a restrictive foramen ovale (FO) is reported in 25 % of
the cases [10, 13], while complete closed interatrial septum is reported in only 1 %
of pathological series [2, 5] and 6% in clinical series [10, 13]. The closed or
restricted foramen ovale produces nonimmune fetal hydrops, left atrial hyperten-
sion. As a consequence abnormal lung development occurs characterized by con-
genital pulmonary cystic lymphangiectasias and pulmonary vein muscularization,
which will be irreversible as long as the condition persists in the fetus, impacting on
survival at birth or even later after delivery when bidirectional shunt is attempted [3,
6, 9]. The lack of communication between the two atria hinders the systemic oxy-
genated blood from the placenta to reach the left cavities and ultimately the ascend-
ing aorta and systemic circulation resulting in structural heart abnormalities known
as hypoplastic left heart syndrome [7].

Atrial septation is a complex process which produces separation of the right and
left atrial component of the primitive common atrium and starts early during fetal
life. By 33 days the septum primum is formed as an outward expansion of the
posterior-superior atrial wall [1]. Later the reabsorption of the septum primum pro-
duces a communication in the septum known as ostium secundum. At day 43 the
septum secundum develops, again as an eversion from the posterior wall, on the
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Fig.17.1 (a) Female fetus 21 gestational weeks, spontaneous abortion. The heart was structurally
normal. The right atrium has been opened to show the interatrial septum with a well-formed rim of
the fossa ovalis, flap valve, and patent foramen ovale. (b) Female fetus 22 gestational weeks, vol-
untary abortion for congenital heart disease (HLHS). The right atrium has been open from the
inferior vena cava toward the apex of the right atrial appendage. The foramen ovale is closed by the
flap valve which is plastered against the muscular rim of the foramen and appeared aneurismatic
with bulging toward the left atrium

right end side of the septum primum, forming what becomes the rim of the fossa
ovalis, which remains muscular even after birth. By the third month of gestation the
atrial septation is completed. The floor of the fossa ovalis is then represented by
septum primum; it acts as a valve in which remnants patent in the anterior part
(Fig. 17.1). This fossa ovalis is one of the essential pathways during fetal life, ensur-
ing the blood flow from the right atrium to the left atrium, left ventricle, and ascend-
ing aorta. The fossa is oval in shape and has the same size as the inferior caval vein
orifice. With atrial growth the dimension of the fossa ovalis will decrease, and at
term of gestation, the size is reduced to 60 % of the caval orifice. The valve of the
fossa ovalis exceeds the area demarked by the rim. It can then balloon into the left
atrium if the pressure in the right atrium is high. At birth, with increasing pulmonary
venous return, the flap valve is pushed against the rims of the fossa and progres-
sively fused with it. Originally the valve is a muscular structure which progressively
becomes fibrous.

Three different patterns of atrial cavity and atrial septum can be recognized in
HILHS with intact or restrictive foramen ovalis [4, 10]:

* Type A: A relatively large left atrium with a thick septum secundum and a thin
septum primum adherent to each other, often associated with leftward and poste-
riorly deviated septum primum and massively dilated pulmonary veins.
Decompression pathway from the left atrium can be to the innominate vein, right
superior vena cava, and right atrium. This pathway is unobstructed.

* Type B: A small, muscular left atrium with circumferential thickening of the
atrial walls and a thick “spongy” muscular atrial septum without ostensible
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Fig. 17.2 Female fetus 23 gestational week, voluntary abortion for hypoplastic left heart syn-
drome. (a) Anterior view of the heart and the lungs. Note the pulmonary trunk (P7) and the severe
hypoplastic ascending aorta (Ao) in the setting of the aortic atresia. (b) Transverse cut at the level
of the left and right atrial cavity showing the restricted foramen ovale with well-formed muscular
rims (asterisk) and the thick flap valve

Fig.17.3 Hypoplastic left heart syndrome. The right atrium is opened from the inferior vena cava
toward the apex of the right atrial appendage and the right ventricle along the acute margin of the
heart. The foramen ovale is completely closed by a thick valve. SCV superior caval vein, FO fora-
men ovale, CS coronary sinus orifice

distinction between septum primum and septum secundum. The atrial septum
is thickened without distinction between septum primum and secundum. The
left atrium appears muscular. The pulmonary veins are usually small
(Fig. 17.2b).

e Type C: A giant left atrium with a thin, rightward bulging septum with identifi-
able septum primum and secundum, this in the setting of severe mitral regurgita-
tion. The pulmonary veins are usually large [14].
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Fig.17.4 Hypoplastic left heart syndrome. The right atrium is opened from the inferior vena cava
toward the apex of the right atrial appendage and the right ventricle along the acute margin of the
heart. The foramen ovale is restricted by an aneurismatic and redundant flap thick valve. SCV
superior caval vein, F'O foramen ovale, SR superior rim of the fossa ovalis

Even during the fetal life, a thin atrial septum (type C) will favor septostomy/
septoplasty (Fig. 17.1b), whereas a thick atrial septum (type A and B) will favor
interatrial stenting (Fig. 17.2b).

The premature closure of the foramen ovalis (Figs. 17.1b and 17.3) or its severe
restriction (Figs. 17.2b and 17.4) results in diversion of blood flow from the left
atrium and cardiac chamber remodeling (Fig. 17.2a). The right ventricle with the
tricuspid valve is well developed since they are handling the entire systemic blood
flow, which reaches the right atrium. The tricuspid valve can present with some
degree of dysplasia of the leaflet and abnormalities of the subvalvular apparatus
[11]. The pulmonary trunk (PT) is dilated, and the arterial duct is prominent such it
carries all systemic circulation (Fig. 17.2a). The left ventricle is usually small with
hypoplasia and dysplasia of the mitral valve apparatus, often associated with endo-
cardial fibroelastosis. The aorta is hypoplastic with normal origin of the coronary
arteries [8]. The aortic valve is hypoplastic as well, with all the leaflet spectrum,
from imperforate to unicuspid, bicuspid, or tricuspid cups. Dysplasia is a constant
feature of unicuspid, bicuspid, or tricuspid leaflets, with myxoid nodular degenera-
tion. In the setting of atresia and imperforate valve, the aortic orifice is guarded by
a thin, curtain-like membrane in the absence of clearly identifiable cups and raphes.
The commissures can be identified as tiny raphe at the sinotubular junction.

Key Points

¢ Dimension of the left atrium and left ventricle

* Morphological substrate of interatrial septum
— Type A: discrete identifiable FO, thicker border of FO, aneurism of FO
— Type B: muscular, more disadvantageous
— Type C: large atrium with interatrial septum of type B or type A.
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Atrial septal restriction during fetal age is widely recognized as a lethal defect
mostly in patients with hypoplastic left heart syndrome (HLHS) and intact atrial
septum (IAS) or highly restrictive atrial septum (HRAS). The poor outcome has
been attributed to structural abnormalities of the pulmonary venous vasculature
with arterialization of pulmonary veins and dilatation of lymphatics due to prenatal
left atrial hypertension [1]. This hypothesis has been recently supported by an inter-
esting histopathologic study on changes in alveoloseptal lung parenchyma in fetuses
with atrial septal restriction; these authors observed that severe lung disease is
already evident in the second trimester, precisely in week 23 [2]. Efforts to decom-
press the hypertensive left atrium in utero have been made since 2000 to treat neo-
natal hypoxia and hemodynamic instability, to improve anatomic lung abnormalities
and outcome. This chapter is a review of the most significant experiences reported
in literature on procedural and clinical results of fetal atrial septostomy procedures
in HLHS and IAS/HRAS.

Table 18.1 reports procedural outcome after fetal atrial septostomy for IAS/
HRAS in HLHS [3-7]. Key points are:

» Feasibility and high rate of technical success with low procedural-related death.

» Different techniques (ballooning, septostomy, stenting) have been introduced
during years to obtain a permanent larger atrial defect; stenting should be pre-
ferred to balloon dilatation to avoid recoil in thick atrial septum; however, risks
of infection, thrombosis, or late embolization of stents are still unknown.

* Best timing for the procedure not yet known; risks of fetal demise and early
delivery have to be balanced against lung disease due to prolonged left atrium
hypertension.
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* Successful fetal atrial septostomy is associated with less frequent need for emer-
gent postnatal intervention, but clinical efficacy, mostly in reverse lung pathol-
ogy, cannot be demonstrated by these small series.

Table 18.2 reports clinical outcomes after fetal atrial septostomy for IAS/HRAS
in HLHS. Table 18.3 compares clinical outcomes in patients with postnatal septos-
tomy or without fetal atrial restriction in the same years [8—13]. Key points are:

» Patients born with HLHS and IAS have high morbidity and mortality at birth and
first stage palliation comparing with HRAS but patent a or no restriction.

* Trends toward improved survival after birth improved in recent years compared
with early experience; this is due to the introduction of fetal atrial procedures, the
progress in catheter postnatal techniques as an alternative to surgical septostomy,
and the advance in pre-Norwood strategies as left atrial decompression plus pul-
monary bibanding to minimize pulmonary injury and promote healing of the
lung.

e Data about outcomes after stage 2, Fontan and their interstages are contrary;
some studies show that patients with restriction have the same survival as patients
without; other studies show a worse survival.

* Higher mortality after Glenn and Fontan can be explained by vascular pulmo-
nary reactivity due to lung disease, late pulmonary vein stenosis.

* Fetal atrial septostomy can be considered a savage procedure for high-risk can-
didate, however has not yet been associated to improve in late outcome and
reversal of lung disease due to fetal left atrial hypertension.

In the last part of bibliography, review articles [14-23], written after the intro-
duction of fetal atrial septostomy procedures, are reported to suggest more general
readings on this topic. Among these, it is mandatory to reflect on this citation,
“Rather than await a proliferation of such procedures at centers that are unlikely to
amass a critical volume of experience to ensure clinical competence, a prospective
multicenter trial should be considered to address the nuances of technical perfor-
mance of the procedures, to evaluate the short and mid term result and to compare
these results with those of children undergoing various form of palliation for
HLHS. Only then can we determine whether this is a rationale strategy for the man-
agement of these patients or merely the application of a technique in search of an
indication” [23].
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Procedures on the Atrial Septum: 1 9
Approach, Outcomes and Future
Perspective

Edgar Jaeggqi, Rajiv Chaturvedi, and Greg Ryan

This chapter provides an overview of the normal atrial septum and the main lesions
that are associated with prenatal septal restriction, proposes selection criteria of
patients and procedures for possible in utero interventions, and illustrates the fetal
and postnatal outcome after intrauterine intervention.

19.1 Natural History and Pathophysiology
19.1.1 The Foramen Ovale in the Normal Fetal Circulation

In the normal fetal circulation with two parallel functioning ventricles, the foramen
ovale (FO) is an important provider of oxygenated umbilical blood from the pla-
centa to the left heart, the ascending aorta, and the upper body. The crescent-shaped
FO is typically located in the central portion of the secundum atrial septum and
progressively increases in width from about 3 mm at 18 weeks to 6 mm at term [1].
The thin and mobile septum primum is positioned on the left side of the atrial sep-
tum and functions as a flap valve of the FO. During most of the cardiac cycle, it is
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pushed into the left atrium (LA) by the steady stream of blood that enters the
FO. After birth, as the arterial duct closes, the pulmonary blood flow increases, and
the LA pressure exceeds that of the right; the septum primum flap is forced against
the septum secundum, functionally closing the foramen ovale. In time the septae
fuse, leaving the fossa ovalis as a remnant of the FO.

19.1.2 Premature Restriction of the Atrial Septum (RAS)

The prenatal development of RAS is associated with either a primary developmen-
tal abnormality of the atrial septum that leads to a small or absent FO orifice or,
secondary to fetal LA hypertension, the premature adhesion of the primum septal
flap to the atrial septum causing partial or total FO occlusion. Premature RAS may
occur as an isolated anomaly or in combination with other pathologies and may
have life-threatening lesion-specific clinical consequences. The rationale for prena-
tal therapy is to improve the survival for conditions with a high risk for perinatal
death or at least to modify the outcome sufficiently to justify the risk of the prenatal
intervention. These principles most obviously but not exclusively apply to two
forms of obstructive left heart disease that may present with severe atrial septal
restriction: hypoplastic left heart syndrome (HLHS) and critical aortic stenosis (AS)
with severe mitral regurgitation (MR).

HLHS with an intact atrial septum (IAS) represents a particularly lethal combina-
tion of serious anomalies. If left untreated before birth, HLHS/IAS has been associ-
ated with overall mortality of 50% or more [2—7]. Atrial septal restriction severe
enough to require early postnatal catheter septostomy affects about 10 % of newborns
with a fetal diagnosis of HLHS [2, 8], but in about half of these cases, the septum is
intact or nearly intact [2, 9]. As there is no relevant egress of blood entering the LA
via the pulmonary veins (PVs), this causes marked elevation in left atrial and pulmo-
nary venous pressure with concomitant reduction in lung perfusion and remodeling of
the pulmonary vasculature. The lung pathology commonly observed in HLHS/IAS
includes severely dilated lymphatics and thickened “muscularized” pulmonary veins
and arteries [2, 10]. At birth, the newborn with severe impediment to left-right atrial
shunting in the setting of HLHS or critical aortic stenosis becomes profoundly hypox-
emic and acidotic and thus will require the urgent creation of an atrial communication
for immediate survival. Some centers therefore perform caesarean sections in pediat-
ric operating rooms or hybrid catheterization laboratories to shorten the interval
between delivery and the neonatal atrioseptostomy. Nonetheless, recent studies have
shown that even with a prenatal diagnosis and optimized perinatal management, the
prognosis of HLHS/TAS remains dismal due to persistent pulmonary vascular abnor-
malities and high pulmonary vascular resistance that may preclude the option of a
successful surgical palliation to a bicavopulmonary anastomosis [4, 5, 9-12]. The
grim outlook of HLHS/IAS has prompted efforts to develop criteria and techniques to
intervene for this condition before birth [13, 14], in the hope that the prenatal creation
of a sufficiently large left atrial communication to lower the LA pressure may also
improve the pulmonary vascular development and the likelihood of survival.
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Fetal AS with severe MR typically leads to severe dilation of the left ventricle and
atrium. The severe aortic stenosis results in left ventricular failure and mitral regur-
gitation secondary to annular dilation. The combination of an elevated left ventricu-
lar end-diastolic pressure and mitral regurgitation leads to left atrial hypertension
which is further increased by the secondary atrial septal restriction or closure. This
combination of progressive aortic stenosis and atrial restriction blocks all routes of
blood egress from the left heart. Progressive dilation of the left heart cavities can
cause mechanical compression of the right atrium and ventricle, impede the filling
and emptying of the right heart, increase the systemic venous pressure, and lead to
low cardiac output and fetal hydrops. Similar echocardiographic findings can occur
with a primary left ventricular cardiomyopathy. The prognosis of this constellation
of findings is very poor with survival rates beyond the neonatal period of <20 % [7].
To prevent in utero demise from progressive heart failure, options for salvage rescue
therapy may include fetal aortic valve dilation to reduce the amount of MR by
improving the left ventricular function and aortic forward flow, fetal atrial septo-
plasty to decompress the LA and improve the right ventricular preload and output,
or the two procedures in combination.

Other cardiac lesions may be affected by severe atrial septal restriction than
HLHS, which makes them potential indications for a prenatal intervention. This
includes the subset of patients with transposition of the great arteries (TGA) that has
IAS and ductus arteriosus constriction and is likely to present with profound hypox-
emia at birth due to the poor mixing of blood between the pulmonary and systemic
circulations [15-18]. While the prenatal assessment of the FO and the arterial duct
is crucial to identify TGA patients at risk of severe neonatal complications, demise
immediately following delivery has occurred despite the prenatal diagnosis of IAS,
suggesting that adequate mixing may not always be obtained in time with the usual
postnatal emergency measures. RAS resulting in fetal hydrops and death has been
reported in association with Ebstein’s anomaly of the tricuspid valve, severe tricus-
pid regurgitation, and obligatory right-left atrial shunting [19]. Finally, in the off-
spring with an otherwise structurally normal heart, RAS has been associated with
neonatal pulmonary hypertension and death [20].

19.2 Echocardiographic Evaluation and Selection Criteria
19.2.1 Obstructive Left Heart Lesions

Careful fetal echocardiographic assessment of the left atrium, the atrial septum, and
the pulmonary veins (PV) provides important information on atrial septal patency in
obstructive left heart lesions [8, 10, 21]. By two-dimensional echocardiography,
three patterns of atrial morphology may be distinguished in left heart lesions with
IAS according to Rychik and colleagues (Fig. 19.1a—c): [9] Two thirds of cases in
their study had a thick atrial septum, large LA, and massively dilated pulmonary
veins (fype A). The remaining third either had the type B morphology with a thick
atrial septum with small LA and pulmonary veins or a type C pattern with a thin
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Fig.19.1 (a—c) Types of left atrial (*) and atrial septal morphology that occur in association with
obstructive left heart with a severely restricted atrial septum. Type A: thick septum, dilated left
atrium, dilated pulmonary veins; type B: thick septum, tiny left atrium, and pulmonary veins; type
C: thin septum, massively dilated left atrium

atrial septum, giant LA, severe mitral regurgitation, and dilated pulmonary veins. In
our experience, the type A morphology was mainly observed in conjunction with
fetal aortic atresia and severe mitral valve obstruction with a small, hypertensive left
ventricle [3]. The type B was seen in a case with mitral and aortic atresia and tiny
left heart structures which, because of the small LA size precludes any option of a
prenatal intervention on the atrial septum [22]. Alternate vascular pathways of LA
decompression, such as levoatrial cardinal veins, can be detected in some patients
with HLHS/IAS, which may also be obstructed. In contrast, the thin type C atrial
septum was predominantly seen with severe MR secondary to critical AS rather
than in HLHS/IAS [7]. Several authors have shown that in HLHS and other severe
obstructive left heart lesions, the severity of fetal FO restriction and LA hyperten-
sion is best predicted by pulse wave Doppler interrogation of the PV flow (Fig. 19.2)
[3, 8, 23]. In the absence of left heart pathology, the pulmonary veins appear non-
distended and display a pulse wave Doppler flow pattern with low peak velocities in
ventricular systole (s-wave) and early diastole (d-wave) of similar magnitude and
cessation of flow during atrial systole (a-wave). In HLHS with unrestricted left-right
atrial shunting, there is also normal continuous PV forward flow in systole and early
diastole, but this is followed by brief a-wave flow reversal as the left atrium pumps
blood against the FO and the simultaneously contracting right atrium (Fig. 19.2a).
The ratio of the velocity-time integrals (VTI) of PV forward/reverse flow is high
(>10:1) as the combined VTI of the forward s- and d-waves is much larger than the
VTI of the small and brief reversed a-wave. Where there is more atrial septal restric-
tion, there is a rise in pressure and volume within the PVs, owing to restricted flow
during diastole. This is reflected by a decrease in the early diastolic forward flow to
the LA, an increase in the duration and peak velocity of a-wave flow reversal, and
thus a lower PV forward/reverse VTI ratio (Fig. 19.2b). Where the atrial septum is
closed, the PV Doppler flow pattern is to and fro, showing only a forward s-wave
during ventricular systole and a similarly large and broad a-wave in the opposite
direction during atrial systole and thus a forward/reverse VTI ratio of 1. There is no
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Fig.19.2 (a—c) Pulmonary venous (PV) Doppler findings in hypoplastic left heart syndrome with
various degrees of atrial septal restriction. (a) Without obstruction, there is only minimal a-wave
flow reversal. (b) With some restriction, there is decreased PV forward flow in early diastole
(d-wave) and increased flow reversal in atrial systole (a-wave) due to the increase in left atrial pres-
sure. (¢) Intact atrial septum with to-and-fro pulmonary vein Doppler flow. VTI, velocity-time
interval of the d-wave (yellow) and a-wave (blue), respectively

or only a tiny discernable d-wave during early diastole (Fig. 19.2¢). Where the atrial
septum is closed due to severe MR, however, the d-wave flow may still be present
due to the additional volume load of the LA and PV although the duration of the
a-wave flow reversal is significantly prolonged reflecting the increase in LA pres-
sure. Thus, if there is severe MR, the PV VTI ratio should therefore not be used to
quantify the RAS unlike the a-wave flow duration.

Patient selection criteria for in utero fetal atrial decompression in HLHS or AS
with TAS are based on a small number of patients. In cases with HLHS/IAS,
Michelfelder and colleagues found a PV forward-reverse velocity-time integral
(VTI) ratio of 5 or less to be the strongest predictor of the need for neonatal balloon
atrial septostomy (BAS) within the first 48 h of life [8, 23]. Nonetheless, we and
others have used more stringent criteria that more than fulfill the above Michelfelder
criteria (Table 19.1) [3, 24, 25]. In a Hospital for Sick Children, Toronto, review of
prenatally untreated cases with severe left heart obstruction and RAS, there were no
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Table 19.1 Echocardiographic Hypoplastic left heart syndrome
criteria for fetal atrial septal

intervention and type of
procedure

Toronto:

a-wave duration > 90 ms by pulmonary vein Doppler

Type A or C atrial morphology

Pulmonary lymphangiectasia by fetal MRI
Boston:

Atrial septal defect <1 mm or closed

Prominent flow reversal in pulmonary veins
Sao Paolo:

Atrial septal defect <1 mm or closed

Type A or C atrial morphology

Bidirectional to-and-fro pulmonary vein flow

fetal and neonatal survivors if the duration of a-wave flow reversal in the PV was
>90 ms while fetal cases with a PV duration <90 ms had typical HLHS outcomes
[3]. In addition, in HLHS cases with an a-wave duration of 95—-115 ms, invasive
pressure measurements prior to in utero LA decompression demonstrated high LA
pressures of 15-30 mmHg [3]. There was a strong association between a PV a-wave
duration>90 ms and pulmonary lymphangiectasia as demonstrated by histology
and/or fetal magnetic resonance imaging in all our cases, independent of whether
they were prenatally treated or not [3, 22]. We have used the same findings to con-
sider in utero atrial septal interventions for fetuses with HLHS and variants with the
type A or C morphology. Fetal MRI is routinely used in Toronto to screen for pul-
monary lymphangiectasia and to measure pulmonary blood flow [26]. Indications
published by others (Table 19.1) to perform prenatal atrial septoplasties for HLHS
included an intact atrial septum or a tiny atrial communication <1 mm, either with
“prominent flow reversal” in the PVs [27] or bidirectional to-and-fro PV Doppler
tracing [25].

There are no well-established indications for intervention on the atrial septum of
AS/IAS with severe MR. On the one hand, successful aortic valve dilation may be
sufficient as the only in utero procedure to decrease the amount of MR, reopen the
atrial communication, resolve fetal hydrops, and prevent in utero demise [7, 25, 28,
29]. On the other hand, while the creation of an interatrial septal defect may have
theoretical benefits [27], atrial septoplasty alone for AS/MR was considered ineffec-
tive and, when attempted in combination with aortic valvuloplasty, was rarely tech-
nically successful [7]. Still, survival has been reported in a few fetal cases that
underwent in utero atrial septoplasty alone or in combination with aortic valve dila-
tion [7, 25, 30].

Indications and results for prenatal atrial septal procedures for other cardiac con-
ditions than HLHS and AS have not been reported. Nonetheless, reasons to attempt
an in utero intervention on the atrial septum may include fetal cardiac conditions
that are expected to result in perinatal demise but can be improved with a fetal inter-
vention. Obstructive right heart lesions with an obligatory right-left atrial shunt
such as pulmonary atresia with an intact ventricular septum or tricuspid atresia carry
a high risk of in utero demise if the atrial septum becomes restrictive. In this
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situation, the obstructed egress from the right to the left atrium causes systemic
venous congestion and reduced lymphatic drainage from the thoracic duct, followed
by the appearance of ascites, skin edema, and hydrops. At our center, in utero stent-
ing across the atrial secundum septum has been successfully attempted in a midtri-
mester fetus with progressive ascites related to tricuspid atresia and a severely
restrictive, redundant septum primum aneurysm. The procedure allowed for the
pregnancy continuation and the postnatal survival with single ventricle surgery.

Despite planned caesarean section and cardiac catheterization to shorten the
interval between delivery and the neonatal atrial septostomy, newborns with 7TGA
with severe RAS and arterial duct constriction are at a high risk of neonatal death
due to low systemic arterial oxygenation and persistent pulmonary hypertension
[18, 31]. FO restriction in fetal TGA has been associated either with a thin, hyper-
mobile septum primum or with a thickened, immobile atrial septum [31, 32]. The
constricted arterial duct appeared narrowed at the pulmonary artery end, with a
diameter that was significantly below the published normal data [29]. Whether these
criteria are sensitive enough to offer prenatal atrial, septostomy is uncertain. As of
late 2015, there are no publications on in utero therapy for TGA/IAS [18].

19.3 Technical Approach
19.3.1 BAS Versus Stenting

Techniques that have been used to create atrial septal defects (ASD) in the human
fetus include balloon dilation, stenting, and radiofrequency or laser perforation of
the atrial septum [3, 7, 13, 24, 25, 27, 29, 33, 34]. Atrial septal radiofrequency or
laser procedures resulted in only small defects that almost immediately closed [3,
34, 35]. Balloon atrial septoplasty (BAS) or septal stenting of the fetal interatrial
septum are therefore the only currently recommended options to achieve persistent
atrial septal patency at birth. Our approach in Toronto has been to perform fetal
BAS for the thin type C atrial septum and to use atrial septal stenting for those
patients with the rigid thick muscular type A septum (see under results).

19.3.2 Step-By-Step Approach

We have used our previously reported ultrasound-guided percutaneous approach
for all types of fetal atrial septal procedures [3]. This includes maternal premedi-
cation with local anesthesia with 2 % lidocaine, prophylactic antibiotics, and mild
intravenous (IV) sedation with midazolam and fentanyl. We wait until the fetal
position is optimal, either lying supine or with the right atrium upward, and then
the fetus is rapidly paralyzed and sedated using intrahepatic vein rocuronium
1.2 mg/kg, fentanyl 2 mcg/kg, and atropine 0.02 mg/kg. A 20 cm non-beveled
18G needle (Cook Medical, Bloomington, IN, USA) is used as a delivery sheath
for a coronary balloon (3.5 mm diameter, 10 or 15 mm long Pantera, Biotronik
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AG, Biilach, Switzerland) or a coronary stent (3.0 mm diameter, 13 or 15 mm
long, PRO-Kinetic, Biotronik AG, Biilach, Switzerland). The balloon/stent is pre-
mounted on a short 0.014” wire (Hi-Torque Floppy II, 50 cm long, Abbott
Vascular, Santa Clara, CA). The shaft of the balloon is marked (Steri-Strip, 3 M
Health Care, St. Paul, MN) to indicate that the shoulder of the advancing balloon
is completely beyond the needle tip. This physical marker of the relationship of
the needle tip to the balloon/stent is an important supplement to the ultrasound
images. An additional marker is placed on the 0.014” wire to indicate the position
when it is 2 cm beyond the tip of the balloon. Particularly in the case of stent
delivery, the needle’s trajectory must be chosen with the eventual stent deploy-
ment in mind. Too acute an angle of engagement with the atrial septum will result
in an oblique course of the stent across the atrial septum. This leaves little space
to retract the 18G needle so that the stent and the shoulder of its balloon are fully
beyond the needle tip which must remain within the RA. A trajectory resulting in
the stent being deployed approximately parallel to the plane of the atrioventricular
ring often gives the most space. Under continuous ultrasound guidance, the 18G
needle is advanced into the RA, through the interatrial septum and then positioned
within the LA close to the mouth of a left pulmonary vein (PV) (Fig. 19.3a). To
confirm the needle tip is within a cardiac chamber, blood is aspirated upon entry
into the RA and then LA. The ensemble of a 0.014” wire with premounted bal-
loon/stent is advanced through the lumen of the 18G needle, so that the 0.014”
wire is deployed deep in the left pulmonary vein. The needle is retracted into the
RA, and the balloon or balloon/stent deployed across the atrial septum. Space
usually limits the feasibility of a septostomy. Static BAS is simpler with the bal-
loon positioned half way across the atrial septum (Fig. 19.3b). A septostomy can
be attempted while maintaining the position of the supporting 0.014” wire, but it
is often easier to engage the tip of the balloon within the atrial septum and then
drag the balloon from the LA into the RA over the wire. Stents are deployed with
approximately 4-5 mm in the RA and two thirds of the length in the LA (Fig. 19.3c,
d). The stent’s position is confirmed to be wholly beyond the needle tip by ultra-
sound and by the marker on the balloon shaft. Ideally the stent should be at least
1-2 mm proximal to the mouth of the pulmonary vein, as the LA will become
smaller and the pulmonary veins less patulous after decompression. The balloon
is inflated to 18-20 atmospheres (Indeflator, Abbott, Murrieta, CA, USA) to
expand the stent diameter to ~3.6 mm. The balloon is then deflated and retracted
within the 18G needle over the 0.014” wire, and the whole ensemble withdrawn
from the heart. Retraction of the balloon into the 18G needle after stent deploy-
ment requires considerable care, with gentle rotation, and sometimes a small
amount of reinflation followed by deflation to change the balloon’s profile.
Excessive suction of these compliant balloons should be avoided as they may
form a rigid flat “pancake” with a large diameter, making retraction more difficult.
Significant pericardial effusions are drained with a 22G needle. After the proce-
dure, the mother and fetus are observed and discharged several hours later and
followed serially at our center to confirm persistent patency of the atrial septum
by color mapping and PV Doppler to (or until) delivery (Figs. 19.4 and 19.5).
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Fig. 19.3 (a—d) Techniques of the fetal atrial septoplasty (b) and atrial stenting (¢, d). (a) The
fetal position is optimal with the right atrium located superiorly. The 18G needle is advanced
through the maternal abdominal wall, the uterus, the amniotic cavity, the right-sided fetal chest,
the right atrium, and across the center of the atrial septum into the left atrium. (b) Through the
lumen of the needle, the floppy 0.014” guide wire is deployed deep in the left pulmonary vein and
the premounted coronary balloon advanced. The needle is retracted into the right atrium, and the
balloon deployed across the atrial septum. After positioning the balloon halfway across the atrial
septum, the balloon is inflated several times to create an atrial defect. The deflated balloon is then
retracted into the needle, and the needle and wire are simultaneously withdrawn. (¢, d) Using the
same technique as shown in (19.3a), the coronary stent is advanced into the left atrium. The stent
should be positioned two thirds of its length in the LA and several mm proximal to the mouth of
the pulmonary vein, bearing in mind that the left atrium becomes smaller, and the septum shifts
in a midline position after the decompression (¢, d). The balloon is inflated to 18-20 atmospheres
to expand the coronary stent diameter to ~3.6 mm. The deflated balloon is retracted within the
18G needle over the 0.014” wire, and the whole ensemble apart from the stent is withdrawn from
the heart
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Fig. 19.4 HLHS with IAS and an optimal positioned stent allowing continuous left-right
shunting

19.4 Results and Perspectives

Data is limited to the experience of a few centers with overall small number of fetuses
that have undergone ultrasound-guided in utero atrial septoplasties (Table 19.2) or
atrial septal stenting (Table 19.3) between 23 and 36 weeks of gestation, almost
exclusively for obstructive left heart lesions [3, 13, 24, 25, 27, 33, 34, 36].

19.4.1 Atrial Septoplasty

The majority of cases reported in the literature underwent BAS as the first and only
procedure. The largest experience has been reported by the Boston group in 2008
[27]. In 19 of the overall 21 attempted procedures, the intervention was considered
technically successful. Fetal complications including bradycardia and pericardial or
pleural effusion were frequent (38 %) and occurred irrespective of the use of the
18G or 19G cannulas (Cook Inc, Bloomington, IN, USA) or a custom-made angled
cannula (ATC Technologies, Wilmington, MA, USA). In only 30 % the size of the
atrial septal defect was >3 mm which was associated with higher postnatal oxygen-
ation saturation and less need of neonatal septal intervention prior to surgical single
ventricle palliation. However the long-term postnatal survival of these fetal atrial
septoplasty cases was similar to neonates that only underwent postnatal atrial inter-
ventions in the same center [2]. The data of the overall 36 cases from four centers
undergoing BAS is shown in Table 19.2. While no serious maternal complications
were reported, the fetal and neonatal demise rates of 19 and 25 % were significant.
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Fig.19.5 Pulmonary vein Doppler before (fop panel) and after (lower panel) atrial septal stenting
of the same fetus (Fig. 19.4) confirming the left atrial decompression with normalization of the
pulmonary vein Doppler following the procedure

Our own experience with BAS as the primary interventional procedure is limited to
three cases; in only one fetus with evolving HLHS and a type C IAS, the post-
intervention atrial defect was considered sufficiently large to not require additional
atrial septal stenting.

19.4.2 Atrial Septal Stenting

In fetuses with left atrial hypertension and an intact thick muscular atrial septum,
we have been unable to achieve left atrial decompression by balloon septoplasty as
the atrial communications have been too small and short-lived. With atrial septal
stenting with currently available coronary stents, a 3.4-3.6 mm atrial communica-
tion can be reliably created with LA decompression of a greater amount and dura-
tion. In theory this may decrease fetal lung injury and possibly improve long-term
outcome, but it remains uncertain if this LA decompression can be achieved early
enough and for long enough in all patients with LA hypertension. Primary atrial
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stenting is a more difficult procedure than BAS with more scope for technical com-
plications although the preliminary outcome data suggests a similar fetal complica-
tion rate compared with primary BAS. Our team first gained experience with atrial
stenting in fetal lambs and use longer stents than many other centers which may
explain the lower rate of technical failure and embolization in our updated patient
series of 2015 (Table 19.3) [14]. Of concern has been the occurrence of partial stent
obstruction several weeks after the stenting either by neointimal proliferation or
protrusion of the muscle through the open cells of the stent meshwork [3]. In addi-
tion, complete stent thrombosis within 24 h of the intervention has occurred in two
cases, including a patient of ours with a correctly placed stent at 36 gestational
weeks. Nonetheless, most of the stented cases had persistently good flow across the
stent to birth, and all neonates were stable after delivery without signs of severe
hypoxia. Successful in utero LA decompression may not completely reverse lung
pathology, as all of the stented HLHS cases had histological evidence of pulmonary
lymphangiectasia and pulmonary vein muscularization at birth [3]. Whether the
elevation in pulmonary vascular resistance persists long term is still unclear.

In conclusion, while fetal atrial septal interventions show promise, more experi-
ence is required to determine the clinical utility of these procedures for HLHS and
other lesions that may be seriously compromised by a prematurely closed atrial
septum. Fetal LA decompression is only one step in the management of this com-
plex pathology. Outcome data beyond infancy is still largely missing although early
results appear promising considering the dismal outlook of untreated fetuses with
HLHS/TAS.

Acknowledgment Figure 19.3a—d was created by Jannic Jaeggi.
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20.1 Introduction

Congenital complete heart block (CHB) is now usually diagnosed in utero [1-4]. It
can be isolated, i.e., with a structurally normal heart or associated with structural
heart disease in the fetus (left atrial isomerism, AV septal defect, or AV discordance)
[5]. Isolated congenital CHB is thought to result from the transplacental passage of
maternal antibodies, anti-Rho, and anti-La [6, 7]. It is strongly associated with
maternal systemic lupus erythematosus, Sjogren’s syndrome, or connective tissue
disorder [8—10]. The exact immunopathologic process involved remains obscure,
but immunofluorescence studies have shown these antibodies sitting on the develop-
ing conduction tissue. Although fetal heart block may generate a slow heart rate of
30-50 % of normal fetal rate, this disturbance of fetal rhythm is well tolerated in the
absence of complicating cardiac and systemic abnormalities or placental insuffi-
ciency [11]. The majority of the fetuses with CHB does well and progress to term
and can be delivered normally. They may even continue through most of the child-
hood without risk and only require pacing much later in early adult life. However, a
small part of the cases develops in utero heart failure, which manifests as fetal
hydrops [12]. They develop pleural or pericardial effusions, ascites, and skin edema.
Such fetuses are at great risk with as many as 83—100 % dying before term [13, 14].
In utero death is strongly associated with structural heart disease, endocardial fibro-
elastosis, and the development of fetal hydrops. It remains difficult to predict which
fetuses with isolated congenital AV block will develop heart failure in utero. In a
multicenter study, it has been demonstrated that fetal hydrops occurred in 22 (40 %)
of the 55 fetuses diagnosed as having CHB [15]. This morbid association of dis-
eases presented uniform fatal outcome, regardless of the presence or absence of an
associated structural heart defect [16, 17].
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20.2 Fetal Therapy

Recent publication from the American College of Cardiology/American Heart
Association highlights the management of fetal CHB on the basis of evidence [18].
A number of treatment modalities have been tried to prevent the development of
hydrops [19]. Maternal dexamethasone has been used to try to halt the immuno-
pathologic process [20-22]. The administration of maternal inotropes [23, 24] and
sympathomimetics has been used with limited success [25, 26]. Because of the poor
outcome in the fetus who is developing fetal hydrops, fetuses have been delivered
electively prematurely. However, if mortality in neonatal life is examined, this is
strongly associated with premature delivery (before 32 weeks), low ventricular rate,
and endocardial fibroelastosis [27]. Therefore, premature delivery is not an easy
option. Premature infants with complete AV block are unable to tolerate complica-
tions of being premature in the face of low heart rate and heart failure. The balance
between worsening fetal hydrops and fetal demise and early planned delivery with
limited survival in the perinatal period is difficult. If low-output failure and/or fetal
heart rate cannot be reversed by medical treatment with positive chronotropic drugs
or steroids, fetal ventricular pacing seems to be the next logical form of treatment.
The arguments for trying to attempt fetal pacing are compelling. This therapeutic
alternative offers some advantages. Firstly, definitive treatment can be introduced
immediately after the first signs of fetal hydrops. This would allow the pregnancy
to continue normally with recovery from congestive heart failure and normal fetal
development until term, with stable respiratory and cardiovascular functions at deliv-
ery. Dell’Orfano et al. suggest that fetuses with CHB must be paced for at least
2-4 weeks before delivery to effectively reduce anasarca and pulmonary edema [28].

20.3 Fetal Pacing

A number of centers have attempted fetal pacing.

20.3.1 Endocardial Leads: Percutaneous Approach

Carpenter et al. attempted an in utero percutaneous approach to pacing [29]. In
1986, they attempted fetal pacing using a transabdominal, transuterine, and trans-
thoracic route without apparent trauma to the mother or fetus. Although they were
temporarily able to establish effective fetal pacing, the fetus died suddenly 4 h after
placement of the ventricular pacing lead. Walkinshaw et al. also attempted a similar
technique but utilizing the inferior vena cava for fetal heart access in 1994 [30].
Problems that can be foreseen with this transcutaneous transthoracic and/or transve-
nous approach for fetal pacing include the possibility of dislodgement of the pacing
wire and potential fetal injury as the fetus moves with the wire stretching across the
amniotic cavity and fetal cardiac tamponade as the wire is inserted. In addition, this
approach would require maternal bed rest and would be subjected to bacterial
chorioamnionitis.
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20.3.2 Epicardial Leads: Maternal Laparotomy

With the ongoing experience in prenatal surgery in humans [31, 32], epicardial fetal
pacing via thoracotomy has the potential for being a safer and more reliable proce-
dure. Other groups have tried to develop the technique of open fetal surgery and an
epicardial pacing approach [33-36]. However, the obvious risks here involve a
maternal laparotomy, with a potential for infection, and maternal hysterotomy, with
uterine irritability and premature labor, a significant morbidity to the mother.
Cincinnati’s group has published the longest survival of fetal pacing in a fetus of a
mother with systemic lupus erythematosus, with the placement of a unipolar pace-
maker via a left thoracotomy [37]. Fetal cardiac output had increased approximately
150 % compared with pre-pacemaker data. However, on postoperative day 5, sud-
den fetal demise was noted. The fetal pacemaker and lead were intact and in the
proper location, without gross evidence of epicardial injury. The cardiac chambers
were dilated, thin-walled, with diffuse evidence of endocardial fibroelastosis and
dystrophic calcification. The intrauterine fetal demise seemed to be the result of
chronic multi-organ failure. A concern was raised about ethical issues and indica-
tions of open fetal surgery and risks associated to the pregnancy, as well as to future
fertility and pregnancies.

20.3.3 Myocardial Leads: Percutaneous Approach

A new electrode for fetal pacing has been designed with a T-shaped end that can be
implanted on fetal myocardium by an 18-gauge needle (Fig. 20.1) [38]. The lead
represents a modification of the temporary epicardial pacing lead commonly used
after heart surgery. The main difference is that at the cardiac end, the pacing lead is
cut close to the polypropylene coating, and a stainless-steel bar (5 x 0.5 mm) is con-
nected to the wire, producing a T-bar, to fix to the fetal myocardium. The purpose of
this shape is to keep the new lead securely anchored to the myocardium, thus

Fig.20.1 The lead represents a modification of the temporary epicardial pacing lead commonly
used after heart surgery. The cardiac end has a T-bar shape. The 18 G introducer needle has a 25°
beveled tip and contains a 7 mm longitudinal side slot cut from the heel of the bevel so that this
houses the T-bar until it is positioned inside the fetal heart. The use of a needle stylet is planned to
eject the T-bar from the slot



144 R.S. Assad

—e— Implant —8— Ist POD

VOLTS

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Pulse Width (msec)

Fig.20.2 Voltage strength-duration curves for acute myocardial stimulation threshold of a human
fetus during lead implantation (implant) and on the first postoperative day (1st POD)

preventing lead dislodgment. The other end of the lead remains intact, consisting of
a long straight needle. The lead length remained the original 60 cm.

This technique has been described in a 25-week old fetus with structural heart
disease and congenital AV block, who was severely compromised with heart failure.
The authors were able to establish pacing and implant the generator subcutaneously
in the maternal abdomen. During the observed period of fetal pacing, the lead pro-
vided stable fixation with low acute thresholds, as demonstrated by the first docu-
mentation of voltage strength-duration curves of a human fetus (Fig. 20.2). However,
after 36 h of ventricular pacing, the fetus developed asystole and died. Autopsy
examination confirmed the presence of a major cardiac structural defect along with
severe hydrops. A moderate bloody effusion was found in the pericardial sac. The
authors believe that cardiac tamponade was the probable cause of death. They also
speculate that a sudden fetal heart rate increase from 47 to 140 bpm may have
resulted in an acid-base imbalance in the fetus as a consequence of sudden increase
in myocardial oxygen consumption and cardiac output and suggested more gradual
increase in rate in the postoperative course.

20.3.4 Myocardial Leads: Animal Studies

Currently, the T-shaped lead has been further improved since its initial use (Fig. 20.3)
[39]. The lead is now bipolar, with a smaller diameter, allowing the use of a smaller
introducer needle (20G rather than 18G). The lead consists of a bipolar parallel
wire, with the negative pole insulated with blue polyethylene and the positive with
red. The end of the negative pole (blue) has a small T-shaped metallic bar (4.0 x
0.4 mm). The end of the positive pole (red wire), which is slightly shorter than the
negative pole, terminates in a 4.0 mm metallic tip, 5.0 mm apart from the T-bar.
Lead length has also been increased from 60 to 242 cm. The other end of the lead
has two long straight needles (positive and negative poles) to connect to the pulse
generator.

The bipolar fetal electrode was evaluated in a fetal goat CHB model. The acute
stimulation thresholds of the new fetal lead were consistently low, compatible with
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Fig. 20.3 Bipolar fetal T-bar lead consists of a parallel wire (242 cm), with the negative pole
insulated with blue polyethylene and the positive with red. Superior left panel: The end of the
negative pole (blue) has a small T-shaped metallic bar (4.0 x 0.4 mm). The end of the positive pole
(red wire), which is slightly shorter than the negative pole, terminates in a 4.0 mm metallic tip,
5.0 mm apart from the T-bar. Inferior left panel: 20-G needle modified at the distal end by a 25°
bevel and extension of 5.0 mm. A needle stylet was planned to eject the T-bar from the slot

safe chronic pacing during gestation. Bipolar stimulation is confined to the fetal
myocardium, thus avoiding stimulation of uterine musculature and, consequently,
premature uterine contractions after implantation.

An alternative way to pace hearts with CHB has been proposed by a number of
laboratory groups toward replacing artificial pacemakers with a biological alterna-
tive primarily by creating ventricular sites of ectopic pacing [40—46]. Choi et al.
have demonstrated the formation of an alternative AV conduction pathway in nearly
one-third of the hearts implanted with engineered tissue constructs containing syn-
geneic fetal rat myogenic precursor cells [47, 48]. In those hearts demonstrating
alternative conduction, propagation of action potentials from the atria to the ventri-
cles was dependent on the implantation of constructs that contained viable muscle-
derived cells. The authors also demonstrate that skeletal muscle-derived cells in the
implants survive in the heart for the lifespan of the recipient animals, have a blood
supply, and continue to express proteins important in electromechanical coupling
between each other and recipient cardiomyocytes. Certainly, the ability to implant
engineered tissue constructs to permanently electrically connect atrial and ventricu-
lar tissues represents an essential step for the future biological alternative to elec-
tronic pacemaker devices.

The Paris group has published a new lead for percutaneous insertion, adapted to
the fetal anatomy, allowing a secured anchorage to the cardiac structures [49]. It is
a unipolar and flexible lead made of a quadrifilar coil with an outer silicone insula-
tion and a fixed screw on its distal tip (Fig. 20.4). The outer diameter of this lead is
1.0 mm (3 Fr). The length of the lead from the screw to the proximal tip is about
300 mm. The lumen is closed distally but opened proximally to accept a portion of
the fully inserted stylet. The lead body is flexible when the stylet is removed.
The length of penetration of the screw at the distal tip of the catheter is 1.0 mm. The
study demonstrated that the unipolar lead would not be enough to generate the
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pacing and that another electrode was needed to allow pacing. To avoid the insertion
of the second lead on the fetal skin that would multiply the risk of lead dislodgement
with fetal movements, technical developments are hereby required to manufacture a
bipolar lead.

More recently, the group of University of Southern California has developed a
customized fetal single-chamber micropacemaker with a small diameter cylindrical
shape (20 mm x 3 mm) that permits percutaneous implantation into a fetus through
a large commonly used intrauterine cannula, capable to be deployed through a rea-
sonably sized cannula lumen (Fig. 20.5) [50-52]. Under ultrasound guidance, the
trocar and cannula are advanced from the maternal abdomen, through the uterine
wall and fetal chest wall and finally, the pericardial membrane, until the tip abuts the
fetal heart. The electrode is implanted on the fetal myocardium from the epicardial
surface to achieve a stable anchorage in the ventricular wall. The entire pacemaker
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Fig. 20.5 Fetal micropacemaker system, planned to be implanted totally within the fetus, with
rechargeable lithium cell. Notice the screw-in electrode tip, made from activated iridium

system was planned to be implanted within the fetus in order to avoid dislodgement
and other complications from fetal motion. The functional life of the pacemaker is
maintained by an implanted battery and could be extended by wireless recharging
systems during patient visits in order to achieve the required duration of effective
pacing. However, the stimulus parameters cannot be adjusted after implantation.
The micropacemaker has been tested acutely and chronically in acute adult rabbits
and chronic fetal sheep [53]. Experimental data from a strength-duration curve of
the micropacemaker suggest a pacing threshold and chronaxie similar to the T-bar
electrode implanted in a 25-week hydropic human fetus [38]. In a world of rapid
micro- and nanotechnology development and miniaturization of devices, this proto-
type seems to be very promising.

20.3.5 Fetoscopic Methods: Animal Studies

Kohl et al. [54-56], VanderWall et al. [57], Estes et al. [58], and Kirchhof et al. [59],
working in fetal sheep, have shown that fetal sheep can be epicardially paced using
fetoscopic methods to gain direct fetal cardiac access. The authors have demonstrated
that using fetoscopy, subxiphoid thoracotomy can be utilized to insert screw-in elec-
trodes onto the fetal heart. The generator is then placed remotely subcutaneously
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in the maternal abdomen. Compared with open fetal surgery, fetoscopic direct fetal
cardiac access may be more favorable because it avoids maternal laparotomy, hys-
terotomy, and fetal exteriorization, which have been accompanied by substantial
decreases in fetoplacental blood flow and a poorer outcome in human fetuses with
noncardiac lesions [60]. Moreover, percutaneous intra-amniotic access and uterine
closure for fetoscopic surgery can be achieved reliably with little maternal and fetal
morbidity in sheep [61]. However, this has not been attempted in humans.

20.4 Final Remarks

Considering the high rate of fetal demise associated with fetal hydrops with con-
genital AV block in utero and poor outcome of premature delivery, the way forward
would appear to be fetal pacing. However, it will only be attempted in highly selec-
tive cases in which fetal mortality approaches 100 % in the absence of fetal interven-
tion. Currently, there is no alternative effective treatment for fetuses with complete
heart block who are in heart failure — apart from delivery. If, however, gestational
age is <30 weeks, the additional complications of prematurity on top of hydrops
mean that chances of postnatal survival are negligible. The development of a
purpose-built pacing lead and the available expertise of a fetal medicine specialist,
fetal cardiologist, pediatric cardiac surgeon, and electrophysiologist that can work
together will optimize all and every chance of this procedure in becoming a feasible
alternative to treat these high-risk fetuses.
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Guiti Milani and Younes Boudjemline

21.1 Introduction

Fetal echocardiography leads to the development of antenatal diagnosis [1]. In ante-
natal cardiology, proofs of evolution of congenital defect have been made: serial
scans performed on fetuses with aortic valve disease demonstrated poor evolution
of the left ventricle in some cases, leading to the concept of evolving hypoplastic
left heart syndrome [2—4].

The first report of in utero treatment of these fetuses in order to avoid progression
of the disease is more than 30 years old [5].

Until now in utero procedures remain challenging for several reasons: the defi-
nite proof of efficiency of in utero treatment remains to be given, avoiding maternal
mortality and morbidity is mandatory, avoiding fetal mortality is important, and
access to the fetus is difficult.

Thanks to the development of minimally invasive techniques and continued ani-
mal experiments, fetal interventional therapy is evolving with current low rate of
morbidity and mortality [6]. Careful selection of fetuses’ candidates for treatment
improves results [7]. This review will focus on possible access for fetal
interventions.
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21.2 Cordocentesis

Ultrasound-guided cordocentesis was first described in 1983 by Daffos et al. [8].
The procedure involves percutaneous access to the fetal vascular compartment to
draw fetal blood for cytological, biochemical, and cytogenetic studies; it is also
used for fetal transfusion in cases of fetal anemia due to maternofetal alloimmuniza-
tion. Furthermore, it allows perfusion of therapeutic agents to the fetus for sedation
analgesia during any invasive therapy such as in utero intracardiac interventions.
The risk of fetal loss related to the cordocentesis is estimated around 1%. Some
authors have investigated the possibility to use this access for intracardiac proce-
dure. Kohl et al. described transumbilical fetal cardiac catheterization in sheep [9].
All fetuses died secondary to dissection, total thrombosis of umbilical vein, or blood
loss after sheath dislodgment or removal. The length of the umbilical cord and its
highly tortuous course make progression with a guide very difficult and dangerous.
The translation of cordonal cardiac catheterization to a human fetus seems incon-
ceivable at present; its interest lies in the simplicity of ultrasound guidance, but its
morbidity and mortality rates in animals are close to 100 %.

21.3 Cardiocentesis

Percutaneous, per utero, fetal, transthoracic, direct ventricular access was proposed as
an alternative to cordonal access for fetal transfusion in cases of maternofetal rhesus
alloimmunization when cordonal access was technically impossible or after failure
of cordocentesis [10]. Cardiocentesis is performed with local anesthesia of maternal
skin and direct needle puncture of the fetal chest wall to enter the fetal heart. Besides
technical problems such as difficult access with varying fetal lie and catheter/balloon
fragmentation, the rate of fetal loss is estimated at around 6 %. Current indications
are fetal reduction in dichorionic twin pregnancies if one of the fetuses satisfies indi-
cation for termination of pregnancy and treatment of fetus with severe congenital
heart disease. Cardiac interventions are currently performed through this access [11].

It requires experience in percutaneous puncture, under ultrasound guidance.
Good positioning of the fetus is mandatory before puncture. Procedure should not
be done if position is not ideal.

Because vascular access of the fetus remains a challenge, some authors have
investigated alternative approaches to the fetal heart. Fetoscopic approach and tran-
shepatic access have been reported.

21.4 Fetoscopic Access

Kohl et al. described fetoscopic access in a fetal sheep: with three to four trocars
percutaneously placed in the uterus and video fetoscopic equipment, they achieved
a limited thoracotomy to obtain minimally invasive, direct, fetal cardiac access [12].
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This approach was tested on fetal sheep for fetal cardiac pacing or antegrade fetal
cardiac catheterization. The technique was feasible. But, many complications were
reported: fetal death, maternal death by sepsis, and technical complications, such as
bleeding of the puncture site, and technical difficulty in identifying the subxiphoid
region were also noted. Fetoscopic access has some advantages compared with
maternal hysterectomy. Because it is highly invasive compared to direct transven-
tricular access, this approach is presently not used in humans for cardiac
procedures.

21.5 Transhepatic Access

The technical deadlock in performing transumbilical fetal cardiac catheterization
led to the suggestion of transhepatic access [13]. Transhepatic catheterization can
be safely performed in children in cases of blocked venous access [14].

Feasibility of fetal cardiac catheterization using a transhepatic ultrasound-
guided puncture of the intra-abdominal veins in the fetal lamb was demonstrated
allowing anterograde catheterization of the fetal heart [13, 15]. The aim was to
reproduce the conditions of catheterization using Seldinger’s technique as it is
done in the postnatal period and to improve fetal tolerance. In addition, it was
hypothesized that the bleeding related to vessel puncture would be well tolerated
because bleeding would appear in the peritoneal space. The peritoneum allows
reabsorption of red blood cells in fetus. The feasibility of anterograde, echocar-
diography-guided cardiac catheterization through a transhepatic approach of the
intra-abdominal fetal vessels was tested in fetal lambs. Access to the subdiaphrag-
matic portion of the inferior vena cava was performed by ultrasound guidance via
a transhepatic approach. A guide was placed into the subhepatic vein, and cardiac
catheterization was performed according to Seldinger’s technique, allowing the
heart chambers to be reached in all cases, with atrial or ventricular pacing and/or
ballooning of the pulmonary valve. Three out of ten fetuses died after the proce-
dure, and five fetuses were born at term, with an autopsy showing no significant
cardiac or peritoneal injury. The simplicity of the procedure, with its shallow learn-
ing curve, has successfully lowered complication rates in subsequent studies. In
the future, this method could become an alternative to percutaneous transventricu-
lar catheterization. However, variations in fetal positions and hepatic vein diameter
add to the challenges; the latter limits this method to the second part of pregnancy
when a needle can be safely inserted (Fig. 21.1).

Conclusion

Cardiac intervention is presently performed through transventricular access.
This approach leads to serious morbidity and mortality in particular because of
obligatory pericardial bleeding. Alternative access such as cordonal or transhe-
patic access has been recently reported in animals with interesting results.
Human experience is still pending.
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Fig.21.1 (a) Possible vascular access to the heart is shown: umbilical cord, transhepatic access,
and direct transventricular puncture. (b) Human case of direct ventricular access. (c—f) Pictures
showing transhepatic access (¢) and the advance of a coronary catheter from inferior vena cava (d)
to the main pulmonary artery (e, f)
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Introductory Aspects in Hybrid Procedures
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John P. Cheatham

What do we mean by “hybrid”? According to Webster’s Revised Unabridged
Dictionary (1996), hybrid\hy “brid”\, N. {L. hybrida, hibrida, (BIOL.)} is “the off-
spring of the union of two distinct species; an animal or plant produced from the
mixture of two species.” Some would argue that the interventional cardiologist and
the cardiothoracic surgeon are definitely two different species. They think “differ-
ently.” They act “differently.” They dress “differently.” They are certainly paid “dif-
ferently.” As an interventional cardiologist, we are always interested in new
treatments, always ready to test and try a new device or technique, and are always
self-confident. Our cardiothoracic surgical colleagues usually believe that “if things
aren’t broke, don’t try and fix them”; once a surgical technique is mastered, they are
reluctant to change it and are even more self-confident.

However, occasionally a cardiothoracic surgeon comes along and challenges the
interventional cardiologist to think “outside the box,” which is what happened in
our Heart Center. The collaborative team’s goals are to reduce morbidity and mor-
tality, to reduce the cumulative impact of multiple interventions over the lifetime of
a patient, to improve quality of life, to deliver more efficient and cost-effective care,
and to encourage teamwork. In the congenital heart disease world, it is much easier
to develop hybrid strategies than in the adult cardiovascular world. We are routinely
using a multidisciplinary team approach, while this was not true in the adult world.
The main interventional procedures in adult CV medicine used to be percutaneous
coronary interventions (PCI) procedures, where cardiac surgery, anesthesia, or
imaging was seldom involved. Not until transcatheter aortic valve replacement
(TAVR) became available and forced the adult team to work together did the word
“hybrid" enter into their vocabulary. Now, the “buzz word” in adult CV medicine is
structural heart disease (SHD), and everyone wants to be a member of the team.
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So let us look at some of the procedures that a hybrid approach would benefit the
interventional cardiologist and the patient. The surgeon can provide vascular access
to complete a complex interventional procedure. As an example, the critically ill
neonate with low cardiac output, aortic obstruction with multi-organ failure is a
poor surgical candidate upon presentation. However, a simple carotid cutdown by
the surgeon allows the interventional cardiologist to use whatever materials are nec-
essary, regardless of the French size needed to deliver them, i.e., cutting balloon
angioplasty with or without stent therapy for middle thoracic aortic coarctation or
balloon aortic valvuloplasty in extreme premature neonate. Another example is for
the surgeon to provide per-ventricular access through a small substernal incision to
perform a quick balloon pulmonary valvuloplasty in an extreme premature neonate
weighing only 700 g with no venous access and renal failure (Fig. 22.1a, b).

Another example is how the surgeon can help the interventional cardiologist
treat an infant with a large muscular VSD (MVSD) and heart failure. Many times
the only surgical option available in these sick infants is to perform a pulmonary
artery band as the initial palliative procedure. Otherwise, attempting to surgically
close a single or multiple large MVSDs in neonates is high risk with a great likeli-
hood of leaving residual flow. From the pivotal study using the Amplatzer MVSD
occluder (SJM, Minneapolis, MN) in the USA, if the infant was less than or equal
to 5.2 kg or some say less than 8-10 kg, percutaneous device closure had high
morbidity and possible mortality. However, with the CT surgeon providing per-
ventricular access and with transesophageal echo guidance, most, if not all, mus-
cular VSDs can be closed using the device without cardiopulmonary bypass (CPB)
(Fig. 22.2a, b). This procedure requires special skills of the “interventional” echo-
cardiographer. They provide the “loops” for the surgeons and fluoroscopy for the
interventional cardiologists. It is a very rewarding procedure and usually results in
eliminating heart failure [1].

The next major hybrid procedure that has benefited both the interventional cardi-
ologist and CT surgeon is intraoperative stent therapy. The interventional cardiolo-
gist faces challenges of delivering stents percutaneously to pulmonary arteries in
small patients. The CT surgeon faces challenges of exposure to the pulmonary arter-
ies and cannot easily see distally in order to perform patch repair. The hybrid
approach to PA stenting benefits both disciplines as well as the patient [2]. In some
instances, the procedure may be performed off CPB (Fig. 22.3a—c), while others
may require CPB for the surgical correction of additional defects. The use of endo-
scopic evaluation before and after PA stent therapy offers advantages in the hybrid
OR (Fig. 22.4a—c). Regardless, with the advent of hybrid operative suites, like ours
at Nationwide Children’s Hospital, these combined procedures can be performed
more easily. In addition, exit angiography using a permanent single-plane FPD can
easily be performed to not only assess surgical results immediately post-repair but
can also confirm intraoperative stent therapy (Fig. 22.5a, b) [3]. This applies to the
more common procedure of intraoperative pulmonary artery stenting but also in the
more rare case of intraoperative aortic stenting. Furthermore, 3D rotational angiog-
raphy (3DRA) can now be performed in hybrid operative suites and provides addi-
tional information compared to a single-plane angiogram. The 3DRA gives a more
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Fig.22.1 1In (a), a 700 g premature neonate with severe PVS, renal failure, ascites, and no vascu-
lar access presented a challenge for therapy. A per-ventricular hybrid approach to insert the sheath
to allow balloon pulmonary valvuloplasty was the answer. In (b), the balloon procedure was suc-
cessful, and this extreme premature neonate survived and was eventually discharged home
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Fig.22.1 (continued)
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Fig.22.2 In (a), the hybrid team of the CT surgeon and interventionalist is seen preparing a per-
ventricular approach to close a large MVSD in a 2 kg premature infant. In (b), the sheath is intro-
duced across the defect and an 8§ mm Amplatzer MVSD occluder delivered without difficulty
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Fig.22.3 In (a), an angiogram is shown that demonstrates complex PA stenoses bilaterally after
truncus arteriosus repair. The patient also had no central venous access! In (b), after transhepatic
cardiac catheterization was performed and demonstrated the RV-PA conduit, the CT surgeon per-
formed direct transthoracic needle puncture into the conduit to provide a second access point for
“PA rehabilitation.” In (c), kissing stents were delivered to the RPA branches and CBA performed
on the LPA. CPB was avoided in this patient
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Fig.22.3 (continued)



168 J.P. Cheatham

Fig.22.3 (continued)
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Fig.22.4 Sometimes CPB is necessary. In (a), the hybrid OR is seen with the CT surgical and
interventional teams imaging the PAs through an endoscope. In (b), the small endoscopic camera
is shown. The pre- and post-stent endoscopic images of the proximal LPA stenosis are nicely
shown in (c)
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Fig.22.5 Exit angiography is easily performed in a hybrid cardiac OR suite as demonstrated in
(a). In (b), an exit angiogram after PVR and PA stents is seen in the left panel, while the right panel
shows a nice result after comprehensive stage II repair for HLHS



22 Physician’s Perspective 171

robust assessment of anatomy, as well as define the best view for an intervention. If
intraoperative PA stenting is being performed on CPB, one can also use endoscopic
camera evaluation of the anatomy, both pre- and post-stent therapy.

The most talked about hybrid procedure that has benefited both the interventional
cardiologist and CT surgeon is the hybrid approach to hypoplastic left heart syndrome,
which is discussed in more detail elsewhere in this book. Instead of the complex
Norwood/Sano procedure performed in the newborn on cardiopulmonary bypass with
or without circulatory arrest, the surgeon can place right pulmonary artery and left
pulmonary Gore-Tex bands within 30-40 min off cardiopulmonary bypass and with
immediate improvement of hemodynamics, resulting in a 10 mmHg rise in systolic BP
and a 10% fall in O2 saturations. The interventional cardiology team can then come
into the hybrid suite to place the patent ductus arteriosus (PDA) stent through a direct
approach via a purse-string that the surgeon provides in the proximal main pulmonary
artery above the pulmonary valve leaflets. Using fluoroscopy in the hybrid suite, the
placement of the PDA stent takes 15-20 min and causes no hemodynamic conse-
quences compared to percutaneous delivery of the same PDA stent. This method of
delivery can cause hemodynamic instability by crossing the tricuspid valve and pulmo-
nary valve with a stiff guidewire and sheath, causing TR and PR. In a hybrid approach,
the stent is easily placed using fluoroscopy and commonly using a lateral projection.

The next arena for a hybrid approach is the delivery of transcatheter heart valves.
This likely started with the transapical delivery of the Edwards SAPIEN transcatheter
heart valve for TAVR. Soon we learned that a per-ventricular approach to deliver a
transcatheter pulmonary valve off cardiopulmonary bypass was very easy and quickly
performed [4]. There will be more discussion of this technique elsewhere in this book.
This has now evolved into the hybrid delivery of transcatheter mitral valves, as well as
to close paravalve leaks around bioprosthetic/mechanical mitral valve replacement.
This hybrid approach lessens the risk for the patient and allows an easier access and
procedure for both the CT surgeon and the interventional cardiologist.

So, from the interventional cardiologist’s viewpoint, a hybrid approach has simpli-
fied the procedure, allowed innovative approaches, and minimized the morbidity of the
procedure. This is the future of the treatment of complex congenital heart disease, so
everyone needs to be on board. You do not need a specialized hybrid suite to perform
these procedures. You need a collaborative team who see no limitations in possibilities.
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Parents’ Perspective on the Hybrid 2 3
Approach

Sharon L. Cheatham

For the purpose of this chapter, the focus will be on the hybrid approach for hypo-
plastic left heart syndrome (HLHS). The diagnosis of HLHS can be devastating for
parents, whether diagnosed prenatally or after birth. A fetal diagnosis of HLHS may
present families with a difficult decision regarding possible termination, albeit the
fetal diagnosis is confirmed at an early enough gestation. Parents may consider
termination, comfort care only following birth due to a lethal diagnosis, primary
transplant, or three-staged surgical palliation. If the diagnosis is made following
birth, parents may be in a state of shock, physically and mentally exhausted from the
birth. At the same time, they are trying to comprehend the medical explanation of a
complex form of congenital heart disease, as well as the surgical options presented
to them. Alternatively, comfort care only may be offered. Family counseling pro-
vided by the cardiologist and cardiothoracic surgeon may have a tremendous influ-
ence on not only the decision but also the pathway to surgical management.

Few studies in the literature have evaluated the psychosocial and financial effect,
or impact on families, when a newborn is diagnosed with HLHS. The published
qualitative studies focus on HLHS babies who have undergone the traditional staged
Norwood or Norwood-Sano procedure. The parents’ perspective on the hybrid
approach to managing infants with HLHS, and the psychosocial impact, have not
been well reported. No matter which pathway is undertaken for palliation or com-
fort care, a family’s life is changed forever.

A web-based survey on the Pediatric Heart Network showed different manage-
ment options that are recommended based on institution and patient characteristics.
Two hundred United States (US) cardiologists participated in the survey. US East
Coast and Midwest respondents were more likely to recommend the traditional
Norwood procedure (54 % and 60 %, respectively), and the US South and West
respondents favored the Norwood with Sano modification (73% and 82 %,
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respectively). Both were recommended over comfort care only, hybrid palliation, or
cardiac transplant for patients with an intact atrial septum (p <0.05), moderate to
severe tricuspid regurgitation (p<0.05), or birth weight less than 2 kg (p<0.05).
Comfort care only was preferred in low-birth-weight infants over hybrid palliation
or cardiac transplantation (p <0.05), as well as over any other palliation for infants
born premature less than 30 weeks’ gestation, chromosomal abnormalities, or end-
organ dysfunction (p<0.05) [1].

How the diagnosis and information are presented to parents is extremely
important. Parents need and expect honesty, empathy, and compassion during
delivery of this diagnosis and therapeutic options. The parent-physician relation-
ship may be stressed during this time with the delivery of such a devastating
diagnosis. The information needs to be presented in layman’s terms, avoiding too
much clinical jargon and utilizing pictures to help provide a clear understanding
of the severity of the disease and possible surgical options. On the other hand,
parents may be looking for advocacy for termination of the pregnancy. Family
values and morals, as well as religion, may play an integral role in the decision-
making process. Parents appreciate open communication, understanding and
respect, and a willingness to help them make the right decision for their baby.
Parents often grieve the loss of not having a normal healthy baby, afraid to bond,
with fear of their baby dying. Their world has been torn apart. Qualitative studies
show parents are devastated with the diagnosis and reportedly were the “worst
time of their lives” [2].

Once the parents and the cardiothoracic surgeon come to a decision on palliation,
and the hybrid pathway is chosen, Hybrid Stage I is performed. Having seen a
HLHS baby who is postoperative the Norwood procedure laying in a bed next to the
baby who had Hybrid Stage I, the family after hybrid palliation felt fortunate being
able to hold and interact with their baby. On the other hand, they remain fearful for
the “big” second stage surgery and survival. Once again, mixed emotions prevail.

During the interstage period, the time between stage I and stage II palliation,
parents are faced with other stressors. The goal is to reach four to six months of
age and approximately six kilograms (kg) before undergoing the big open heart
Comprehensive Stage II procedure. Therefore, parents’ focus is now on feeding
issues and weight gain, as well as oxygen saturations and work of breathing.
Following Hybrid Stage I and prior to discharge, single-ventricle patients who
underwent the hybrid procedure are usually enrolled in a home monitoring pro-
gram where the caregiver or parent perform daily weights and documentation of
daily caloric formula intake, as well as daily pulse oximetry oxygen saturations
to assess potential complications [3—8]. Home monitoring may reduce mortality
[9], however may increase parental stress. Data is reviewed weekly. Any breach
in established criteria is to be reported by parents in a timely fashion, and the
cardiologist determines if further assessment or admission to the hospital is
necessary. Close monitoring is recommended in the outpatient cardiology clinic
every one to two weeks. These clinic visits should review the feeding history
and home monitoring data, as well as perform a physical examination, an elec-
trocardiogram, and an echocardiogram. A nutritionist, as well as a physical or
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occupational therapist are often included in the single-ventricle team. These
frequent clinic visits are usually long and burdensome for families. Prolonged
hospitalization, as well as frequent and long clinic visits, impact family dynam-
ics. This is time taken away from other children or work responsibilities. Usually
one parent needs to relinquish their work to become the primary caretaker. This,
coupled with accumulating hospital bills, places a tremendous financial stress
on families. In a study measuring anxiety/stress levels of parents/caregivers of
children with single-ventricle physiology who underwent a hybrid procedure,
significant correlations were noted between anxiety/stress scores and caregiv-
er’s gender, caregiver’s age, caregiver’s level of education, percent of time a
caregiver spent feeding the child, if caregivers were taking medications for anx-
iety, and if the child was seen in the emergency room during the interstage
period. There was no correlation of anxiety/stress scores with caregiver’s race,
child’s underlying cardiac diagnosis, age of child, route of feeding during the
interstage period, birth order, or number of children in the family, relationship
status, or distance from the hospital [10].

Following the staged surgical palliative procedures, particularly Hybrid Stage I
and Comprehensive Stage II, a common concern of parents is “Will my child be
normal?” or “Will my child be delayed (developmentally)?”” The first published
study on neurodevelopmental outcomes in infants with HLHS and other univen-
tricular hearts, who underwent hybrid palliation versus the Norwood procedure,
showed no significant difference in mortality at one year of age. Psychomotor devel-
opment index and mental development index scores were similar in the hybrid and
the Norwood group. Both were significantly lower than the norm at one year of age,
particularly with motor impairment [11].

In a more recent study, investigators studied early motor, language, and intellec-
tual development of infants with HLHS after Hybrid Stage I palliation. At 6 months
of age, there was a statistically significant difference between the HLHS group and
the normal age-matched control group in fine and gross motor skills (p=0.049).
However, there was no significant difference for cognitive and receptive and expres-
sive language at 6 months. This is important information for parents where occupa-
tional and physical therapy can provide early intervention to help educate and aid
parents to assist in the development of gross and fine motor skills of their infant
[12].

Parents concerns are realistic and justified. From the impact of the initial
diagnosis to the stressful interstage period and Comprehensive Stage II, to
finally Fontan completion, parents are fearful of their child not surviving, and if
they do, what will the neurodevelopmental outcomes be for their future. Health-
care providers need to better support patients and families from the initial diag-
nosis, whether a fetal or postnatal diagnosis. All options need to be explained to
parents free of bias, despite the struggle some cardiologists and cardiothoracic
surgeons may have presenting certain options. Every single-ventricle patient
should be enrolled in a home monitoring program with 24/7 availability and
access to support from the single-ventricle cardiac team. Every family should
receive psychosocial support and counseling. The financial burden alone
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warrants assistance with frequent evaluations, echocardiograms, hospital admis-
sions, cardiac surgeries, and interventional cardiac catheterization procedures.
Family financial resources are often exhausted throughout early childhood for
financial burdens do not end with the third-staged surgery. Care providers need
to continue to evaluate neurodevelopment throughout childhood, providing
interventions and support for the best possible outcomes.

In our institution, the hybrid approach for HLHS is offered at equipoise with the
Norwood or Norwood-Sano procedure. Reports from Nationwide Children’s
Hospital in Columbus, Ohio [13], and the team from Giessen, Germany [14], prefer
the hybrid approach, not only the cardiothoracic surgery and interventional teams
but the parents’ preference as well.
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The Hybrid Catheterization Laboratory 2 4

Ralf J. Holzer

24.1 Introduction

Hybrid procedures encompass the procedural cooperation between cardiothoracic
surgeon and interventional cardiologist. These procedures include therapies such as
hybrid palliation of hypoplastic left heart syndrome, perventricular VSD closure,
and intraoperative stent placement [1-6]. An increasing number of centers have
been embracing hybrid therapies [7], with the most important ingredient for the suc-
cess of a hybrid program being the attitude of the interventional and surgical team,
embracing a collaborative approach and being able to “think outside the box” when
combining surgical and interventional techniques. While hybrid procedures can be
performed with the right attitude and a portable c-arm, having a dedicated hybrid
cardiac catheterization suite definitely reduces the difficulties in performing these
procedures. It is therefore important to consider carefully whether to upgrade a cath
lab to a dedicated hybrid catheterization suite.

24.2 The Hybrid Cardiac Catheterization Laboratory

Many of the design elements that are considered for a hybrid cardiac catheterization
laboratory would also be considered for a new stand-alone cath lab. These includes
an improved space utilization, pan/tilt/zoom cameras, and a dedicated routing solu-
tion, as well as strategically placed monitors at various locations within the catheter-
ization laboratory, so that all relevant aspects of the procedure can be viewed from
any position necessary. These are important design decisions not necessarily limited
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Fig.24.1 Hybrid catheterization suite (hybrid catheterization laboratory at Nationwide Children’s
Hospital)

to a hybrid suite but also required for a modern stand-alone catheterization labora-
tory. The setup of the control room does not differ significantly between a hybrid
suite and a modern non-hybrid cath suite. It will accommodate the usual monitoring
and (post-processing) workstations and provide a free and unobstructed view to the
procedural area, which is supplemented by images that are routed to the appropriate
monitors from integrated pan/tilt/zoom cameras. The control room also usually
houses the hardware of the routing solution.

So how does a hybrid cath lab (Fig. 24.1) differ from a modern newly
designed stand-alone cath lab? First and foremost, a hybrid cath lab should usu-
ally be a lot bigger than a standard surgical operating room, with many modern
hybrid labs having a floor space of at least 900-1,200 square feet. Size certainly
does matter when it comes to a hybrid cath lab, as a variety of equipment will
need to be accommodated. Besides the standard biplane imaging equipment,
cardiac anesthesia, and all the other diagnostic and imaging tools frequently
utilized during cardiac catheterization procedures (IVUS, ICE, TEE, RF, hemo-
dynamic system, pressure wire, Angiojet, etc.), a hybrid catheterization labora-
tory will need to be able to accommodate the complete surgical setup including
trays, additional members of staff (surgical team, scrub nurses, perfusionists),
cardiopulmonary bypass and/or ECMO, electrocautery, fiber-optic light sources,
and others.
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In addition, there is a need for at least one additional set of gases (ideally three
sets), to accommodate the cardiopulmonary bypass and/or ECMO circuits.
Furthermore, the electrical power outlets need to be appropriate to accommodate all
the surgical and catheter equipments that are being used in the catheterization labo-
ratory. Storage solutions need to be easily movable so that the entire room can be
cleaned appropriately and without difficulties.

Ceiling-mounted booms are ideal for housing many of the needed equipment.
However, it is important to clearly understand the location where any type of equip-
ment may be needed, so that the booms can reach to the appropriate positions while
not obstructing a necessary passage that may be required, for example, for TEE or
IVUS. Also, it is crucial to make sure that staff is still able to move and access the
patient if and when all the relevant equipment is in place. Some devices lend them-
selves to be mounted on equipment booms (such as defibrillator, surgical gases,
some cameras, electrocautery), while others may be either freestanding or ceiling or
wall mounted (such as contrast injector and some cameras). Monitors will be
required in front of the interventionists, at the head end, behind the interventionists
to facilitate viewing for the cardiothoracic surgeon, as well as strategically in other
positions of the lab so that the important parts of the procedure can be visualized
from any location with the hybrid suite.

In addition to the aforementioned, a hybrid lab has to conform to operating room
standards, including a monolithic ceiling design, appropriate temperature, and
humidity control, as well as more than 13 air exchanges per hour. Infection control
is important, and therefore an induction room will have important benefits (in par-
ticular in a pediatric center where parents may accompany a patient). Equally, a
scrub sink should be placed so it can be used prior to entering the hybrid cath lab.
While surgical attire is not required in the control room during standard catheteriza-
tion procedures, this will be mandatory if and when a hybrid procedure is being
performed. For this purpose it is important to have a room in front of the control
room, where surgical masks, head and shoe covers, and bunny suits are available for
those visitors that may want to enter the control room during hybrid procedures
without entering the procedure room itself. If more than one catheterization labora-
tory is present in the same institution, it is of benefit to have a lockable door between
the two cath labs, thereby avoiding the need to treat the adjacent control room as a
sterile area when a hybrid procedure is being performed in the other lab.

An important consideration for the hybrid suite is the cath table itself. Ideally it
should be able to tilt right- and leftward, as well as being able to move into a head
or foot-down position. Furthermore, the table needs to be securely lockable so that
it is not easily unlocked during the surgical component of a hybrid procedure.

For surgical hybrid suites (Fig. 24.2), many design considerations are somewhat
different to those taken for a hybrid catheterization suite [8]. Some important consid-
erations are centered on creating a shielded area within the operating room, as well as
making sure that the degree of lead lining of the walls is sufficient to meet the require-
ments for fixed, ceiling-mounted c-arm installations by the relevant state. In addition,
many surgical hybrid suites may just utilize a single-plane system, which requires
notably less floor space than a biplane system. Furthermore, the ceiling may need to
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Fig.24.2 Hybrid operating suite (hybrid operating suite at Nationwide Children’s Hospital)

be reinforced to be able to accommodate a fixed installed c-arm. The surgical table
should be carbon fiber and lightweight to facilitate appropriate imaging.

24.3 Summary

Given the many considerations that need to be taken into account, it is essential to
have all stakeholders involved in the design process at an early stage (cath and surgical
team, facilities, biomedical engineering, administration, etc.). While there are many
common issues that need to be solved for installation of a hybrid suite, the process is
often somewhat institution specific, and the individual requirements and details may
vary. Also, converting existing cath labs to a hybrid suite may pose different chal-
lenges than starting with a completely fresh installation [9]. In general, many of the
decisions that need to be made (such as routing) are not unique to a hybrid suite, but
would also need to be considered for a stand-alone catheterization laboratory.
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Hypoplastic Left Heart Syndrome: 2 5
Natural and Surgical History

Ina Michel-Behnke

25.1 Natural History

The spectrum of left heart hypoplasia has its extremes from a diminutive left ven-
tricle and mitral/aortic atresia at one end to those classified as hypoplastic left heart
complex [1-3] where pre- and postnatal interventions might achieve a biventricular
circulation. This chapter is focused on the understanding of hypoplastic left heart
syndrome (HLHS) as a lesion with the morphology and physiology of a severely
underdeveloped left ventricle and outflow as the dominant findings.

Occurrence of HLHS within congenital heart disease is 2-3 % with a tendency
of lower prevalence over the last decade [4]. Due to its severity, the newborns die
in 95% in the first days or weeks. Prenatal diagnosis is commonly made at
18-24 weeks of gestation within screening programs for the fetal heart.
Underdevelopment of the left ventricle and aorta can be detected earlier, but due to
physiological and anatomical changes later in pregnancy as left ventricular growth
occurs, endocardial fibroelastosis and premature closure of the foramen ovale
among others allow planning of postnatal therapeutic strategies only at later stages
and longitudinal follow-up [5, 6].

25.1.1 Transition from Fetal to Postnatal Circulation

Onset of symptoms occurs when the arterial duct and the foramen ovale are closing,
in the first days of life. As a duct-dependent lesion with a left ventricle unable to
support the systemic circulation, discontinuation of a right-to-left shunt through the
arterial duct initiates heart failure and metabolic acidosis. In the presence of aortic
atresia with retrograde perfusion of the coronaries, myocardial performance
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deteriorates at this stage. The pale-cyanotic newborn with weak or absent femoral
pulses, edema, and tachypnea represents the hemodynamic changes of increased
systemic afterload of the closing arterial duct.

Besides the open arterial duct, mixing at the atrial level through an atrial septal
defect (ASD) is mandatory for survival. Restriction of the interatrial communica-
tion or even premature closure during pregnancy has been accounted for develop-
ment of HLHS [7] and moreover for secondary arterialization of the pulmonary
veins, constituting the most fatal group concerning postnatal treatment options [8—
10]. Limitation of a left-to-right atrial blood flow consequently increases left atrial
pressure and decreases egress of pulmonary venous drainage that further worsens
cyanosis and respiratory distress preceding circulatory collapse.

Having said that, unrestricted ASDs in HLHS expose the heart to a high-volume
load, pulmonary overcirculation, and congestive heart failure. Diagnosis in this
group of neonates can be missed early after birth, as oxygen saturation may be in the
90s until they deteriorate showing up with tachypnea and hepatomegaly and edema.
The two phenotypes and their pathophysiology are depicted in Fig. 25.1. If the clini-
cal signs are misinterpreted as neonatal sepsis or cardiogenic shock, death occurs
usually in the first days of life.

25.2 Surgical History

Evidence from in vivo experiments that prostaglandin E infusion is able to maintain
ductal patency [11] and successful application in neonates with duct-dependent pul-
monary or systemic circulation [12-16] cleared the way for surgical treatment of
cyanotic congenital heart disease [CHD] and thus also for HLHS.

25.2.1 Univentricular Palliation

The first successful attempts to build a systemic circulation supported by the right
ventricle by reconstruction of the aortic arch, connecting the occasionally diminu-
tive ascending aorta with the pulmonary trunk together with atrial septectomy and
provision of pulmonary perfusion by a modified Blalock-Taussig (BT) shunt, were
undertaken by Norwood and colleagues in the 1980s. After the initial learning
curve, early mortality in a larger series at CHOP of 104 patients within 2 years was
39% (30 early, 11 late). Fate of the palliative surgery was contributed to limited
perioperative interventions, hypoxemia, and aortic arch obstructions [17-21]. Since
then many institutions worldwide with variable success pursued the concept. It
turned out that besides improvement of surgical techniques, the balance of pulmo-
nary and systemic circulation (Qp/Qs) and avoiding coronary steal play a key role
to reduce early and interstage mortality.

The complications inherent with BT shunts either by obstruction or by induction
of pulmonary overflow and thereby causing steal from the myocardial perfusion
result from the physiology of the shunt flow throughout the whole cardiac cycle, i.e.,
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Fig. 25.1 Clinical phenotypes of hypoplastic left heart syndrome. The neonate with restrictive
atrial septal defect(ASD)/foramen ovale(FO) presents early and cyanotic after birth with rapid
hemodynamic decline (a), while a widely open interatrial communication can mask the diagnosis
with mildly decreased saturations and delayed onset of heart failure (b). Irrespective of the ASD/
FO, worsening occurs as the arterial duct closes

systole and diastole. As about 70 % of coronary perfusion occurs in diastole, pres-
sures must not fall below the critical threshold.

Thus surgeons rediscovered the initial idea of William Norwood of a RV-PA
shunt, and it was Shunji Sano in 2003 who promoted a non-valved 4-5 mm PTFE
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tube connecting the RV to the main pulmonary artery [22, 23]. Early hospital mor-
tality decreased considerably and was attributed to higher diastolic pressures and
less pulmonary runoff. Perioperative management became easier not only in high
volume centers. Survival rates in controlled case series revealed 89-93 % in the
RV-PA shunt versus 53-72 % after BT shunt [22, 24, 25]. Conflicting data with no
difference in early hospital mortality were reported [26—28].

While the advantages of the RV-PA shunts within the first stage of the palliative
track are obvious, the impact on long-term outcome had to be determined. The largest
series investigating survival after the second and third operation, i.e., partial and total
cavopulmonary connection, has been undertaken in a multicenter randomized pro-
spective trial with 555 cases [29]. Death at 1 year of age or heart transplantation as
primary end points were in favor for the RV-PA shunt (26 % vs. 36 %) but equalized
during the total follow-up of 32+11 months. While satisfactory pulmonary artery
growth was achieved in either the RV-PA or the BT shunt, potential disadvantages as
myocardial scar followed by arrhythmia and ventricular dysfunction have been inves-
tigated and argued to reduce the beneficial aspects of the postoperative management
on the long run [30-33]. Interstage complications and mortality have been related to
myocardial dysfunction, coronary artery disease, tricuspid regurgitation, aortic arch
obstruction, and shunt stenosis, the latter one occurring more frequently after RV-PA
shunt than after BT shunt placement [34-36]. Suggestions on when and how to repair
the tricuspid valve and modified techniques of aortic arch reconstruction aimed at
improving and preserving performance of the systemic right ventricle until volume
unloading at the time of Glenn operation is achieved [37-40].

In the 1990s, the idea of joining the experience of surgeons and pediatric cardi-
ologists brought up the hybrid approach for HLHS. Based on the experience of
Gibbs [41] to maintain ductal patency by stent implantation together with bilateral
pulmonary artery banding, this concept was elaborated mainly by two groups in the
USA (Mark Galantowicz, surgeon, and John Cheatham, cardiologist) and Germany
(Hakan Akinturk, surgeon, and Dietmar Schranz, cardiologist) [42—46]. The strat-
egy to secure the systemic blood flow through the stented arterial duct and at the
same time protecting the lung from overflow and pulmonary hypertension was
applied to high-risk Norwood candidates and enabled the teams to move an exten-
sive surgery beyond the neonatal period or alternatively to bridge the patient to heart
transplantation or even biventricular repair for HLHC cases. Either sequentially
(Giessen, Germany) or in a single procedure (Columbus, USA), the surgical and
transcatheter interventions were installed.

While after the classical Norwood or Sano modification of aortic reconstruction,
the bidirectional superior cavopulmonary connection does not differ from other
single-ventricle repairs; the hybrid approach is followed by the comprehensive
stage II surgery that combines the cavopulmonary connection of the SVC to the
RPA together with the components of stage I, i.e., aortic arch reconstruction and
dissection of the pulmonary artery, to rebuild the systemic RV outlet. Several modi-
fications and adjustments from other institutions have been suggested, including a
reversed BT shunt for protection of coronary perfusion [47, 48]. Comparative stud-
ies between the Norwood/Sano procedures versus hybrid procedure emerged from
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all over the world and elaborated the individual patient-specific decision for either
approach [49-53].

Whatever type of palliation is applied, a home surveillance program for reduced
morbidity and mortality turned out to be essential after hospital discharge [54-59].

25.2.2 Biventricular Repair and Heart Transplantation

Besides the collaborative surgical-interventional approach, efforts have been put in
the recruitment of the hypoplastic left ventricle by relief of inflow and outflow tract
obstruction added by resection of endocardial fibroelastosis [60], keeping in mind
the limited ability for hyperplasia rather than hypertrophy within the cellular signal-
ing within LV development [2].

Leonard Bailey from Loma Linda (USA) initiated the surgical history of heart
transplantation [HTX] in HLHS in 1985 shortly after the reports of Norwood [61].
The special requirements of enlargement of the hypoplastic aortic arch during trans-
plantations are challenging. Due to high wait-list mortality, primary transplantation
is performed mostly in those neonates not eligible for Norwood or hybrid-type pal-
liations like significant tricuspid regurgitation, severe dysfunction of the right ven-
tricle, or coronary fistula and stenoses. Outcome of heart transplantation early or
late after failure of surgical palliation is comparable to non-CHD-HTX [62] but
requires adjustment of surgical techniques [63].

In summary, progress of prenatal screening, intensive care management, and
refinements of surgical techniques have improved survival and quality of life for
children with HLHS. The therapeutic portfolio for those brought to birth includes
the option for:

e Comfort care management
» Staged functional univentricular palliation (Norwood/Sano/Hybrid)
e Primary cardiac transplantation

The offers to patients with HLHS are very much influenced by the attitude of
caregivers as early as during detection in fetuses. Counseling is influenced by per-
sonal experience, actual published results of palliative surgery and heart transplan-
tation, associated genetic disorders as well as neurodevelopmental outcome, and
finally ethical aspects [64, 65].
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Experimental and computational models can provide insight into complex congeni-
tal heart defects [1-5], including single ventricle physiology [6—10], with the advan-
tage of performing parametric studies [11-14]. Numerical simulations of the hybrid
procedure for palliation of hypoplastic left heart syndrome (HLHS) are feasible, as
demonstrated by four studies cited here, and can provide valuable understanding,
such as variations in systemic and cerebral oxygen delivery or changes in ventricu-
lar energetics comparing the hybrid approach vs. the traditional Norwood
procedure.

One study [15] employed a finite-element analysis approach to compare the
hybrid palliation with the traditional stage 1 Norwood operation, using either a modi-
fied Blalock—Taussig (mBT) or a right ventricle-to-pulmonary artery shunt, i.e. the
Sano modification. The hybrid model included a 7-mm ductal stent and bilateral
pulmonary artery (PA) bands (2 mm in diameter). The advantage of the computa-
tional approach in this case is that different Norwood models were coupled, with a
multiscale approach, to an identical lumped parameter network that summarised the
remainder of the circulation — in a sense performing the three different procedures
virtually on the same representative patient. These simulations predicted that for the
hybrid palliation there was an increased pulmonary-to-systemic flow ratio and lower
cardiac output, as well as reduced total systemic and cerebral oxygen delivery. The
same group expanded this engineering insight into the hybrid Norwood procedure by
simulating pulmonary artery banding variations between 1.5 and 3.5 mm, investigat-
ing the effects of retrograde aortic arch hypoplasia and obstruction, and testing for a
range of aortic arch diameters (2-5 mm) and coarctation severities (2.5-5 mm). This
work [16, 17] concluded that retrograde aortic arch hypoplasia or obstruction could
lead to suboptimal cerebral and coronary perfusion, based on simulation results. An

G. Biglino (<) ¢ S. Schievano ¢ T.-Y. Hsia « A.M. Taylor

Institute of Cardiovascular Science, University College London & Cardiorespiratory Unit,
Great Ormond Street Hospital for Children, NHS Foundation Trust, London, UK

e-mail: g.biglino@ucl.ac.uk

© Springer International Publishing Switzerland 2016 197
G. Butera et al. (eds.), Fetal and Hybrid Procedures in Congenital Heart
Diseases, DOI 10.1007/978-3-319-40088-4_26


mailto:g.biglino@ucl.ac.uk

198 G. Biglino et al.

Hybrid Norwood Ascending aorta  Coarctation
representative model -

' 20 i >
! ; .0 mm D
| No aortic D

coarctation !

, 0
: ' 8.0mm @) (]
& ﬂ

Fixed 1.6 mm |

1 5.0mm banding length:
ascending I
| aorta diameter I D D
i .40 mnﬂ 0
' for parametric
simulations C]

Fig. 26.1 A representation of the use of a parametric approach to study the hybrid Norwood in a
representative 3D model. The 3D model (which is coupled to a lumped parameter network sum-
marising the remainder of the circulation) is set with representative values (e.g. no aortic coarcta-
tion, 5-mm ascending aorta diameter, pulmonary artery banding of 1.6 mm length), and the
incremental changes in ascending aorta diameter, coarctation diameter and pulmonary banding
diameter are implemented, generating a range of scenarios (Image modified from Baker et al. [17])

indication was also made that accurate adjustments to pulmonary artery banding
might improve interstage physiology in HLHS patients treated with the hybrid
approach (Fig. 26.1).

Another study [18] also employed multiscale modelling, coupling 3D hybrid
Norwood geometries with a lumped parameter model and testing the concomitant
presence of aortic arch stenosis (90 % severity) and a preventive reverse Blalock—
Taussig shunt on coronary and carotid flows, by comparing four idealised realistic
models, i.e. with/without narrowing on the aortic arch and with/without the addi-
tional shunt. Computational fluid dynamics (CFD) highlighted that the shunt coun-
terweighted the effect of the stenosis, but also indicated areas of flow recirculation
and stagnation that might be associated with thrombogenic risk.

A fourth study [19] focused on ventricular energetics in the hybrid Norwood
scenario, again with a numerical modelling approach (i.e. time-varying elastance
model + modified three-element Windkessel model), comparing the hybrid proce-
dure with the Sano modification (right ventricle-to-pulmonary artery shunt).
Computational results suggest, in this case, that the hybrid Norwood increases sys-
tolic pressure-volume area, leading to impaired mechanical efficiency.

The title of this last interesting study — “Hybrid stage I palliation for hypoplastic
left heart syndrome has no advantage on ventricular energetics: a theoretical
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analysis” — pertinently summarises both a major limitation and an important advan-
tage of numerical models. On the one hand, it can be misleading to draw strong
conclusions (in this case, one approach having no advantage over another) based on
simulations that, albeit sophisticated and sometimes validated, do not account for a
multitude of real-life phenomena (e.g. concomitant medications, baroreceptor adap-
tations, other comorbidities), which can also be counterproductive in terms of clini-
cal translation of these tools. Clinicians will correctly reject strong affirmations
based on grossly simplified models, despite their technical complexity and refine-
ment from an engineering point of view. Whilst on the other hand, these same mod-
els offer the possibility of exploring hypothetical scenarios — “a theoretical
analysis” — by essentially allowing us to explore what might have happened to a
“patient” (in the above cases, geometries with realistic dimensions and realistic
boundary conditions for palliated HLHS) if minimal and incremental (parametric)
changes were performed, e.g. varying the size of a shunt and/or increasing the
degree of a stenosis, whilst keeping the haemodynamic parameters constant. In turn,
this can provide insight into mechanisms that are not intuitive, precisely because of
all the other elements happening simultaneously. Such additional insight could lead
to innovative solutions, which are generated in this idealised/theoretical framework,
also offering the possibility of optimising solutions in a mathematical sense [20].
This is in part what one of the above-mentioned studies [18] attempted, by testing
the additional presence of the prophylactic reverse BT shunt, providing preliminary
evidence towards its beneficial presence and potential risks. Indeed, in other
instances ideas that can impact surgical strategies have been generated based on
modelling solutions, even in the specific context of HLHS, i.e. the Y-graft baffle for
Fontan completion [21-23]. It should not be excluded therefore that modelling
could not only provide insight into such complex and small patients, otherwise dif-
ficult to acquire in vivo (e.g. streamlines from CFD, wall shear stress values, para-
metric changes), but could possibly be employed to inform and even refine the
procedure itself.

From an engineering perspective, modelling the hybrid Norwood requires us to
take the following variables into account: aortic arch stiffness and dimensions,
dimensions of the patent ductus arteriosus (PDA), structural properties and dimen-
sions of the stent in the PDA, and size of pulmonary artery bands. The single ven-
tricle can be approximated by a lumped parameter model, and differences between
0D and 3D models have been explored even specifically for the hybrid Norwood
[24], or could also be simulated including its morphology, wall thickness and intra-
ventricular flows [10].

At present, computational simulations can offer clinically relevant information,
such as:

e Structural simulations relevant for stenting the ductus, including information on
stresses acting on the vessel wall

* Flow visualisation where other techniques such as 4D cardiovascular magnetic
resonance (CMR) imaging are still technically challenging, particularly
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considering the small dimension and fast heart rate of these patients, who are
unlikely to remain still for several minutes

* Optimisation data, such that the theoretically best solution could be identified in
terms of dimensions (e.g. of PA bands); this has been well exemplified precisely
in the context of patients with Norwood physiology by a study that used an opti-
misation approach to investigate mBT shunt placement and diameter [20]

Computational models, however, are still lacking important information, such as:

* When simulating the Norwood procedure, aortic distensibility should be taken
into account, whether the aortic arch is surgically reconstructed (i.e. traditional
Norwood) or not (i.e. hybrid Norwood), possibly even including local changes in
distensibility, and this is feasible by means of a fluid—structure interaction (FSI)
approach, which is more challenging computationally.

e True multiscale phenomena (e.g. thrombus formation) could be included in the
simulations, by accounting phenomena at a cellular level and coupling these with
the global hemodynamic variables, rendering the models themselves more
realistic.

* Accounting for growth in these very young patients, who then progress in their
palliation pathway, which might be achieved by means of statistical shape analy-
sis, as used, for example, to look at growth and remodelling in other congenital
scenarios [25].

Moreover, experimental (bench top) experiments have been developed for
HLHS, including patient-specific anatomical models post-Norwood procedure with
mBT shunt [26, 27] and Sano modification [28]. An experimental model of the
hybrid Norwood would require the additional presence of the patent ductus arterio-
sus (PDA) stent and PA bands; therefore, a distensible phantom would be indicated
[29]. To our knowledge, an experimental model of the hybrid Norwood has not been
presented yet.

In conclusion, engineering modelling can indeed be a powerful tool for investi-
gating complex physiologies, but should always be strictly validated and guided by
a multidisciplinary conversation between clinicians (cardiologists, surgeons, imag-
ers) and modellers in a virtuous circle of reciprocal education.
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General Principles of the Hybrid 2 7
Approach in Hypoplastic Left Heart
Syndrome

Darren P. Berman and John P. Cheatham

27.1 Introduction

Congenital heart disease remains the most common form of birth defect and occurs
in ~1% of all live births. Hypoplastic left heart syndrome (HLHS) occurs in
2-3/10,000 live births in the USA [1]. It was uniformly fatal through the 1970s until
the Norwood surgical palliation was proposed in 1980 [2]. When done properly, this
operation, and its Sano modification, achieves a tenuous but stable circulation as a
first step in palliation for HLHS. Less traumatic neonatal palliation has since been
pursued as an alternative to the Norwood operation. Gibbs et al. first described neo-
natal stenting of the arterial duct combined with pulmonary artery banding and
atrial septectomy or septostomy as an alternative palliation for HLHS in 1993 [3].
Since that time hundreds of articles have been published describing variations on
technique and outcomes from this so-called hybrid approach to HLHS.

Irrespective of preference or approach, successful neonatal palliation for HLHS
necessitates three objectives: (1) controlling or limiting pulmonary blood flow, (2)
providing reliable and adequate systemic perfusion, and (3) assuring unrestricted
flow of pulmonary venous blood return from the left atrium into the right atrium.
The driving principal of the hybrid Stage 1 approach to HLHS is to achieve these
objectives in a less invasive way with hopefully less morbidity and mortality
(Fig. 27.1).
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Hybrid stage I palliation
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Fig.27.1 Schematic of stage 1 hybrid palliation for HLHS. Note the pulmonary artery bands on
both the left and right pulmonary arteries placed proximal to take off the upper lobe branches, the
stent within the arterial duct, and the septostomy catheter representing decompression of the left
atrium

27.2 Controlling or Limiting Pulmonary Blood Flow

As the newborn with HLHS transitions away from fetal circulation, pulmonary
vascular resistance drops dramatically and pulmonary blood flow increases. The
hybrid approach to HLHS relies on branch pulmonary artery banding to decrease
and control the amount of pulmonary blood flow. While there were initial trans-
catheter attempts to accomplish this with internal flow restrictors, externally
placed bands is the general approach in the current era. This requires a median
sternotomy and dissecting free each of the branch pulmonary arteries. Surgically
fashioned circumferential bands, typically made from Gore-Tex, are sewn around
each of the pulmonary arteries. The band size typically varies between 3.0 and
3.5 mm depending on the patient size and goal length of palliation (Fig. 27.2).
The larger the band, the less the restriction to pulmonary blood flow, at times
leading to relative pulmonary overcirculation and associated clinical symptoms
of tachypnea, poor feeding, and poor weight gain. The tighter the band, the lower
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Fig. 27.2 A neonate born with HLHS undergoing catheterization 8 days after PA banding and
ductal stenting for planned balloon atrial septostomy. An antegrade angiogram performed in the
main pulmonary artery profiles, the RPA band (*) with RAO angulation of the frontal flat panel (a),
and the LPA band (arrow) with LAO angulation on the lateral front panel (b)

the systemic saturation as pulmonary blood flow is limited. Finding this balance
is part of the art of the hybrid procedure for neonates with HLHS.

27.3 Adequate Systemic Perfusion

Neonates born with HLHS are dependent on right to left shunting via the arterial
duct for maintaining adequate systemic perfusion. When the diagnosis goes unrec-
ognized, ductal closure ensues and profound cardiogenic shock develops as all end
organs are hypoperfused. Without the initiation of prostaglandin E1 (PGE1) to
maintain ductal patency, death is almost universal. Prenatal or early postnatal diag-
nosis of HLHS is now relatively common. As such, PGE1 is started immediately
after birth or shortly thereafter as a temporizing way to maintain adequate systemic
perfusion. Because long-term PGEI infusion is associated with significant side
effects, a more permanent and reliable solution is needed to maintain ductal
patency. As Gibbs first described in 1993 [3], ductal stenting replaces the need for
PGE1. The shunt through the arterial duct is obligatorily from right to left in sys-
tole with, at times, significant left to right “steal” into the pulmonary vasculature as
the pulmonary vascular resistance continues to decrease. In the most severe forms
of HLHS involving aortic atresia, both coronary artery and cerebral perfusion is
completely dependent on the retrograde filling of the aortic arch (Fig. 27.3).

The timing of ductal stenting varies by institution. While some may approach
this percutaneously as a separate procedure from the banding of the pulmonary
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Fig. 27.3 While the stented arterial duct can typically be seen adequately with an antegrade
angiogram in the main pulmonary artery, if concerns arise for retrograde filling of the hypoplastic
aortic arch, a retrograde angiogram (a) or 3D rotational angiogram (b, ¢) with CT-like tomographic
images (d), can be utilized to help profile this area. Note the angle and take off the retrograde arch

(@)

arteries, it can easily be done in the same setting of the pulmonary artery bands
via the median sternotomy and in concert with one’s surgical colleagues. In
either scenario, it is essential that the entire length of the arterial duct be covered
appropriately by the stent(s). Uncovered ductal tissue on either end of the duct
will constrict once off PGEI, increasing afterload on an already stressed right
ventricle as well as compromising systemic perfusion both to the retrograde arch
(brain and coronary arteries) and to the descending aorta. The deleterious effects
of this may not be recoverable depending on the timing of recognition and sever-
ity of the insult.

Needless to say, a successful first stage hybrid palliation for HLHS depends on
appropriate stenting of the arterial duct and close surveillance of retrograde arch
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perfusion during the interstage period. This is never truer when dealing with the
severest forms of HLHS, namely, the aortic atresia type.

27.4 Assuring Unrestricted Flow of Pulmonary Venous
Return into the Right Atrium

Neonates born with HLHS typically have a relatively unrestricted atrial commu-
nication, allowing oxygenated pulmonary venous return to reach the right atrium
and sufficiently mix with systemic venous return. Rarely, the atrial septum is
highly restrictive at birth and even more rarely completely intact. These scenar-
ios require urgent and at times emergent intervention and thankfully deviate from
the norm.

When dealing with a stable newborn on PGE]1, the systemic saturation and
mean Doppler gradient across the atrial septum will inform the degree of true
restriction at the atrial level. While the echo mean Doppler gradient may increase
over the first several days of life, this is often in association with and due to the
decreasing pulmonary vascular resistance and increasing amount of pulmonary
blood flow and subsequent return to the left atrium. An increasing echo Doppler
gradient in conjunction with decreasing systemic saturations should alert the
clinician to increasing the restriction to flow at the atrial septal level.

Part of a successful hybrid stage 1 palliation is creation of a reliable unrestrictive
communication that will remain so until stage 2 reconstruction. While this may
have required surgical atrial septectomy, in some of the original descriptions of this
approach, with current technologies, a durable and reliable atrial septal communica-
tion can be created with a balloon atrial septostomy. For a number of reasons,
including size of the left atrium, location of the defect within the atrial septum, and
initial size of the atrial septal defect, this step of hybrid stage 1 palliation can be
technically challenging. Specific techniques and timing of this portion of stage 1
palliation are discussed separately and reflect the experience and knowledge gained
over the many years of taking on this approach to HLHS palliation.

Conclusion

All three objectives for successful palliation of the vulnerable newborn with HLHS
can be accomplished less invasively via the hybrid stage 1 procedure. No single
approach, either hybrid or Norwood, eliminates the fragile interstage period where
the slightest change to a tenuously balanced circulation can lead to potentially irre-
versible myocardial and other end organ damage. Interstage monitoring is essential
for this patient population to help minimize these risks. Hybrid stage 1 palliation
offers an acceptable method for managing the fragile newborn with HLHS. With
appropriate outpatient monitoring, it delays the inevitable complex semilunar amal-
gamation and aortic reconstruction to the outside of the neonatal period where it is
combined with pulmonary artery band removal, ductal stent removal, atrial septec-
tomy, and cavopulmonary anastomosis into the so-called comprehensive stage 2.
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Hypoplastic Left Heart Syndrome: 2 8
The Giessen Approach - History,
Technique, and Results

Dietmar Schranz and Hakan Akintuerk

28.1 Introduction

Patients with small left heart belong to a spectrum of a wide variety of possible
combinations of hypoplastic heart structures. The treatment of newborns with hypo-
plastic left heart syndrome (HLHS) follows a well-established classical three-step
algorithm for most institutions worldwide [1-4]. In Giessen, the hybrid approach
was developed as a primary palliation for newborns with HLHS and later on for
patients with hypoplastic left heart complex (HLHC). The hybrid procedure has
moved from a rescue approach to an alternative modality of a Norwood palliation
[4-7]. The “Giessen hybrid” stage I consists of surgical bilateral pulmonary artery
banding (bPAB) combined with percutaneous stenting of the arterial duct and atrial
septum manipulation, if necessary. The lessons learned by the hybrid strategy for
the treatment of HLHS, HLHC, and variants have added a novel impulse for treating
selected patients with cardiovascular failure beyond the neonatal period [§-10]. In
our center meanwhile all types of HLHS and variants are treated with the modified
Giessen hybrid strategy [4, 11]. Since June 1998 almost 200 patients received the
Giessen hybrid stage I procedure as an initial approach. The physiological objec-
tives of the hybrid approach are similar as for the classical Norwood procedure by
alternative techniques in controlling pulmonary blood flow, whereas unobstructed
systemic perfusion is maintained via an open arterial duct. This strategy involves
off-pump bilateral pulmonary artery banding (bPAB) and interventional stenting or
continuous prostaglandin therapy of the ductus arteriosus mostly, but not exclu-
sively performed in the neonatal period (hybrid stage I). Aortic arch reconstruction
using cardiopulmonary bypass combined with a superior cavo-pulmonary connec-
tion summarized as comprehensive stage II or as indicated a biventricular correction
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is deferred until the age of 4-8 months [6, 10]. In our institution hybrid therapy has
initially been proposed to overcome obvious drawbacks of the classical Norwood
operation and aims to improve survival and outcome for these patients in a less
invasive way [4, 7]. The hybrid approach could be established as a highly effective
treatment in particular for newborns with cardiovascular collapse and even for pre-
mature babies or neonates to small for gestational age [4].

In recent years hybrid treatment has moved to an alternative modality in a grow-
ing number of institutions globally but usually applied to high-risk patients in com-
parison with the classical Norwood palliation so far [12—15]. Therefore, it has to be
emphasized that there are substantial differences in the patient selection, the opera-
tive and medical treatment strategies, and the detailed further management of the
patients who undergo hybrid palliation with an impact on early and late outcomes.
The presented data of hybrid stage I therapy performed for all types of HLHS,
HLHC, and variants was applied in a standard manner with very few variations
based on our learning curve and due to novel developments of material for duct
stenting and IAS manipulation [4, 7, 10, 11]. Within the last decade, the surgical
technique of bilateral pulmonary banding was changed, as described at first by
Galantowicz et al. [3]. In addition, manipulations of the atrial septum were per-
fromed if necessary.

28.2 Giessen Hybrid Features

Since in Giessen in June 1998, the first HLHS neonate was treated by bPAB as a
rescue approach; further 192 patients received a hybrid stage I approach as an initial
palliation until October 2015. The first patient, Brandon, meanwhile 17 years old,
was borne with HLHS and unrestricted atrial septum defect. After a couple of post-
natal days, he was admitted to our institution in a cardiogenic shock with lactate
acidosis due to pulmonary runoff and systemic low cardiac output. By utilizing the
hybrid approach with first bPAB, he entirely recovered and received consecutively
in the same year the first comprehensive stage II operation worldwide followed by
Fontan completion two years later [10].

Considering the retrospective analysis of our experience with hybrid stage I
over the last 15 [4, 7] nowadays 17 years [11], three groups of patients could be
differentiated, those with the postnatal option of a univentricular palliation
(HLHS-group I) or biventricular repair (HLHC-group II) and a small group of
patients, who received hybrid stage I procedure for primarily listing to cardiac
transplantation or for compassionate therapy in agreement with the parents deci-
sion (group III). Additionally, retrospective data collection included postnatal
variables and admission, operative and postoperative variables, as well as follow-
up information obtained during the 17-year observational period.

Based on the institutional experience, an admission of each patient is classi-
fied concerning anatomic features and risk factors. HLHS is morphologically
subdivided in mitral and/or aortic atresia or stenosis, respectively. Neonates
with HLHS, but even HLHC, remain stable as long as a parallel circulation is
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balanced or still in part assured. It has to be considered that about 6 % of HLHS
patients have a complete intact atrial septum at birth and up to 22 % a severely
restrictive atrial septum, which is associated with an increased rate of mortality
[16, 17]. Additionally, the HLHS patients have to be classified in order to adjust
the complexity according to specific patient and procedural characteristics prior
to initial hybrid stage I palliation. Risk factors are examined for their potential
influence on procedure-related mortality which includes age, prematurity, birth
weight, weight at surgery, multiple pregnancies, prenatal diagnosis, lowest pre-
operative pH, organ dysfunction, and, in addition to the exact cardiac diagnosis
of HLHS or variant with or without the presence of aortic atresia, genetic or
chromosomal abnormality; we recommend to calculate the comprehensive
Aristotle score in term if the neonate would receive a Norwood palliation [18].
In HLHC patients the exact cardiac diagnosis has to be determined in assess-
ment of an early corrective or Norwood-like palliation before hybrid procedure
is considered. In case of a decision for hybrid approach, the time and mode of
the follow-up corrective surgery is hypothesized not at least for fair parental
counseling, which has to include the current operative mortality for the staged
procedure of hybrid strategy [4, 7, 11].

28.3 Diagnostic Tools
28.3.1 Fetal Echocardiography

The outlook for newborns with hypoplastic left heart (HLH) has substantially
improved over the last decade. However, differences in outcome among various
anatomical subgroups are still described. In Giessen a strong fetal diagnostic and
prenatal therapeutic program improved the outcome of all congenital heart defects
most prominent in the group of HLHS and HLHC. Even highly dedicated diagnosis
is carried out. In this context, prenatal assessment of ventriculocoronary connec-
tions and ventricular endocardial fibroelastosis (EFE) in hypoplastic left heart did
not limit the results of surgical-interventional palliation and short-term outcome.
We could find that EFE predominantly occurred in the subgroup of MS/AA and
MA/AA and in those cases with aortic valve stenosis and evolving HLH. The over-
all hospital survival on an intention-to-treat basis was 91.2 % (52/57 newborns).
Hospital survival was 91 % for the subgroup of cases with MS/AA and for all other
anatomical subgroups [19].

In summary, prenatal diagnostics allows to offer hybrid approach with low pro-
cedural mortality and with high success rate. For neonates born with HLHS and
HLHC at the University of Giessen, cardiogenic shock becomes a rarity over the last
decade; only two patients with complete obstructive interatrial septum and lym-
phangiectasia could postnatally not be treated with long-term success despite car-
diac transplantation in one of them. Considering our animal studies the use of
self-expnadable stents (Sinus-SuperFlex-DS, Optimed, Germany) are currently our
stents of choice to unload left atrial pressure, even by transhepatic access [20].



212 D. Schranz and H. Akintuerk

28.3.2 Neonatal Echocardiography: Magnetic Resonance
Imaging

The anatomic diagnosis of HLHS and HLHC and the cardiovascular function are
based on the immediately performed two-dimensional echocardiography.
Magnetic resonance imaging (MRI) and heart catheterization are added for anal-
ysis of special anatomical and functional details. The presence of aortic valve
atresia or annulus hypoplasia or absence of the left ventricle and a duct-depen-
dent systemic circulation with or without retrograde flow in the aortic arch should
be evaluated as well as the atrioventricular valve(s) and right (left) ventricular
function. Obstruction of one or all pulmonary venous connections and even a
stenosis within an anomaly of return have to be treated, if a significant mean
gradient greater than 5—-8 mmHg is present on Doppler interrogation at the level
of the interatrial septal communication or anomalous pulmonary venous
connection.

Cardiac magnetic resonance imaging (CMRI) becomes an important tool in neo-
natal period to analyze exactly the aortic arch and the junction of duct to descending
aorta as well as to exclude myocardial perfusion deficits. The CMRI is in particular
of high interest prior to comprehensive stage II and for diagnostic reasons before
Fontan completion. In concert of a lot of answered questions, the persistence of
aortopulmonary collateral flow, its relation to pulmonary artery size, as well as
influence on ventricular dimensions can optimally visualized by CMRI [21].

28.3.3 Surgical-Interventional Aspects of the Hybrid Stage |

In terms of the physiopathology, hybrid approach consisting of bilateral pulmonary
banding (bPAB), percutaneous duct stenting, or in some long-term prostaglandin
infusion and atrio-septostomy including stent placement is performed for lung pro-
tection, preserving adequate systemic perfusion and unloading of the left atrium,
respectively.

Bilateral pulmonary arterial banding is performed by median sternotomy
followed by subtotal thymectomy and limited cranial pericardiotomy of 3—-4 cm
in length. Two pieces of 3.5 mm PTFE tube are cut in about 1.5-2 mm width for
bPAB in patients with body weight above 2.5 kg and 3 mm PTFE bands in lower
weight. The bands are fixed by using a 6/0 Prolene suture. Pericardial space is
washed out with normothermic saline before closure of the pericardial space in that
the pericardial ends are reapproximated completely with a running 6/0 PDS suture
to limit adhesions at comprehensive stage II operation. Following these algorithms
intrapericardial adhesions do not complicate or prolong comprehensive stage
II operation.

Stenting of the ductus arteriosus is carried out in all patients by percutaneous
transcatheter approach utilizing 4 F sheath for femoral vein or artery access,
since novel designed self-expandable Sinus-SuperFlex-DS stents with the CE
mark for duct stenting in newborns’ (OptiMed, Karlsruhe, Germany) duct are
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stented mostly from the arterial access [4, 11]. After the initial learning curve,
heart catheterization for duct stenting and atrial septum manipulation is routinely
performed in sedated patients, when surgical bilateral pulmonary artery banding
(bPAB) is already finished and the patient extubated. In high-urgency patients,
parts of stage I should be performed considering the reason for the patient’s dete-
rioration: surgical bPAB in case of a pulmonary runoff, duct stenting if the duct
remained obstructed despite prostaglandin infusion, or interventions to solve
life-threatening atrial septal or pulmonary vein obstructions [22, 23]. Stent size
and positioning within the duct is based on a right lateral oblique 30° and 90°
lateral angiogram, which can be done by hand injection of contrast medium
through a 4 F Judkins or 4 F multipurpose catheters positioned in the pulmonary
trunk and/or descending aorta, respectively. Initially, the different types of bal-
loon-expandable stents were used for stenting the duct. Since 2006 nearly exclu-
sively self-expandable sinus-Repo delivered through 5 F femoral sheath was
used. Currently Sinus-SuperFlex-DS stents (OptiMed, Karlsruhe, Germany) are
certificated with CE mark; they are deliverable through 4 F sheath and available
in widths of 7, 8, 9, and 10 mm and lengths of 12, 15, 18, 20, and 24 mm, respec-
tively. The choice of stents is largely influenced by the ductal anatomy and the
morphology of the ductal-aortic junction. Additional narrowed aortic isthmus or
aortic coarctation is treated, if necessary by 9x5 or 6 mm Sinus-Repo self-
expandable stents. Therefore, flow acceleration or narrowing of the color Doppler
jet is not per se considered a contraindication for stenting among patients with
aortic atresia (for further details [24, 25, 26]).

The adequacy of the atrial septal communication is determined on echocar-
diographic and by invasive hemodynamic data. If the atrial septal communica-
tion is found to be restrictive or even absent, a balloon atrial septostomy or
deployment of an atrial septal stent currently even exclusively with a Sinus-
SuperFlex-DS (15x8 mm) is performed; in some, stenting is performed after
reopening the atrial septum by Brockenbrough or alternatively by high-fre-
quency technique. Even, an obstructed total anomalous venous return can be
connected by catheter technique [23]. Considering the persistence of a parallel
circulation after hybrid stage I, routinely the patients are discharged home on
chronic treatment with 1x0.1-(0.2) mg/kg bisoprolol and lisinopril, respec-
tively; medication of digoxin and furosemide is routinely avoided. The main
two indications to combine both drugs are to reduce oxygen consumption by
avoiding unnecessary high heart rate and consecutively breath rate and to reduce
systemic vascular resistance without endangering perfusion pressures; blocking
of the neurohumoral activation reduces diastolic left-right shunt across the
stented duct (Fig. 28.1).

Outpatient follow-up prior to stage II is routinely performed at 1-2-week
intervals or earlier depending on the clinical condition; it includes historical
information of the parents in particular how the baby is breathing during sleep,
weight gain development, systolic and diastolic mean blood pressure measure-
ments at the right arm and of the leg, which is not used by catheterization before,
and pulse oximetry at arm and one leg (HLHC); after these mandatory
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ECHO after Hybrid Stage I:with bilateral PAB & Duct-stenting
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Fig. 28.1 Depicts the 2D color echocardiography of the diastolic reflow through a just implanted
duct stent; additional Doppler flows show the systolic and diastolic flow pattern through the stented
duct as well as across the banded right pulmonary artery

information, echocardiographic data are obtained. Patients with a hybrid
approach are not referred for elective complete invasive hemodynamic and angi-
ographic evaluation, but if a hemodynamic issue is suspected. CMRI is used,
additionally to echocardiography assessment, if any unanswered diagnostic
question remains open; it has to be noticed that for CMRI and elective heart
catheterizations, only sedated and spontaneous breathing patients are examined,
while general anesthesia is routinely avoided (Fig. 28.2).

Since 2002, as hybrid stage II was first time described by Akintuerk et al.
[10], several modifications were preformed and adapted mostly based on the
patient’s anatomical condition. In case of an innominate subclavian artery, the
artery wall is used for aortic arch reconstruction in some patients [4, 6, 11].
Additionally, some patients underwent comprehensive stage II not only without
circulatory but even without cardiac arrest [4]. The stage II surgical reconstruc-
tion consisted of amalgamation of the proximal ascending aorta with the main
pulmonary artery, removal or resection of the ductus/stent complex, aortic arch
reconstruction, atrial septectomy, removal of the branch pulmonary artery bands
with routine angioplasty or left pulmonary artery stenting in one, and superior
cavo-pulmonary connection; left bidirectional Glenn is performed if a left SVC
without a bridging vein is present. Considering completion of stage III in terms
of Fontan circulation, a total cavo-pulmonary connection is performed without
circulatory or cardiac arrest by utilizing an extracardiac conduit in most but not
all with surgical fenestration. Transcatheter fenestration is performed, if neces-
sary [26, 27]. The variants of biventricular repair are described in part previ-
ously, as well as the surgical technique of heart transplantation (HTX) with the
special aspects of the morphology in patients with HLHS [6, 7, 28].
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From compassionate Therapy to Routine and Alternative Approach
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Fig.28.2 Shows magnetic resonance imaging of the visible self-expandable Sinus-SuperFlex-DS
positioned in the arterial duct in sagittal and coronary plane. Not at least based on the technical
improvements, the hybrid developed from a rescue to a first-line approach in neonates with HLHS

28.3.4 Critical Patients

At least four different kinds of features are described in HLHS, HLHC, and
variants:

I. HLHS with extreme hypoplastic ascending aorta without V connection to the

aortic arch

II. HLHS with restrictive and/or complete obstructed atrial septum or obstructed
total anomalous pulmonary venous return (TAPVR)

III. HLHS with myocardial dysfunction with or without presence of coronary sinu-
soids, fistulae, or dysplastic tricuspid valve

IV. HLHC with similar critical anatomical or functional issues (I-III), but in par-
ticular with residual diastolic dysfunction of the sub-aortic left or even right
(ccTGA) ventricle

28.3.5 Results

Our 15-year follow-up data and further updated results are published and in press,
respectively [4, 7, 11]. Between June 1998 and October 2015 meanwhile, 193
patients with the diagnosis of HLHS, HLHC, and variants received a surgical-
interventional hybrid stage I in the Pediatric Heart Center Giessen. Among the
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group of 193 patients, a cohort of 41 patients who have been defined to have border-
line/hypoplastic left ventricular structures and seven patients with the initial diagno-
sis of HLHS were later amenable to receive a biventricular circulation after hybrid
stage I procedure [4]. Comfort care was provided in eight patients on the basis of a
family decision to abandon any therapeutic measure. 137 patients were palliated
with the Giessen hybrid stage I procedure for a univentricular palliation or a primary
heart transplantation (n=8). No patient is excluded due to complicated preoperative
status such as cardiopulmonary shock or syndromatic features without an explicit
family decision. Median age of patients at hybrid stage I was 6 days (0-237).
Median weight at hybrid stage I procedure was 3.2 kg (1.2-7).

Operative mortality has been defined 30-day mortality postoperatively. Interstage
mortality is defined for patients who died between 30 days postoperatively and the
following stage of palliation. Re-interventions are defined as any surgical or inter-
ventional procedure that was required due to a cardiac or hemodynamic problem.

Figure 28.3 shows a flow chart of the number of patients at different stages,
operative and interstage deaths during hybrid palliation.

Median follow-up time after hybrid stage I palliation (n=129) is 4.8 years
(0-17.5). A comprehensive stage II operation has still to be performed in four
patients, and Fontan completion is planned in 26 patients. The number of patients
who underwent HTX was two and three patients after hybrid stage I and after com-
prehensive stage II, respectively. These patients are alive. Another two patients were
listed for HTX late following Fontan operation and died on the waiting list. Two
patients received HTX after Fontan completion, but both died in the follow-up.

So far, the overall mortality of all patients receiving Giessen hybrid stage I,
including the eight patients with comfort therapy, is 19.6 %. The overall unadjusted
cumulative operative and interstage mortality of all patients with univentricular
strategy is 19.3 % (25 of 129 patients) during a 17-year follow-up. Operative mor-
talities were 2.2 %, 4.8 %, and 0 % at hybrid stage I, for comprehensive stage II and
Fontan completion, respectively. Estimated survival of all patients who underwent
hybrid stage I procedure is 79.1 % at 10-year follow-up. Similarly, patients who
were directed to univentricular palliation or HTX after Giessen hybrid stage I
(n=129) had a survival estimate of 78 % at 10-year follow-up. Birth weight
(<2.5 kg) had no significant impact on survival [4, 11]. Additionally, five patients
with HLHS and concomitant total anomalous pulmonary venous connection are
most recently alive. Three patients received Fontan operation, one patient received
biventricular correction and one patient is still awaiting Fontan operation. The
Achilles heel of the hybrid approach is the fate of the left pulmonary artery; we
analyzed the effect with and without stenting of the growth and size of the pulmo-
nary arteries [11]. The freedom from pulmonary artery intervention at 1-year fol-
low-up is 55 % and decreases at 10- and 15-year follow-up to 35 %. When the rate
of interventions is separately analyzed between the years of initial experience 1998—
2007 in comparison with recent practice between 2008 and 2015, no significant
difference in the total number and the probability of freedom from intervention was
detected. Before the year 2004 we had used a high number of aortic and pulmonary
homografts for aortic reconstruction and were faced with the problem of extensive
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Fig.28.3 Flow chart of patients at different stages, operative and interstage deaths during hybrid
palliation

calcifications during the Fontan completion. The use of the curved porcine xeno-
graft for the aortic arch reconstruction resulted in a non-calcified aortic arch, which
eased the surgical preparation at the Fontan completion. A re-intervention on the
aortic arch after the comprehensive stage II operation was needed in 17 %. These
technical details are important issues with the need for continuous improvement by
worldwide knowledge exchange. However at the end, the individualized quality of
life, in particular the neurological outcome, and the long-term follow-up will tell us
the full truth in the future.

28.4 Summary

Prenatal diagnosis of prenatally HLHS and HLHC improves the postnatal manage-
ment. Neonates are not further admitted in cardiogenic shock because of severe
obstruction of the arterial duct, pulmonary runoff in unrestricted interatrial communi-
cation, or by severe atrial septum restriction. Surgical options are based on a three-
staged procedure or heart transplantation (HTX). Independent of the improvements of
surgical, interventional, and intensive care for newborns with HLHS, the parents have
to decide for classical Norwood stage I, surgical-interventional treatment (hybrid
stage I) and HTX, or compassionate therapy after an intense repetitive



218 D. Schranz and H. Akintuerk

communication. Hybrid stage I is a lifesaving procedure in particular to high-risk
HLHS patients. Presupposed, the pediatric heart team is familiar with a hybrid strat-
egy and with any surgical and interventional step of the approach. Only then, the
hybrid approach gives the chance to avoid neonatal high-risk operations, utilizing
cardiopulmonary bypass with or without cardiac arrest. Hybrid approach per se has
not to be associated with mortality. From the current available techniques and materi-
als at least in Europe, there is almost no reason for death from the procedural point of
view, as it was in the past, when the hybrid procedure started [5, 29]. Considering the
parts of the whole hybrid approach, we are convinced that most causes of postnatal
cardiovascular failure can be easliy solved by a single or orchestral surgical-interven-
tional procedure. In case of prostaglandin refractory duct obstruction with consecutive
metabolic acidosis, percutaneous duct stenting is the treatment of choice; in systemic
low cardiac output due to pulmonary runoff, surgical bPAB is the most effective mea-
sure; for a restrictive or intact atrial septum, pulmonary venous decompression by
catheter techniques has to be recommended at the immediate and first step before
completing hybrid stage I. We emphasize that the outcome of newborns with HLHS
is strictly dependent on straightforward decision-making and based on the goal to
offer an effective but “gentile medicine” in terms of minimal invasiveness [30].

Perspective Hybrid stage I will be performed in a spontaneous breathing, well-
sleeping newborn by percutaneous transcatheter technique. The surgeon will focus
on a comprehensive stage Il while preparing for stage III, so that even the transcath-
eter Fontan completion can be performed again in an only sedated patient. Bacha
and Hijazi [31] mentioned years ago that becoming a “learning leader” is a condi-
tion sine qua non to achieve satisfactory results. In Columbus and Giessen, the sur-
geons and pediatric cardiologists made the decisions to change their classical
programs for favoring hybrid stage I approach in most with HLHS or univentricular
variants. In Giessen the hybrid stage I approach is additionally used for newborns
with HLHC to postpone a high-risk operation from the neonatal period to late
infancy with augmenting the options and to avoid an initial decision for a univen-
tricular strategy.
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Hybrid Approach: The Columbus Way 2 9

John P. Cheatham

The neurodevelopmental outcomes after surgical repair of hypoplastic left heart
syndrome (HLHS) are the worst of any congenital heart disease (CHD). In addition,
the mortality for the conventional stage I surgical approach, the Norwood/Sano pro-
cedure, remains high in many institutions across the globe. Although our institution
mortality was acceptably low, we wondered whether there could be a more “gentle”
approach to stage I palliation that might lead to both lower mortality/morbidity risks
and perhaps to improve neurodevelopmental outcomes. Our strategy was to perform
an initial hybrid approach using simple surgical and transcatheter techniques of
cardiopulmonary bypass, followed by a more robust comprehensive stage II repair
at 4-6 months, followed by a transcatheter Fontan completion.

For the initial hybrid approach, we went through four phases. Phase 1 was a total
percutaneous palliation by placing Amplatzer pulmonary artery flow restrictors
(PAFR) (St. Jude Medical, Minneapolis, MN) in both pulmonary arteries, along
with a balloon-expandable patent ductus arteriosus (PDA) stent, and finally a bal-
loon atrial septostomy (BAS) (Fig 29.1). Unfortunately, the delivery system to
implant the PAFR was too large and rigid causing significant tricuspid and pulmo-
nary regurgitation and low cardiac output during the procedure that required inotro-
pic support. So, we went to phase 2. The PDA stent and balloon atrial septostomy
were performed in the traditional cath lab first, and the patient was transferred to the
operating room (OR) for Gore-Tex pulmonary artery (PA) bands bilaterally.
Unfortunately, placing the left pulmonary artery (LPA) band was too difficult
because of the adjacent rigid balloon-expandable PDA stent. Next came phase 3.
The surgical PA bands were placed in a traditional operating room first, and then the
baby was transferred to the cath lab where PDA stenting and balloon atrial septos-
tomy were performed. This method of performing the stage I palliation was going
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Fig 29.1 During phase 1 of our initial attempt at developing a hybrid strategy for stage I palliation
of HLHS, we placed a balloon expandable stent (BES) PDA stent and then Amplatzer PAFR in
both pulmonary branches with a BAS to follow. This was an all percutaneous palliation

very well and is the same technique currently used in many institutions. However,
Dr. Galantowicz called me to the operating room one day while placing the PA
bands and said “Here’s the PDA. If I can give you direct access through a purse-
string above the pulmonary valve leaflets, why can’t you just put the stent through a
sheath directly into the PDA?” We then explored imaging possibilities to perform
this procedure, and portable fluoroscopy was the answer. The true “hybrid” approach
was now a reality and could be performed in any traditional operating room
(Fig 29.2a, b). The timing of the balloon atrial septostomy was deferred and per-
formed prior to the patient’s discharge, when using a 2 mL (13.5 mm) septostomy
catheter (B. Braun Medical, USA) was possible and usually would maintain an
adequate atrial septal defect (ASD) until Comprehensive Stage II repair.

Soon after the true “hybrid stage I palliation” was developed, we designed and
built Hybrid Cardiac Catheterization and Operative Suites (Fig 29.3). This allowed
hybrid stage I palliation, as well as other hybrid procedures, to be performed in a
more accommodating setting. Since all of the hybrid suites were designed to meet
“OR standards,” we could perform the procedures in any of the suites. We discov-
ered that there were few, if any, contraindications in performing hybrid stage I pal-
liation, unlike that for the Norwood/Sano procedure. Size, prematurity, ventricular
dysfunction, high morbidity, genetic abnormalities, etc.... were not contraindica-
tions to performing this palliation. We have successfully performed this procedure
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Fig 29.2 In (a), the Gore-Tex PA bands are cut to be placed around the left pulmonary artery
(LPA) and right pulmonary artery (RPA), while the patent ductus arteriosus (PDA) stent is deliv-
ered directly though the main pulmonary artery (MPA) via a purse-string suture. In (b), this proce-
dure could be performed in a conventional OR with portable fluoroscopy
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Fig 29.3 After specialized hybrid suites were constructed at Nationwide Children’s Hospital
(NCH), it was much easier for all of the teams to perform the hybrid stage I palliation. Typically,
the entire procedure lasted only 1 h

in premature babies weighing only 1 kg and in others that were already several
months old (Fig 29.4). We also found that blood transfusion was seldom necessary,
leading to many families of Jehovah Witness faith to be referred to our heart center.
In addition, inotropic support was seldom required. In our own institution, only
native retrograde aortic arch obstruction was a contraindication. However, in some
institutions, a “reverse Blalock-Taussig (BT) shunt” was suggested in these patients.

The patients, after hybrid stage I palliation, were followed closely in the outpa-
tient by the single ventricle team that was formed by the initiative in our heart center
named LAUNCH. The patients were followed every 1-2 weeks with physical exam,
oximetry, and echocardiography. Our home monitoring nurses also call the family
on a regular basis with a defined protocol that would result in the patient being seen
earlier if a “breach” is detected. The goal was to allow growth of the baby until 4-6
months of age or approximately 6 kg. At this time, comprehensive stage II repair is
performed, which is the first procedure to require cardiopulmonary bypass. During
this surgery, the pulmonary artery bands and the PDA stent are removed, patch LPA
plasty performed, the aortic arch is reconstructed with a modified Damus-Kaye-
Stansel operation, atrial septectomy is performed, and a bidirectional Glenn is per-
formed, initially with markers to “set up” a transcatheter Fontan completion in
patients around 2 years of age. Once we built our hybrid suites, we routinely per-
formed exit angiography at the end of the comprehensive stage II repair and, if
necessary, performed any surgical or transcatheter interventions before returning to
the cardiothoracic intensive care unit (CTICU).
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Fig 29.4 Because size is not a contraindication to the hybrid stage I palliation for HLHS, even
this 1 kg baby was no different than a term baby, technically speaking

The final goal of our hybrid approach to HLHS was to be able to complete the
Fontan procedure in the cath lab. Between 2000 and 2002, we performed 5 out of
5 successful transcatheter Fontan completions in patients averaging 2 years of
age and weigh 11 kg. The NuMED covered CP stent (CCPS) (NuMED Inc.
Hopkinton, NY) was used as a “customized” device with the distal and proximal
rows of zigs left uncovered to allow flow into the pulmonary arteries and hepatic
veins, respectively (Fig 29.5a, b). Unfortunately, with issues from the regulatory
agencies and NuMED Inc., the covered CP stent was unavailable in the USA for
many years, and transcatheter Fontan completion was discontinued. Instead, an
extracardiac pericardial baffle is created surgically to complete the Fontan
circuit.

The results of hybrid stage I palliation have been reported by our institution, as
well as the experience of the center from Giessen, Germany, and have demonstrated
this palliation as a preferred approach or at least at equipoise to the Norwood/Sano
procedure [1-4]. However, these two institutions have committed to this approach
and have become “experts” in performing the procedures, as well as following these
patients as outpatients. The main criticism of the hybrid stage I palliation has been
the reliance of maintaining the fetal circulation for retrograde aortic arch and coro-
nary perfusion through the stented PDA. We have adapted a strategy of stent therapy
in those patients demonstrating retrograde aortic arch obstruction, which can be
seen in up to 25-28 % of patients.

The real question and one of the main reasons to endorse hybrid stage I palliation
is to assess if the ultimate neurodevelopmental outcomes are different from the poor
outcomes published after the Norwood/Sano repair. The report by Cheatham, SL.
et al. describes neurodevelopmental testing using tissue inhibitor of metalloprotein-
ase (TIMP), Bayley-III, and transcranial Doppler in infants undergoing hybrid stage
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Fig 29.5 In (a), the custom-ordered NuMED CCPS was left uncovered at each row of zigs to
allow flow into the PAs and the hepatic veins after transcatheter Fontan completion, which is
shown in (b)



29 Hybrid Approach: The Columbus Way 227

I palliation [5]. While the motor skills remained low compared with age-matched
normal infants, they were similar to those patients after Norwood/Sano procedure
[6]. In addition, there was no instance in which the infants after hybrid palliation
scored lower than those of the Norwood/Sano operation, which dispelled some of
the beliefs that continuing retroaortic flow through the PDA for an additional 4-6
months would be deleterious to brain function. Unfortunately, we did not see a sig-
nificant improvement in the neurodevelopmental scores after the hybrid stage I
palliation.

So in summary, the real values of the hybrid stage I palliation in babies with
hypoplastic left heart syndrome are:

No size, age, or morbidity limitation

High procedural success with a short “learning curve” in most institutions

Can even be performed in "high-risk" infants in the Norwood/Sano institutions
Act as a bridge to heart transplant or even to repair complex two-ventricle neo-
nates that have unacceptable risk for complete repair as a newborn

5. But most importantly, it brings the cardiothoracic (CT) surgical and interven-
tional cardiology teams closer in collaboration so that new and innovative man-
agement strategies can be developed for these babies, as well as others with
complex heart disease.

bl e
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and Marcelo B. Jatene

30.1 Introduction and Historical Aspects

Until the adoption of the hybrid approach, the management of neonates with
hypoplastic left heart syndrome (HLHS) had always been frustrating in our
hands. The classical Norwood or the Norwood-Sano operation had had prohibi-
tive in-hospital mortality rates. Therefore, when the concept and the technique
of the hybrid approach were introduced to our group in the mid-2000s by Drs.
Cheatham, Galantowicz [1], and Schranz [2], the decision to embark on this
strategy was made on necessity grounds. Nevertheless, our initial results with
stage I were disappointing [3], which prompted the writing of two editorials [4,
5] in a scientific journal addressing the need to improve the whole infrastructure
surrounding this procedure. Our learning curve was somewhat slow in the first
5 years due to a myriad of reasons including cultural resistance to changes, lack
of trained human resources (both in the medical and nursing fields), use of lim-
ited X-ray equipment (C-arm), unavailability of a dedicated hybrid room, inap-
propriate follow-up, among others. Since our first case done in January 2005,
our technique and, more importantly, the perioperative and interstage care
evolved significantly resulting in better and reasonable in-hospital and follow-
up outcomes. This chapter reports our current results with this approach empha-
sizing the modifications that occurred over years of practice and probably had a
beneficial effect on overall results.
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30.2 Technique and Indications (Stage I and Il)

Most of our patients with HLHS are now diagnosed in utero. They are born in our
institution within a strong fetal program supported by the Brazilian Ministry of
Health. Hospital do Coracdo (HCor) is a referral cardiology center (not a maternity
hospital) and had to undergo some internal adaptations to push forward this project.
Mothers undergo an elective C-section at 38-39 weeks of gestation to better plan
the procedure for the neonate. Although this is medically debatable for both the
mother and the baby, we now have over 50 C-section deliveries with babies born
with HLHS with no complications in the delivery room for the neonate and no com-
plications for the mother during their hospital stay. Same results are observed after
280 deliveries at HCor taking into account other fetal heart diseases.

After delivery, the umbilical vein and artery are catheterized in the intensive care
unit (ICU) for monitoring purposes and intravenous (IV) fluids and prostaglandin
infusion. Neonates are kept NPO and under spontaneous ventilation. The use of
vasopressors, bladder catheterization, and frequent blood samples for labs are
avoided. If there are signs of overcirculation, patients are placed in a hood with a
hypoxic mixture (FiO2 17-19 %). Carbon dioxide administration is not used. The
initial stage I procedure is usually performed between 24 and 72 h of life in a dedi-
cated hybrid suite that was built in early 2012. From 2005 to 2012, all cases were
performed in the operating room (OR) using a C-arm machine, which had had sig-
nificant imaging limitations until 2008 when it was changed for a better portable
X-ray piece of equipment. If the atrial septal defect (ASD) or patent foramen ovale
(PFO) is absent or highly restrictive during fetal life, the baby is rapidly transferred
from the delivery room in the OR to the catheterization laboratory, and atrial septos-
tomy is performed in an urgent basis. It is our impression that in-hospital delivery
allowed for a smoother preoperative course in our 10-year experience. Occasionally,
we still receive neonates born at community hospitals, which may put them at risk
due to the need of transport and excessive manipulation resulting in an unbalanced
circulation before the procedure.

The hybrid approach is offered to all neonates with HLHS at our institution,
regardless of clinical and anatomical associated risk factors such as prematurity, low
weight, comorbidities and malformations, size of the aorta, and right ventricular
(RV) dysfunction. If there is significant narrowing of the isthmus or a sub-atretic
coarctation of the aorta (CoA), a 4-5 mm reversed shunt is placed between the main
pulmonary artery (MPA) and the innominate artery as suggested by Carderone and
colleagues in Toronto [6]. Less than 5 % of patients needed this modification.

Prostaglandin infusion is stopped while the neonate is prepped in the hybrid
suite. Although the anesthetic strategy varies a bit among different professionals,
we have employed the Columbus protocol [7] in most of our patients. A sternotomy
is performed, and the chest opened in the usual fashion and the pulmonary arteries
are dissected out carefully. Bilateral pulmonary artery banding is performed before
ductal stenting using 3.0 mm (for smaller babies) or a 3.5 mm (for babies >2.5 kgs)
ePTFE bands based on the Galantowicz guidelines [2]. Fine adjustment is highly
surgeon dependent and requires experience!
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We use balloon-expandable stents (Cordis, Boston, or Biotronik) implanted
through 6-7 F sheaths placed within a purse-string suture in the MPA. At the begin-
ning of our experience (first 5-10 patients), the delivery sheaths were secured in the
right ventricular outflow tract (RVOT) due to the longer shoulders of the available
balloons at that time, which might have had a negative impact on RV function. The
whole ductal tissue should be covered by the stent, from just before the takeoff of
the pulmonary arteries until the initial portion of the descending aorta, usually
marked by the esophageal thermostat on fluoroscopy. The usual final diameter of
the stent is 8 or 9 mm. Occasionally 6—7 mm stents are implanted in smaller babies.
Lengths vary between 15 and 25 mm. Nowadays we would rather use a longer stent
with some proximal and distal protrusion than run the risk of leaving uncovered
ductal tissue. Careful measurements are made in lateral view after 2-3 ml of low-
osmolality contrast agent is injected through the side arm of the sheath positioned
in the MPA. A regular wire is parked in the abdominal descending aorta for support.
A single inflation is usually necessary to deliver the stent appropriately. Although
there is some hypotension during inflation, this is generally well tolerated with rapid
recovery, and no signs of ischemia and hemodynamic compromise. After the stent
is deployed, another contrast injection is performed to assess the immediate results.
The whole system (balloon and wire) is withdrawn under fluoroscopic guidance.
Although we have avoided the use of vasopressors during the hybrid procedure,
approximately 70 % of our patients needed some epinephrine infusion to maintain
acceptable blood pressure levels. The chest is closed in the usual fashion, and a
drain is left in the mediastinum. The neonate is finally transferred to the ICU for
routine post-op care.

An elective atrial septostomy is typically performed between 1 and 3 weeks after
the initial hybrid approach (Fig. 30.1). The use of the Z5 atrioseptostomy balloon
(NuMED, Cornwall, ON, Canada) has significantly diminished the need for alterna-
tive techniques such as radiofrequency perforation of the interatrial septum and sep-
tal stenting. Because of the complexity of the anatomy of the interatrial septum
(malalignment ASDs are common) in HLHS patients, frailty of such patients, and
the limited steerability and pushability of the Z5, we perform septostomies in the
catheterization laboratory with the aid of a 23 cm long sheath placed across or at the
mouth of the ASD/PFO. The 6 F Z5 is used for term or big neonates and the 5 F for
the premies, neonates under 2.5 kgs or with smaller left atria (LAs).

Interstage monitoring is of paramount importance. Although we cannot provide
home visits due to financial constraints, parents or guardians are encouraged to
come to HCor or to a reliable health facility every other week. Weight gain and
systemic saturation are important markers of the overall infant well-being. Low
weight gain, low or high sats, and irritability should prompt in-hospital investiga-
tions. Echocardiographic monitoring is performed in every clinical visit to check for
ASD size, RV function, band tightness adequacy, stent obstruction, and retrograde
flow through the arch.

The Norwood-Glenn operation is generally performed at around 6 months of age
and/or when the patient is around 6 kgs. Although we have not performed a diagnos-
tic catheterization routinely before this big operation, our threshold to cath these
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Fig.30.1 Atrial septostomy 3 weeks after the initial hybrid procedure in the catheterization labo-
ratory using a Z5 atrioseptostomy balloon. (a) Left atrial angiogram in left anterior oblique view
showing a very dilated left atrium with a tiny atrial septal defect located superiorly within the
interatrial septum. (b) After the septostomy was performed, the left atrium diminished in size, and
a wide-open unobstructed atrial septal defect is seen shunting left-to-right
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Fig. 30.2 Anatomical specimen obtained after the Norwood-Glenn operation. The stent was
taken out of the duct and descending aorta as a unit along with the vessel wall. No attempts at find-
ing a plane of dissection were performed

patients diminished over time. Some patients require new catheter interventions in
the interstage period anyways. Some patients are screened with angio-computed
tomography depending on the clinical and echo findings (see below in “Results”
section). In the Norwood-Glenn operation, the stent is removed entirely as a single
block (not dissected out from the aorta finding a plane of dissection) (Fig. 30.2), and
the arch is reconstructed using a homograft. If the ascending aorta is tiny (<2.5 mm)
and long, we now transfer it to the right aspect of the MPA (neo-aorta) using a ter-
minal to side anastomosis to minimize possible myocardial ischemia (Fig. 30.3).
The bands are removed, and the confluence of the pulmonary arteries is recon-
structed eliminating the redundant tissue remnant of the MPA. Until early 2012, the
surgeon used to patch the left pulmonary artery (LPA) if there was local stenosis or
distortion because the operation was conducted in a regular OR without the means
to perform an exit angiography. We now take a different approach. The right pulmo-
nary artery (RPA) can and should be repaired by the surgeon while the Glenn anas-
tomosis is performed. When the patient comes off cardiopulmonary bypass, an exit
angiography is now performed in the dedicated hybrid suite (Fig. 30.4). A 7 F sheath
is secured through a purse-string suture in the high superior vena cava (SVC) near
the entrance of the innominate vein, and some contrast is injected through the side
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Fig. 30.3 Angio-computed tomography performed after the Norwood-Glenn operation to assess
the pulmonary arteries (not shown here) and the ascending aorta. (a) The arch has excellent size
after surgical reconstruction with a homograft. (b) A tiny and long ascending aorta (marked by
small arrows) is seen on the right side of the former main pulmonary artery. Because of intermit-
tent ischemia and mild right ventricular dysfunction, a decision was made to reimplant the ascend-
ing aorta in a more proximal position close to the neo-aortic valve. Abbreviations: NeoAo neo-aorta,
Ao asc ascending aorta
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Fig.30.3 (continued)

arm. If there is stenosis, twisting or distortion of the vessel, the LPA is now under
the interventionist domain, and a stent is immediately placed in the OR (Fig. 30.4).
If the RPA or the Glenn anastomosis does not look good, the surgeon can fix what-
ever problem off or on a new run of pump. Using this strategy we significantly
reduced the need of early post-op catheter interventions.

The Fontan operation is performed around 3 years of age. Before the operation,
all patients undergo a diagnostic catheterization to assess pulmonary anatomy, pres-
sures, and resistance. An extra-cardiac conduit is placed between the inferior vena
cava (IVC) and the inferior aspect of the confluence of the pulmonary arteries. A
4 mm fenestration is now left in the conduit to decrease the incidence and length of
effusions.

30.3 Results

We have 117 patients who underwent the hybrid approach for HLHS and variants,
with 98 performed for HLHS exclusively. Mean age and weight were 3.9+ 1.5 days
and 2.9+0.9 kgs, respectively. Our current mortality rate for stage I is 25 %.
Morbidity is still high with median time of mechanical ventilation of 10 days, ICU
stay of 15 days, and hospital stay of 27 days. Almost all patients required some kind
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Fig. 30.4 Exit angiography after completion of cardiopulmonary bypass on left anterior oblique
with cranial angulation projection. (a) The left pulmonary artery is distorted after the band was
removed. (b) Normalization of the vessel diameter is seen after intraoperative stent implantation

of inotropic support in the ICU. Despite this initial struggle, 50 % of our patients
who are discharged home are breast-fed!

Interstage need for cath reinterventions is common in our experience. A third of
our patients underwent some kind of reintervention, mainly due to retrograde aortic
obstruction (Fig. 30.5). Although we initially performed standard balloon dilatation
of the cells of the PDA stent, we now tend to put a coronary stent through the struts
of the PDA stent in a retrograde fashion using the distal arch as the reference diam-
eter (usually a 4—4.5 mm stent) and a 4 Fr long sheath. New PDA stenting to cover
uncovered ductal tissue may also be occasionally required. Hemodynamic instabil-
ity is common in this procedure because the pulmonary and tricuspid valves are
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Fig.30.5 Stent implantation to the arch due to retrograde aortic obstruction. (a) Aortic angiogra-
phy in the lateral projection showing stenosis within the struts of the previously implanted ductal
stent causing retrograde aortic obstruction, ischemia, and right ventricular dysfunction. (b)
Significant improvement in the diameter within the stent cell with optimization of retrograde flow
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Fig. 30.5 (continued)

propped open during the delivery system progression. Use of longer stents at stage
Tusually avoids this complication. Significant in-stent proliferation was not observed
in our experience. Whether this is due to the use of balloon-expandable stent is
debatable. In 5-10 % of patients, one or both of the bands became tighter over time
resulting in low sats and/or hypoperfusion of the ipsilateral lung and were success-
fully dilated using 3.5 mm coronary balloons (Fig. 30.6). Occasionally loosen bands
requires tightening in the OR. Interstage mortality is now rare because these patients
are followed more closely.

We have 32 patients who had a Norwood-Glenn operation with 22 % mortal-
ity mainly due to RV dysfunction. Early on in our experience, most patients
needed some kind of pulmonary artery stenting in the early post-op period. This
is now unusual because we started to perform exit angios in a dedicated hybrid
room. Currently, patients who have less than optimal intra-op PA results are
either stented (LPA) or redo (RPA) before going to the ICU. Unfortunately, mor-
bidity after Norwood-Glenn is also common with prolonged ICU stay (median
17 days), use of inotropes in all patients, and 20 % need for diaphragmatic
plication.

However, such infants do remarkably well after they are discharged home
after this big operation. Arch obstruction is rare (Fig. 30.3). Weight gain is
acceptable. We have 17 patients who underwent Fontan completion with no
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Fig.30.6 Balloon angioplasty of a tight right pulmonary artery band. (a) Right pulmonary artery
angiogram in right anterior oblique view with cranial angulation showing a very tight band with
the minimum diameter measuring less than 1 mm. A coronary wire was passed through it. (b) After
an angioplasty was performed with a compliant 3.5 x 15 mm coronary balloon, the minimal diam-
eter increased to ~2 mm with improvement of the patient systemic saturation. The left pulmonary
artery (not shown herein) was also dilated in the same procedure

mortality. The 10 more recent patients in whom a fenestrated conduit was used
had shorter length of stay due to less days of effusions and need for drainage. All
patients are well after Fontan, except for a single one who developed protein-
losing enteropathy (PLE). Longer follow-up is needed to better assess our overall
results, including neurologic outcomes.
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30.4 Final Considerations

We have presented an evolving experience with the hybrid approach for HLHS in a
Latin American country with reasonable outcomes. Our results are not comparable
as yet with those observed at other institutions that have applied this strategy for a
longer period of time such as Giessen and Columbus. Institutions that have good
results with the classical or modified Norwood also do significantly better. However,
some considerations should be made for those institutions that want to embark on
this strategy. Our results started to improve after 10—15 cases (only after our surgeon
really embraced the program), and persistence was a must. We simply decided to
continue to do what we were doing better. Continuous adjustments in the infrastruc-
ture and improvements in the ICU were necessary. Open and frank (sometimes
painful) discussions within our team were required to improve. Continuous medical
education played a pivotal role in our learning curve with lessons acquired from
Columbus, Toronto, and Giessen. A well-established fetal program seemed to have
made a difference in our results, which expanded the hybrid concept. A strong inter-
ventional team was required to make these patients reach stage II. Nothing was
possible without the hospital administration support (including opening the dedi-
cated hybrid suite) and heavy funding from the Ministry of Health. All in all, the
above comments can be summarized in a single word: team commitment! The price
paid was high in every single way: financial (in a single patient, the final hospital
bill came to US 500.000!), scientific, physical, and emotional. But the rewards were
high. We got better not only with HLHS. Taking care of these babies had a positive
impact on the overall neonatal care of other complex CHD. We got better as a team
because the hybrid concept forges interaction. We got better as human beings
because we also suffered the burden with these families. Whether this concept could
be embraced by other institutions that are willing to treat babies with HLHS, espe-
cially those with limited resources, remains to be dealt with individually.
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Lee Benson

When introduced in to clinical practice, bilateral pulmonary artery banding and
stenting of the arterial duct added a further dimension to management strategies for
hypoplastic left heart syndrome (HLHS) by allowing a delayed arch reconstruction
until the infant was ~4 months of age [1, 2]. The procedure was attractive, as post-
operative care after the Norwood procedure was challenging, the infants not infre-
quently in a low cardiac output state for several days with over-circulation and
myocardial ischemia an ever-present concern. Furthermore from a neurological
standpoint, it was anticipated that the more mature infant would tolerate bypass
with less central nervous system compromise during the so-called comprehensive
stage II (arch and pulmonary artery reconstruction, stent removal, bidirectional
cavopulmonary connection). Early investigations identified a number of drawbacks
to this staged approach (i.e., the primary hybrid procedure), which included the risk
of retrograde arch obstruction from the ductal stent [3], loose bands [4], difficulties
management of the size of the atrial septum [5], low systemic blood flow immedi-
ately after the procedure [6], and problems with left pulmonary artery hypoplasia
after comprehensive stage II [7] to name a few. Despite these limitations we enthu-
siastically embraced this as one of the treatment strategies offered to parents of
infants with HLHS. However, our program approach to the infant with HLHS was
lacking as not being uniform, i.e., not protocolized, but rather reflected the biases of
the parents (having gone to the web) and the referring physicians. As such, ques-
tions arose as to where to place the hybrid procedure in the overall treatment algo-
rithm. An interesting analogy to the adoption of a management option (or new
innovation) can be seen in the Gartner Hype Cycle [8], which is a graphical repre-
sentation of the adoption of a new technology (Fig. 31.1a). Under this construct, the
innovation, in this case the hybrid procedure, undergoes rapid incorporation into
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a Phases of innovation

Peak of inflated expectations

Niche phase

The boom phase

Slope of enlightenment

Trough of disillusionment

The innovation
The gartner hype cycle (modified)

Salvage

Pre-transplant

Norwood alternative
1V - 2V Deferral
Norwood deferral

Fig.31.1 Phases of innovation. Modified Gartner hype cycle panel (a). After the application of an
innovation (i.e., hybrid procedure), it finds a ‘niche’ in clinical practice, panel (b)

clinical management, the so-called ‘boom’ phase. After widespread application,
weaknesses in the strategy become apparent and centers either abandon the proce-
dure, do not incorporate it into their treatment algorithm, work through the
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Fig.31.2 The boom phase, adoption of the hybrid procedure from 2004 to 2006

Table 31.1 Type of surgical >2.5kg Norwood with BT shunt
palliation for HLHS or its 2-2.5kg Norwood-Sano
variants <2kg Hybrid

Bridge to transplant Hybrid

Potential biventricular repair Hybrid

identified problems (e.g., impact of an arch coarctation, management of the atrial
septum), or identify subgroups where it may be a better alternative to standard ther-
apy (i.e., a primary Norwood) (Fig. 31.1b). The adoption of the hybrid innovation
(boom phase) in our unit followed that pathway closely, as can be seen in Fig. 31.2,
with rapid introduction of the procedure into clinical practice [9].

31.1 Management of the Infant with HLHS

After a program review and reassessment of treatment approaches in 2012, a focused
team was constituted to manage all newborns with HLHS or one of its variants pre-
senting to the hospital to follow a standardized agreed-upon protocol. The choice of
surgical palliation was weight based (Table 31.1), with the hybrid procedure for
HLHS used for those infants <2 kg. However, it became apparent that there was a
subset of infants in whom hybrid physiology would be preferable: those with bor-
derline left ventricular anatomy as a bridge to a biventricular repair, hemodynamic
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stabilization while awaiting heart transplantation, and as salvage for those infants
who present too ill for a Norwood procedure [10, 11]. Furthermore, infants with
biventricular hearts, poor ventricular function, and/or significant comorbidities
(e.g., infants with truncus arteriosus) could be stabilized over a short period of time,
before undergoing definitive surgical repair. A variation on this approach has been
the low-birth-weight HLHS infant (or variant) who undergoes a hybrid procedure
without ductal stenting and is maintained on prostaglandins until the infant attains a
weight where a Norwood procedure can be performed at lower risk [12]. Finally, the
hybrid procedure (with or without ductal stenting) has been used as the first compo-
nent in a rapid (3—4 weeks of age) conversion to a Norwood procedure [13].

Our results Since mid-2012, 13 newborns have undergone a hybrid procedure includ-
ing five infants as potential biventricular repair candidates, four for poor function, one
for prematurity, and three isolated pulmonary artery bands as a bridge to a Norwood,
following these guidelines. As can be seen in Fig. 31.3, since 2006, the hybrid proce-
dure has continued to be performed in our unit but for more ‘niche’ indications.

31.2 Technical Aspects of the Hybrid Procedure for HLHS

The procedure The approach to performing a hybrid procedure in our unit gener-
ally follows the recommendations outlined in the early work by Schranz [2],
Cheatham [4], and colleagues. There are some features unique to our approach that

100

M Deferred Norwood
M Pre transplant
m1v-2v

W Salvage

m Norwood alternative

®

Fig. 31.3 Hybrid procedures as alternative to primary Norwood surgeries; niche indications as
applied over the years
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will be emphasized. The procedure is performed in one of our hybrid catheterization
laboratories using a single AP camera. After the pulmonary artery bands are placed,
a radiopaque marker is positioned on left pulmonary artery band, and a 6 Fr short
sheath with a sidearm for injection placed with pledgeted sutures just above the
pulmonary valve annulus. With the flat panel in a left anterior oblique (LAO), steep
cranial projection an angiogram is performed to detail the diameter of the arterial
duct and its extent in relationship to the origin of the left pulmonary artery. A 0.035”
exchange guidewire is maneuvered into the descending aorta through the sheath
over which a Protégé® GPS® self-expanding stent (eV3, Plymouth, MN) is posi-
tioned to traverse the length of the duct. The diameter is chosen to be 1-2 mm
greater than the ductal diameter. Care is taken to assure that it is proximal enough
toward the pulmonary artery ostium to assure that there is full ductal coverage.
Distally, it is ideal to extend up to but not beyond the retrograde aortic ostium, but
in our experience, such placement is difficult, and often the stent goes beyond the
ostium. Care is also taken not to deliver the stent too distal as that makes subsequent
surgical manipulation difficult during later stages. As this stent is a hybrid (closed/
open cell) design, the risk of clinically significant retrograde arch obstruction is
reduced. If there is aortic atresia, a ‘reverse’ Blalock-Taussig (BT) shunt is placed
(prior to ductal stenting) originating from the main pulmonary artery to the right
subclavian artery [14]. If retrograde arch flow is compromised, cerebral and coro-
nary perfusion can be maintained through this connection. If we have not appropri-
ately covered the full length of ductal tissue, there is no hesitancy to implant a
second stent.

Post hybrid care The infants are transferred to the cardiac intensive care unit. Initial
therapy is goal directed with the mean blood pressure target 45-50 mmHg,
Sa0,>70%, Hgb 140 g/1, NIRS (flanks) >45 %, and a MVO,>45 %. We use periph-
eral vasodilation to promote cardiac output with phentolamine, switching to cloni-
dine+with or without captopril (target 3 mg/kg/day/q8h, but less if low systemic
pressure). Attention is paid to evaluation of over-circulation (too loose bands), low
saturations (tight bands/restrictive atrial defect), development of tricuspid regurgita-
tion (ductal restriction), or coronary/cerebral ischemia (retrograde arch obstruction).
Echocardiographic evaluation is critical, and the decision to perform a cardiac cath-
eterization made early in the child’s course as warranted. Management of the atrial
septum is the most challenging aspect of care. If the band gradients trend down or
saturations fall, we assess the adequacy of the atrial defect and perform a balloon
septoplasty/septostomy as required. Although attractive and allowable for a reliable
defect, we avoid using an atrial stent as it can become incorporated into the atrial wall
and result in pulmonary vein obstruction. Unfortunately, we have found intervening
on a fixed atrial defect gradient at times misleading, as repeated measures frequently
give conflicting results. If the clinical course is otherwise uncomplicated, in general,
we like to perform an elective balloon septostomy just before discharge, particularly
if the transatrial gradient is >6 mmHg. We have a fixed protocol for transition to the
open ward, occurring only between Monday to Thursday before noon, when off any
respiratory support for 48 h and without hemodynamic/drug changes for 24 h. The
child must be off inotropes for 24 h (except milrinone) with NIRS flank monitoring
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continuing on the ward. Transition home occurs only if the saturations are 75-85 %;
if <75 % or >90 %, they stay on the ward. Function must be better than moderately
reduced by echocardiogram. Nutrition is at a minimum 100/kg/day, tolerating
100 kcal/kg/day, and gaining 20 g/day for at least three consecutive days. If a G-tube
is required, it must be at a maximum four weeks from initial extubation. Lasix dos-
age is usually <2 mg/kg/day, and the child is on aspirin and Plavix antiplatelet ther-
apy. They also receive clonidine to keep the AVO, difference 20-30 based on the
NIRS. Finally there must be a minimum 24-h care by parent prior to discharge. If
these criteria are not met, the child will remain in hospital during the interstage
period. All infants with right or left atrial isomerism are investigated for malrotation;
and if so, get a LADDS procedure when stab from the initial procedure. Out of hos-
pital monitoring: Parents are contacted daily for the first week, then weekly by our
single ventricle service nurse practitioners. A full-study echocardiogram is obtained
every two weeks. We let the child outgrow the clonidine dose if doing well.
Immunizations (relative to stage I-II intervals) are performed as standard. The first
two clinical visits from discharge are with a single ventricle team physician and
nurse practitioner once a week, then every 2 weeks in the single ventricle clinic.
There is a weekly conference to review all single ventricle patients including nutri-
tion/feeding and psychological state (monthly)

Conclusion

Innovations go through various stages once introduced into general use. Parallels
are found in clinical medicine as exemplified by the introduction of the hybrid
procedure for HLHS. Ultimately, no single innovation can fulfill the promise of
the “silver bullet,” and with time, experience, and application, what initially was
thought of as applicable to all finds a ‘niche’ where the innovation often outper-
forms its initial expectations.
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Prolonged Right-Ventricle-to-Left- 3 2
Ventricle Support (Hybrid or Surgical)
to Delay Decision-Making in Borderline
Left Ventricles

Stephen C. Brown, Benedicte Eyskens, Bjorn Cools,
Filip Rega, Ruth Heing, Derize Boshoff, Bart Meyns,
and Marc Gewillig

32.1 Introduction

The management of neonates with hypoplastic left heart syndrome (HLHS) has
markedly evolved since the 1950s [1]. Treatment strategies have developed to the
extent that now the majority of these children survive until adulthood and beyond.
Development of hybrid palliation avoided early circulatory arrest and cardiopulmo-
nary bypass in a neonate, was even possible in low birth weight infants, and com-
bined all the physiological goals requiring only a single surgical sternotomy [2].
Two ends of a spectrum can now clearly be distinguished and managed accord-
ingly. At the one end are neonates with obvious hypoplastic left ventricles (LV) that
cannot support the systemic circulation now or later, qualifying only for univen-
tricular repair (UR). At the other end are newborns with a relatively small left heart
and a coarctation of the aorta (CoA) that will clearly be able to maintain a biven-
tricular circulation. In between these two extremes are a group at the lower limits of
LV functional ability that may or may not sustain a systemic circulation early after
birth with a decreasing pulmonary vascular resistance. This ill-defined group, which
consists of an LV that is neither rudimentary nor near normal, is generally referred
to as “borderline” left ventricles. It includes a heterogeneous group of anatomical
and functional LV impairment combined with varying degrees of aortic stenosis
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(AS), coarctation of the aorta (CoA), and other forms of the hypoplastic left heart
complex such as aortic arch hypoplasia and mitral valve and left ventricle abnor-
malities alone or in combination. This nebulous group lies in a gray area where no
clear definitions or guidelines exist; the clinician is frequently left undecided as to
what constitutes the best management. Even more challenging, the decision has to
be made soon after birth in patients who might have the potential of catch-up growth.
Delaying the decision at this stage will allow some ventricles to develop and expose
small LVs which will never cope with a biventricular circulation.

32.2 Hemodynamic Considerations
32.2.1 Fetal Circulation

Normal physiology During fetal life, the right ventricle is responsible for two-
thirds of the combined cardiac output allowing parallel development of the fragile
pulmonary vascular bed and the complex structured left ventricle. For the left ven-
tricle, 30 % of the preload comes from left-to-right shunting via the foramen ovale
(FO) and about 8% from the pulmonary veins. The main stimulus for growth
appears to be the shear stresses as a result of blood flow over the vascular endothe-
lium [3].

Small left hearts If the FO is restrictive, a decrease down to 25 % of normal LV
preload may occur. This will decrease LV growth due to a decrease in flow-related
shear stresses. In the case of left ventricular outflow and/or aortic obstruction, pres-
sure rises in the developing left ventricle. This pressure overload leads to myocar-
dial hypertrophy resulting in reduction of left heart volume and compliance and, in
extreme cases, endocardial fibroelastosis. Mitral valve abnormalities may also com-
promise LV flows and impact on LV growth. Fetal somatic development is rarely
affected because of compensatory increased right heart output.

Fetal intervention Fetal intervention by means of balloon angioplasty may assist
in LV growth in antenatally diagnosed borderline left ventricles [4].

32.2.2 Newborn

As long as the ductus arteriosus remains patent, the majority of infants with a bor-
derline left heart will not immediately become severely symptomatic. Other postna-
tal circulatory changes will also benefit these hearts.

Normal physiology Preload to the left ventricle will increase immediately after
birth due to a significant increase in pulmonary flow to the lungs and thus increase
pulmonary venous return; this will lead to the so-called unfolding of the left ven-
tricle. This phenomenon can also be observed in infants where the interventricular
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septum was pushed to the left due to increased right heart pressures or flow antena-
tally. This unfolding on the LV was also been seen by clinicians within hours and
days following prostaglandin administration. Adequate or sufficient catch-up devel-
opment of the left ventricle may, however, take weeks to months to occur.

Small left hearts Afterload reduction by means of aortic balloon angioplasty in
the case of aortic stenosis (AS) will decrease pressure overload on the ventricle
resulting in reduction of hypertrophy with resultant improvement in LV filling,
compliance, and growth. Left ventricular outflow tract obstruction (LVOTO) and
the majority of mitral valve abnormalities are not amenable to percutaneous treat-
ment and will be discussed in the next chapter.

Growth potential The summation of all of the physiological and treatment effects
may lead to catch-up growth of the small LV over weeks to months analogous to
LV growth observed in severely hypertrophied ventricles of infants of diabetic
mothers [5] .

32.3 Criteria for the Diagnosis of Borderline Left Ventricle

A closer look at current decision-making algorithms is validated. These were devel-
oped in the previous era where limited options were available and any decision
needed to be made within days: Norwood for HLHS or biventricular repair for criti-
cal CoA to be performed within days after birth. A biventricular circulation is
clearly the preferred option if this can be obtained in a safe and predictable manner.
Several parameters have to be taken into account including anatomic (e.g., aortic
valve, outflow tract, mitral valve and left ventricular dimensions, and volume) and
functional (e.g., ejection fraction, diastolic function, etc.) evaluations using echo-
cardiographic and radiological information:

¢ Rhodes score (1991) [6] includes variables of indexed aortic root and mitral
valve dimensions as well as left ventricle dimensions. Mainly applicable to
infants with aortic stenosis.

* Colan score (2006) [7] uses body surface area and valve z-score. Mainly appli-
cable to infants with aortic stenosis.

* Congenital Heart Surgeons Society score (2007) [8]: Apart from the above mea-
surements, it also includes variables of the aortic arch. It can be accessed at
www.chs.org.

Several publications have shown these scoring systems not to be universally
applicable to all infants with borderline left hearts, still leave a large gray zone,
and have shown that different scores predict different outcomes of strategies if
calculated for the same patient [9—11]. As a result different calculations, including
LV volume assessments, have been used, and newer echocardiographic scoring
systems are being developed which combine anatomical and flow characteristics
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of the left heart or risk of mortality scores [12, 13] . However, to date, no single
measurement or combination of measurements is able to unequivocally predict
best treatment option for an individual patient. The reason why predictors differ
reflects the true nature of a borderline left heart and the shortcomings of current
predictors [14].

No clear consensus exists regarding which selection criteria should be used to
decide on a UR of BV strategy in infants with a borderline LV. Essentially the ques-
tion that needs answer is what constitutes the absolute minimum dimensions to
allow for BV repair. Even more important some patients clearly show the potential
for significant catch-up growth, if sufficient time is allowed. This is important, since
going down the wrong pathway can lead to avoidable early and late mortality and
morbidity [9, 15-17].

Hybrid strategies (Fig. 32.2) The development of hybrid palliation in recent years
and the technical simplicity of this option opened up new avenues of treatment. In
the scenario of borderline left hearts, it becomes an attractive option for the follow-
ing reasons:

* Provide support of the LV by using the RV as temporary assistance

* Can be performed without cardiopulmonary bypass

* Give weeks to months for LV catch-up growth

* Give time and opportunity to treat reversible lesions, e.g., AS, CoA, and left
ventricular hypertrophy (LVH)

This could potentially allow for a more weighted decision regarding a univen-
tricular or biventricular strategy and convert more patients safely to a biventricular
circulation.

32.4 Right Ventricle-Left Ventricle Assist Strategy
32.4.1 Overview

Our current preferred strategy for infants with borderline left hearts is termed right
ventricle-left ventricle assist (RLa) and is demonstrated in Fig. 32.1.

32.4.2 Therapeutic Options

Prostaglandin The immediate decision regarding what to do can initially be
delayed by the intravenous administration of prostaglandins (Alprostadil) to main-
tain ductal patency. This will allow the clinician 1-2 weeks for thorough serial
assessment of the left-sided structures and give time for the left ventricle to “unfold”
and grow as a result of the augmented preload.
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In the latter case, we typically follow with a procedure to unburden the left ven-
tricle. In the case of aortic stenosis, this will consist of aortic valve balloon angio-
plasty or in the case of aortic arch obstruction coarctectomy or stenting. If the left
heart is able to maintain the systemic output, biventricular circulation is aggres-
sively supported.

Right ventricle-left ventricle assist (RLa) This usually consists of bilateral pul-
monary artery banding and ductal stenting [18, 19] (Fig. 32.2). Although an elective
combined surgical-interventional approach is preferred, a similar result can be
accomplished as bail-out procedure by surgery only after an adequate coarctectomy
but circulatory failure (see later).

Growth potential If after initial prostaglandin administration after some days the
left ventricle remains small but has growth potential (no mitral stenosis, endocardial
fibroelastosis) or we are undecided, a hybrid palliation remains our treatment of
choice. If the left ventricle after weeks to months shows evidence of development,
this option of RV-LV circulatory assist can serve as a bridge to future biventricular
circulation [20-22].

No growth potential In the absence of demonstrable or expected left ventricular
catch-up growth, the univentricular route with Norwood procedure or hybrid proce-
dure can be chosen.

Surgical RLa In rare cases where the neonatal evaluation and scoring system sug-
gest a good biventricular outcome, but where the postoperative course shows the left
heart is not (yet) able to maintain cardiac output, a surgical RLa may be a life saving
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Fig.32.2 Hybrid right ventricle-left ventricle assist: bilateral pulmonary artery bands and stent in
ductus arteriosus also demonstrated. Note: a small stent in aortic isthmus — coarctation; if indi-
cated, the coarctation stent is easier implanted prior to the ductal stent

bail-out procedure. Circulation failure is usually not due to inability of the LV to
generate forward flow but as a result of backward failure with the development of
retrograde pulmonary hypertension. Pulmonary hypertension may develop early or
late, and the resulting interventricular septal shift impinges on the small LV. The
surgeon performs bilateral pulmonary artery bandings and a Gore-Tex tube from the
pulmonary trunk to thoracic aorta (Fig. 32.3, “reversed” shunt) [23, 24].

32.4.3 Outcomes

32.4.3.1 Results of Strategy
We have performed 18 RV-LV circulatory assist (RLa) procedures for borderline
left hearts since 2005. Eleven infants had RLa as the initial procedure as a bridge to
biventricular circulation, and two of these proceeded to a univentricular circulation.
The majority of these infants (9/11) evolved to a biventricular circulation with a
median of 4.4 months (range: 1.5 —45.8) after the RLa procedure. In the other group
(n=7) where an initial attempt to relieve LV obstruction was carried out, three
(n=3) infants of whom one demised evolved to a univentricular circulation. Fifty
seven percent (n=4) returned to a biventricular circulation with a median of 4
months (range 3.0 — 6.1) after RLa procedure, and one is currently still in follow-up.
Characteristics of the groups can be viewed in Table 32.1.

Patients 10 and 11 both initially had a coarctectomy and transection of the ductus
arteriosus. After initial stable hemodynamics, they both developed within hours
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Fig. 32.3 Surgical right ventricular-left ventricular assist procedure “reversed shunt.” Bilateral
pulmonary artery bands and Gore-Tex pulmonary artery to systemic shunt. Note also that aortic
arch was previously reconstructed

suprasystemic retrograde acute pulmonary hypertension with severe RV dilation
and compression of the LV. As a result, the small left ventricle could not sustain the
systemic output. A “reversed shunt” RLa procedure was performed: a 6 mm Gore-
Tex® graft was constructed between the main pulmonary artery and thoracic aorta
together with 3.5 mm bilateral pulmonary artery bands (Fig. 32.3). One patient
evolved to biventricular repair 4 months later, the other patient to Fontan circula-
tion; both children are doing well.

Patient 13, with a hypoplastic aortic arch complex, proceeded to early RLa.
Extensive arch reconstruction (Fig. 32.4b) was carried out 6 months later together
with creation of a restrictive interatrial communication to partially decompress the
left atrium.

Patient 16 was diagnosed after 6 weeks with Kabuki syndrome, and after consul-
tation with the parents, it was decided that the RLa procedure would be the final
palliation. At the last follow-up, the child was 5.5 years old and doing well. This
case highlights the fact that RLa procedures can provide long-term palliation with
reasonable quality of life in selected cases.

32.4.3.2 Treating Associated Conditions

We have a low tolerance for intervention in these infants following RLa procedures
since associated conditions may impede development of the left heart. Aortic valvu-
lar stenosis can be safely managed by simple balloon angioplasty. Residual coarcta-
tion should be detected early, and balloon angioplasty has been successfully carried
out during follow-up.
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Table 32.1 Patient characteristics

10
11
12

13

14

15

16

17

18

Main

lesion

AS

AS

AS

AS

AS

AS

CoA

CoA

CoA

CoA

CoA
CoA-ha

CoA-ha

CoA-ha

CoA-ha

HLHC

HLHC

HLHC

Initial procedure

BA
BA
BA

BA

Coarctectomy
Coarctectomy

stent CoA

Age
at
RLa
(day)
9

6

28

15

13

15

11

14
14

15

27

Technique
Percutaneous
surgery
Percutaneous
surgery
Percutaneous
surgery
Percutaneous
surgery
Percutaneous
surgery
Percutaneous
surgery
Percutaneous
surgery
Percutaneous
surgery
Percutaneous
surgery
Surgical
Surgical
Percutaneous
surgery

Percutaneous
surgery

Percutaneous
surgery
Percutaneous
surgery
Percutaneous
surgery
Percutaneous
surgery
Percutaneous
surgery

Final procedure
Ross

Fontan

PDA closed, bands
dilated percutaneously
Arch reconstruction

Fontan
BDG, demise

Arch reconstruction,
SubAS resection
Coarctectomy

Follow-up

Arch reconstruction
Fontan

Ventricular septal
defect (VSD) closure,
debanding

Arch reconstruction,
restrictive fenestration
IAS

Arch reconstruction

Arch reconstruction
Palliative (5.1 year)
Kawashima

BDG

Age
(year)
6.5

0.9

0.3

1.4

0.5

1.6

0.6

0.3

0.6

AS aortic valve stenosis, BA balloon angioplasty, CoA coarctation of the aorta, CoA-ha coarctation-
hypoplastic arch, HLHC hypoplastic left heart complex, BA balloon valve angioplasty, percutane-
ous, percutaneous ductus arteriosus stent, and bilateral pulmonary artery banding; surgical,
surgical systemic to pulmonary artery shunt and bilateral pulmonary artery banding, PDA patent
ductus arteriosus, AS interatrial septum, BDG bidirectional Glenn

Since ductal stents may show peal or ductal ingrowth over time, these can be
balloon dilated or re-stented. Using dilatable bands for the left and right pulmonary
arteries is advisable since these can be tailored to adjust flow in relation to somatic
growth by balloon angioplasty [25].
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Patient 3, with severe AS, had aortic balloon valvuloplasty. The left ventricle was
borderline, and an RLa was performed three weeks later. The LV showed continu-
ous improvement in structure and function. The ductus arteriosus stent was later
closed by a duct occluder and pulmonary artery bands dilated (Fig 32.4a). This
patient was completely rehabilitated by percutaneous means [26].

32.4.3.3 Options for Repair

Fontan Patients proceeding to univentricular circulation typically had extensive
aortic arch repair and a Damus-Kaye-Stansel procedure. We often had to treat resid-
ual stenosis especially of the left pulmonary artery as a result of banding by means
of balloon angioplasty and stenting.

Biventricular circulation This could be accomplished using surgery or by means
of percutaneous intervention (see above). Surgery usually consisted of extensive
aortic arch reconstruction, clipping the ductus arteriosus, and debanding the pulmo-
nary arteries (Fig 32.4b). Some children required patch plasty at the site of

Fig. 32.4 Abolishment of RLa: (a) if the aortic arch has sufficiently grown and does not contain
a circular stent, the RLa can be occluded percutaneously after balloon release of the PA strips. (b)
If the aortic arch still shows significant hypoplasia or a circular stent, surgical aortic arch recon-
struction is performed
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pulmonary artery banding. Several studies have documented good biventricular out-
comes in infants with small left hearts [27-31].

32.4.3.4 Impediments to Left Ventricular Growth After RLa
Procedures

Mitral Valve

In our experience, certain congenital abnormalities of the mitral valve are an impor-
tant limiting factor for left ventricular growth in infants with borderline left hearts.
Similar to the experience of Del Nido et al., annular hypoplasia, thickened leaflets,
commissural fusion, and chordal and papillary muscle abnormalities are common
morphological abnormalities seen in these infants and should carefully be assessed
and addressed if possible [32].

Endocardial fibroelastosis (EFE) EFE hampers both systolic and diastolic func-
tions of the small left ventricle, and high grades of EFE have been demonstrated to
be risk factors for mortality after biventricular repair [33, 34]. Both of our patients
with EFE required univentricular circulation.

Atrial septal defect A mildly restrictive shunt through the atrial septal defect
(ASD) still allows LV development and further catch-up growth but avoids left atrial
hypertension. In selected patients with a small left heart, a mild left-to-right shunt
with limited LA hypertension is better tolerated than no shunt but severe retrograde
pulmonary hypertension.

32.5 Advantages of Right Ventricle-Left Ventricle Assist
Procedure

The main advantages of following this “hybrid approach” for borderline left ven-
tricles are:

* Buy time.

e Allows potential for catch-up growth of LV if possible; most successful in
patients where a fetal restrictive foramen ovale was the root cause of the small
left heart.

e Can be performed in small and low birthweight infants.

* Allows time for ventricular and somatic growth.

e This strategy can be used as medium term palliation.

Conclusion

The management of infants with borderline left hearts remains a challenge.
Current algorithms lacks in ability to discriminate whether biventricular circula-
tion is possible in time if catch-up growth occurs. Right ventricle assist of left
ventricle (hybrid) procedures offer the clinician the ability to buy some time to
better discriminate which ventricles have adequate growth potential.
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The Anatomical or Functional Borderline 3 3
Left Ventricle and Strategies for Staged
Rehabilitation

Pedro J. del Nido

33.1 Introduction

The concept of the “borderline left heart” was introduced following the experience
with fetal catheter interventions that aimed to change the natural history of critical
aortic stenosis in the fetus. Early attempts to rescue the severely obstructed left
ventricle during mid-gestation by transuterine, balloon aortic valvotomy yielded
encouraging results in some, with progressive recovery of left ventricle (LV) con-
tractile function in the fetus and associated continued growth of the LV cavity as
gestation progressed [1, 2]. However, in about 60 % of these patients, LV growth
was inadequate, and at birth, the LV was deemed incapable of supporting the sys-
temic circulation. The constellation of anatomic features varied from that seen in
young infants with Shone’s syndrome with mitral and aortic valve stenosis and
coarctation to that of hypoplastic left heart syndrome. These features included
mitral valve stenosis and hypoplasia, aortic valve stenosis, and varying degrees of
endocardial fibroelastosis. The latter appeared to develop in utero and we theorized
that its presence restricted LV growth in utero and postnatally.

A postnatal program was therefore started to aggressively recruit the left heart
structures in infants with borderline left heart by addressing each of the components
that were found to be abnormal. The rationale for this approach was based on previ-
ous observations that appropriate left heart growth occurred in infants undergoing
balloon aortic valvotomy with adjunctive surgical repair of coarctation and mitral
stenosis [3, 4]. Also, resection of endocardial fibroelastosis at the time of mitral
valvuloplasty for congenital mitral stenosis was found to be feasible and appeared
to be associated with improved LV compliance. Staged LV recruitment was utilized
in patients where the LV was deemed inadequate because of size and was combined
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with palliative procedures including the Norwood operation to permit LV recruit-
ment without compromising systemic perfusion. Many lessons were learned in this
process, and this concept has now been expanded to other forms of borderline left
heart including unbalanced complete atrioventricular (AV) canal defects and com-
plex valve anatomy such as straddling AV valve or common AV valve with inlet
VSD and conotruncal anomalies as seen in forms of heterotaxy syndrome.

33.1.1 The Borderline Left Heart

The anatomic and physiologic features that define a borderline left heart have
evolved significantly as we have gained a better understanding of the conditions
required to maintain adequate systemic circulation under physiologic filling pres-
sures and afterload. Anatomic criteria rely on valve diameter normalized to body
surface area, z-score. For ventricular chambers, this criteria applied to cavity vol-
ume has been less predictive of ventricular performance under physiologic loads as
the interventricular septum can shift with right ventricle (RV) unloading, resulting
in a substantial increase in LV volume. Instead, we rely more on the extent to which
the LV cavity reaches the apex of the heart as viewed by a standard four-chamber
view on echocardiography. LV length along with LV volume are used together to
decide whether the chamber size is adequate as we have successfully performed
two-ventricle conversion procedures with LV volumes of about 35 ml/m? and
greater.

33.1.1.1 Anatomic Features
Significant hypoplasia of the inlet and outlet valves, as defined by a z-score between
-5 and -2, is frequently found in borderline left hearts. The valves are most often
not only hypoplastic but also abnormal in structure. Abnormalities of the mitral
valve can include thickened leaflets with fibroelastic tissue on the atrial surface
often causing commissural fusion. Fused and shortened chords with basally dis-
placed papillary muscles are a very frequent feature. Abnormal tethering of the
leaflets, particularly the mural leaflet by secondary chords, is common. Bicuspid
and unicuspid aortic valves are an invariable feature which functionally results in
stenosis of varying degrees. After balloon aortic valvotomy, mixed disease with
stenosis and regurgitation often is seen and the regurgitation tends to progress.
Endocardial fibroelastosis (EFE) is one of the most variable findings and can
range from minimal small patches to extensive covering of the entire endocardial
surface including papillary muscles. In the most extreme cases, the fibroelastic layer
can reach several millimeters in thickness and is very inelastic. Histologic analysis
of EFE tissue has shown a well-organized elastin layer along with collagen, similar
to that seen in the walls of great vessels. Unlike the fibroelastic tissue that forms in
the sub-aortic region in older infants and young children, the EFE in the borderline
left heart is highly cellular. The etiology of the EFE has been studied and appears to
arise from endocardial cells that transform into fibroblasts by a process termed
endothelial-to-mesenchymal transformation [6].



33 The Anatomical or Functional Borderline Left Ventricle and Strategies 265

33.1.2 Physiologic Assessment

Functional assessment of the borderline left heart can be done, in large part, with
echocardiography to asses LV cavity dimensions and calculate LV volume and
assess systolic function and regional wall motion as well as valve leaflet morphol-
ogy and movement. With the Doppler interrogation, the degree of valve stenosis and
regurgitation can be estimated, and indirect measures of LV chamber compliance
can be obtained. For a qualitative assessment of blood flow through heart chamber,
color flow Doppler is most helpful. Echo bright endocardium is suggestive of EFE;
however, more accurate and quantitative assessment requires magnetic resonance
imaging (MRI) with contrast looking for delayed enhancement of the endocardial
layer [7]. Cardiac catheterization is reserved for direct pressure measurements of
atrial and ventricular pressures, which is most important for assessing LV compli-
ance when deciding whether the LV diastolic function is acceptable for two-ventricle
conversion.

33.2 Surgical Strategy

LV growth depends on blood flow through the ventricle and on the fluid forces in
diastole that promote chamber growth. Surgical strategies, therefore, aim to pro-
mote blood flow into and out of the LV chamber in the borderline heart and to elimi-
nate the fluid force dampening effect of a thick endocardial layer. We hypothesized
that EFE, when extensive, can prevent LV growth by serving as an internal damp-
ener of fluid forces and potentially a physical restraint on chamber distention.
Therefore, EFE resection is an integral part of the strategy to elicit “catch-up”
growth of the left ventricle. To further promote LV growth, the restriction of the
interatrial communication was found to be necessary to create a physiologic gradi-
ent between the left and right atrium.

33.2.1 Mitral Valve

Mitral valvuloplasty aims to improve valve orifice size, leaflet mobility, and sub-
valvar restrictions to leaflet movement. The fibroelastic layer commonly found
on the atrial surface of the valve leaflets can be peeled away as it forms a layer of
inelastic tissue on the leaflet surface, with relatively normal leaflet underneath.
This layer covers the commissures and often extends on to the chords and papil-
laries. Careful removal of the layer frequently leads to opening of the commis-
sures, enlarging the effective orifice of the valve, and improving leaflet mobility.
Similarly, the subvalvar structures can be mobilized by removal of the fibroelas-
tic layer. Rarely is leaflet augmentation with pericardium necessary early in
infancy. The exception is when there is mitral regurgitation present in association
with stenosis.
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33.2.2 Aortic Valve

There is often aortic annular hypoplasia in addition to leaflet abnormalities in the
borderline left heart. Techniques aim to enlarge the effective orifice and repair
torn leaflets in case of regurgitation following balloon dilation. Commissurotomy,
leaflet thinning, and resection of any subvalvar tissue often result in substantial
reduction in the flow gradient across the valve, even moderately hypoplastic
valves. If regurgitation is present following balloon dilation, the disruption is
most often on the anterior leaflet and requires leaflet augmentation with pericar-
dium to repair. Reapproximation of a torn leaflet will recreate the obstruction and
is rarely effective in reducing or eliminating regurgitation without stenosis. In
young infants, the goal is to reduce the outflow obstruction but to preserve the
valve if at all possible. Valve replacement is rarely necessary and complicates the
procedure and long-term management. Options for replacement are limited in
infants and most surgeons will use the Ross procedure with a pulmonary auto-
graft. While effective, the Ross operation is best reserved for when two-ventricle
physiology can be achieved. In procedures aiming to recruit the LV, aortic valve
repair, sometimes with pericardial augmentation of deficient leaflets, is the best
approach.

33.2.3 Endocardial Fibroelastosis

Resection of EFE is a key component of LV rehabilitation [8]. The thick endocardial
layer severely restricts LV growth when the extent of endocardium covered by EFE
is large and particularly when it involves the posterior free wall and apex of the
ventricle. Visualization to remove EFE from the posterior LV wall, papillary mus-
cles, and apex is best achieved through the mitral valve. This is greatly facilitated by
the mitral valvotomy. The LV outflow and the outflow part of the septum can be
visualized through the mitral valve, but a transaortic approach, particularly at the
time of the Ross procedure, is preferred. Sharp dissection is required to remove the
EFE tissue as it is densely adherent to the myocardium underneath. The sharp
demarcation between the whitish EFE tissue and myocardium guides the extent and
depth of resection. All visible EFE should be removed to effectively improve LV
compliance and diastolic function.

33.2.4 Restriction of Atrial Septal Defect

Due to the compliance mismatch between the LV and RV in the borderline left
heart, an unrestrictive interatrial communication will result in only a small frac-
tion of pulmonary venous return to enter the LV. Thus, in conjunction with mea-
sures to improve LV compliance, a restriction must be placed in the atrial septum
with a goal of creating a pressure gradient between the atria. We have found that
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a gradient of 4-6 mmHg is ideal as this will maintain left atrial pressures within
a range that will not interfere with pulmonary blood flow, a critical factor in
infants and children with single ventricle physiology [9]. As many of these
patients will have had single ventricle palliation performed in infancy while LV
recruitment is undertaken, adjusting the size and therefore interatrial pressure
gradient is important. This is best done with a patch on the septum with a cali-
brated fenestration. In our experience, a 4 mm fenestration is effective in infants,
and 6 mm is ideal in children between 1 and 2 years of age. Further enlargement
of the fenestration can be done by catheter balloon dilation and stenting if the
septum is thick.

33.2.5 Two-Ventricle Conversion

Conversion from single ventricle palliated physiology to two-ventricle physiol-
ogy should be done after careful assessment of LV volume and estimate of LV
compliance, extent of aortopulmonary collateral blood flow, and mitral and aortic
valve function. Of all these factors, LV compliance or diastolic function is the
hardest to quantify. Cardiac catheterization is required to measure left atrial and
LV end diastolic pressure, but this must be done in the absence of a large left to
right shunt at atrial level. Balloon occlusion of the atrial septal fenestration can be
a useful maneuver; however, if this communication is large, balloon occlusion is
not possible without interfering with mitral inflow. MRI measurements of LV
volume, ejection fraction, extent of residual EFE, and, importantly, LV blood flow
are critical to assess the ability of the left ventricle to assume systemic circulation
under physiologic preload and afterload. Combining MRI measures of LV volume
(>35 ml/m?), with left atrial or LV end-diastolic pressure <20 mmHg and an LV
flow of >2.5 L/m?, usually predicts a good outcome following two-ventricle
conversion.

Elimination of as much aortopulmonary collateral blood flow as possible in the
catheterization laboratory as well as in surgery will reduce the risk of having signifi-
cantly elevated left atrial pressures after two-ventricle conversion.

Valvar dysfunction must be addressed at this procedure and often requires aortic
valve repair or replacement, commonly done with a Ross operation. Since the take-
down of a Stansel connection is usually required, combining this with a Ross proce-
dure is generally the best approach to address LV outflow hypoplasia or residual
aortic valve dysfunction. Similarly, the mitral valve must be repaired at least to a
level of mild regurgitation or stenosis.

Reconnection of the superior vena cava to the right atrium is part of the two-
ventricle conversion procedure in almost all the patients who have had a bidirec-
tional Glenn operation as an interim step for palliation. In almost all cases, the
superior vena cava can be connected directly to the right atrium at the appendage;
however, this procedure does require that both the cava and the appendage be exten-
sively mobilized so that they can be connected directly with minimal tension.
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Anterior patch augmentation and the cavo-atrial connection is a helpful maneuver
to prevent stenosis [10].

33.2.6 Unbalanced AV Canal Defects

Children with a common AV valve and an inlet septal defect where the inlet valve is
primarily over one ventricle most often have varying degrees of hypoplasia of one
ventricular chamber. This subgroup of borderline left heart patients very rarely have
endocardial fibroelastosis and, in our experience, have the most predictable response
to LV recruitment. LV growth can be achieved by partitioning the AV valve and
fenestrated closure of the interatrial communication. In children with heterotaxy
syndrome, systemic venous and pulmonary venous abnormalities are common and
require baffle diversion to the appropriate atrium at the time of atrial partitioning.
We have found that it is not necessary to close or restrict the ventricular septal defect
to achieve LV growth and augmenting LV inflow by atrial and AV valve partitioning
is sufficient in most.

The decision to convert to two-ventricle physiology involves the same assess-
ment as described for more conventional borderline left heart patients, except that
we have found that LV volumes as low as 25 ml/m? are sufficient for conversion in
this group as shift of the interventricular septum immediately after conversion add
significant cavity volume.

33.3 Outcomes and Future Work

Our initial experience with LV recruitment spanned 9 years from 2001 to 2010 [9].
During that time, the techniques for mitral valve and aortic valve reconstruction
were developed and combined with resection of EFE. In that period, restriction of
the interatrial septum was demonstrated to be a key factor in recruiting the LV. A
cohort of 34 patients was compared to a case-matched group of 34 infants with
hypoplastic left heart that underwent conventional staged single ventricle palliation
[9]. Overall mortality was not different between the two groups and 12 of the initial
34 patients who underwent staged LV recruitment achieved two-ventricle circula-
tion. LV growth was achieved in nearly all the experimental group as shown in
Fig. 33.1. The impact of restricting the interatrial communication is shown in
Fig. 33.2. The resection of EFE and the restriction of the atrial septum were done at
the time of the Glenn procedure in most patients. Gain in LV volume occurred
within a year after the Glenn and most patients who ultimately underwent biven-
tricular conversion had gained sufficient LV volume to be considered for two-
ventricle conversion within that period of time (Fig. 33.3). Currently, our practice is
to begin LV recruitment in early infancy but defer extensive EFE resection and
restriction of the interatrial septum to the time of the Glenn, which is typically done
between 4 and 6 months of age. The exception is in patients with unbalanced AV
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Fig. 33.1 Left heart dimensions at various palliative stages in patients undergoing staged LV
recruitment (From Emani et al. [9])

canal defect group where atrial and AV valve partitioning can be done in early
infancy.

Age is an important factor with respect to LV growth as we have found that
young infants respond much more rapidly to LV recruitment than older children.
Our oldest patient to undergo successful staged two-ventricle conversion was 14
years of age at the time of conversion and had Fontan physiology from the age of 3
years. LV volume growth required 2 years of recruitment and even after two-
ventricle conversion LV compliance as measured by left ventricular end-diastolic
pressure remained abnormal for several years. Thus, we restrict our efforts for two-
ventricle recruitment to younger children, typically less than 7-8 years of age.

Late results following two-ventricle conversion indicate that most patients sur-
vive the procedure (Fig. 33.4). Reoperation, particularly for mitral and/or aortic
valve repair or replacement, is common on late follow-up (Fig. 33.5). By 5 years
after the conversion procedure, half of the patients required reinterventions with
most of these procedures occurring in the first 2 years. Currently, we prefer to
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Fig. 33.3 Echocardiogram of representative patient who underwent staged LV recruitment. The
LV is endocardial fibroelastosis-bound and non-apex forming (a) before stage 1, but apex forming
and normal in size (b) before biventricular conversion. (From Emani et al. [9])

address the valve defects with more definitive procedures such as a Ross pulmonary
autograft at the time of two-ventricle conversion rather than aortic valvuloplasty as
this tends to be a longer-term solution for aortic valve dysfunction in these patients.
Mitral valvuloplasty in young infants is still our preferred approach as prosthetic
replacement carries a high reoperation rate in children less than 5 years of age. In
very young infants, we have used a stent-mounted bioprosthetic valve that can be
dilated as the child grows [11, 12]. While this experience is limited, we have found
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that balloon redilation can be effective in enlarging the prosthetic valve and still
maintains valve competence in most [12].

Conclusions

Staged LV recruitment is a viable strategy to achieve two-ventricle physiology in
children with a borderline left heart. The specific steps required are dictated by
the anatomic features that are present at birth and can include EFE resection,
mitral and aortic valvuloplasty, and restriction of interatrial communication.
Patients with unbalanced AV canal defects represent a subgroup that rarely if
ever have EFE and staging is best achieved by partitioning the common AV valve
and restricting the atrial septum. Initial palliative procedures are almost always
required as attempts at neonatal biventricular repair often carry a prohibitive risk.
In patients with EFE, resection and recruitment of the LV is best started at the
time of the Glenn procedure as the larger heart structures in this age group permit
a more effective resection as compared to the neonatal period. Late results with
this strategy are encouraging in that most children survive late. However, mitral
and aortic valve repair or replacement procedures are common following biven-
tricular conversion.
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Pulmonary Arteries: Surgical Point
of View 3 4

Matteo Trezzi and Adriano Carotti

Surgical repair of the pulmonary artery (PA) branches encompasses many different
clinical scenarios and technical challenges. Branch PA stenosis can occur either
primarily or following a previous attempt at surgical repair. In cases of complex
congenital heart disease (CHD) requiring reoperations or staged palliation, surgical
patch angioplasty is often needed and may prove challenging. Aside from elective
indications, surgical PA plasty is necessary following complications of percutane-
ous stent implantation such as PA dissection or rupture, stent migration, suboptimal
stent expansion, stent thrombosis, stent restenosis, airway compression, and inhibi-
tion of PA growth. The main challenge in PA surgery is to obtain a spatially pleasing
reconstruction in three dimensions.

Exposure can be suboptimal secondary to adhesions, scarring with concomitant
calcification, bleeding, excessive collateral flow and previous stent implantations. In
addition, extensive dissection around the PA branches can lead to thinning and rup-
ture of the vessel and injury to the phrenic nerve, lymphatics and other vascular
structures. The repair is routinely carried out anteriorly, through a midline sternot-
omy, generally on bypass, as access to the distal branches compromises the pulmo-
nary blood flow. The usual approach includes extensive PA dissection with control
of peripheral branches, which are temporarily occluded using neurovascular clips.
The pulmonary vessel is opened longitudinally, overcoming the area of stenosis or
hypoplasia both proximally and distally, trying to keep the incision line far from
secondary branch takeoff. Patch reconstruction is achieved using subtle running
sutures. When adhesions do not allow for external control of the vessel or its periph-
eral branching, the principle of endovascular clamping can be applied using small
sized Pruitt or Fogarty catheters. Although a wide variety of materials have been
proposed for PA reconstruction, we give our preference to untreated autologous
pericardium, pulmonary homograft tissue, and, more recently, commercially
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available bio-scaffolds. In this chapter, we present a focused description of our
experience with surgical PA plasty in relation to few specific conditions.

34.1 PAPlasty Following Pulmonary Atresia/Ventricular
Septal Defect/Major Aortopulmonary Collaterals Repair

The condition of pulmonary atresia, ventricular septal defect (VSD), and major aor-
topulmonary collaterals (MAPCAs) can have an extremely variable pulmonary
blood supply. Surgical repair can be very challenging though it has been carried out
with increasing frequency and success, creating a new population of patients who
require a specific and complementary surgical and interventional strategy in order to
address residual distal PA stenosis. Between September 1994 and July 2015, 94
patients underwent one-stage repair of pulmonary atresia with MAPCAss at our insti-
tution. Median age and weight at operation were 1.09 years and 7.9 kg (range, 2.5—
68), respectively, whereas median number of MAPCAs unifocalized was 3.5 (range,
1-7). Forty-eight patients (65.5 %) underwent either surgical or interventional pro-
cedure during the follow-up. Freedom from reintervention was 25 % at 12.5 years
after initial surgery. Actuarial analysis showed that reintervention rate was progres-
sive during the entire follow-up interval. While right ventricular to PA conduit rein-
terventions are routinely performed to bridge the patient to the next surgery, we do
not recommend PA stenting (unless in patients who have almost reached complete
body development) but only PA balloon angioplasty in order to promote PA growth
and allow comfortable subsequent stage reconstructive surgery.

34.2 PA Plasty Following Hybrid Palliation for Hypoplastic
Left Heart Syndrome

PA hypoplasia and stenosis often complicates the second stage palliation after a
Norwood procedure. Mechanisms contributing to PAs compromise are multiple and
include narrowing at the ductal remnant site, extrinsic compression by the neoaorta
or the ductal stump, and distortion by the modified Blalock-Taussig shunt insertion.
Particularly at risk for these influences is the retroaortic segment of the common PA
and the proximal and mid segments of the left PA. Compromised flow may contrib-
ute to PA hypoplasia over time, which can increase morbidity of the subsequent
bidirectional cavopulmonary anastomosis and Fontan procedures. Higher rates of
PA intervention (particularly the left) and less developed PA structures have also
been reported with hybrid-based palliation when compared with Norwood pallia-
tion [1, 2]. Reinterventions are primarily related to the PA bands placed at the time
of the hybrid procedure. In addition, smaller PA band diameter and PA band dura-
tion longer than 90 days are both thought to be detrimental to the branch PAs [3].
We recently moved to a four-stage approach to hypoplastic left heart syndrome,
performing the Norwood procedure 40-50 days after the initial hybrid palliation,
thus avoiding neonatal cardiopulmonary bypass. A few weeks after hybrid
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palliation, fibrosis around the PAs has not yet developed, allowing for simple PA
debanding without the need for surgical patch plasty (Fig. 34.1). If surgical recon-
struction of the PAs is needed, we utilize autologous tissue excised from the exuber-
ant pulmonary confluence. We elect is to resect the redundant pulmonary confluence,
reestablish it by direct suture, and use the resected tissue to create an extended
reconstruction of the neopulmonary arterial confluence (Fig. 34.2). The long-term

Fig.34.1 Post-operative angiography following bidirectional Glenn shunt

Fig. 34.2 Postoperative angiography following bidirectional Glenn anastomosis and central PA
reconstruction
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impact of multiple reinterventions on pulmonary arterial growth (both central and
peripheral) is not clear. It remains to be seen whether long-term Fontan circuit pres-
sures and ultimately clinical failure rates will be affected by the multiple pulmonary
arterial interventions required to bring them to Fontan.

34.3 PA Plasty in Case of Previously Delivered Stents

Surgical reconstruction of PAs in case of previously delivered stents can be a diffi-
cult undertaking, due to the stiffness of the tissue to be incised and sutured to, espe-
cially in long-standing conditions. The usual approach, when possible, is to remove
either the stent itself or together with the pulmonary arterial tissue merged with it.
In case of recent stent deployment, up to 3 months, in our experience, under direct
vision the stent can be carefully crumpled up and removed, producing minimal
damage to the vessel intima. Subsequent vessel reconstruction is carried out in the
usual manner. When the stent is strongly merged into its wall, we try to achieve an
extended vessel mobilization, resect the stented PA segment, and perform a posterior
end-to-end anastomosis with anterior patch enlargement (Fig. 34.3). This latter
approach, however, is feasible only when the distal end of the stent is sufficiently

Fig. 34.3 Postoperative 3D CTA rendering
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Fig.34.4 Stent placed at the level of the pulmonary confluence

far from secondary branching of the pulmonary artery. When the stent either approx-
imates or includes secondary branching of PAs, it is safer to leave the stent in place,
open it longitudinally including into the incision both proximal and distal PA’s
native tissue, and perform the patch reconstruction of the pulmonary artery in the
usual manner. The interrupted struts of the stent enhance the risk of bleeding along
with patch or suture damage.

34.4 PAPlasty at the Time of Fontan Completion in Patients
with Hypoplastic Left Heart Syndrome

Pulmonary artery growth is an important determinant of outcome in single-ventri-
cle strategies. Flow dynamic models of Fontan pathways point to the importance of
PA geometry as a determinant of pulmonary flow efficiency in relation to early and
late outcomes [4]. In addition, when a failing Fontan patient undergoes heart trans-
plantation, surgery may be challenging at the site of previous PA stenting
(Fig. 34.4).

34.5 Conclusive Surgical Considerations

PAs stenosis/hypoplasia constitutes a challenge which may negatively affect both
early and late outcomes in patients with CHD. Whenever percutaneous balloon dila-
tion proves either unfeasible or ineffective, surgical reconstruction should be con-
sidered the treatment of choice, both for native and post-surgical PA lesions,
especially in pediatric patients who have not reached their full body development.
Stent placement into the PAs may reduce the potential for vessel growth and make
subsequent surgery difficult and risky. For this reason, it should be reserved for
rescue situations, in case of very difficult surgical approach or in any case in patients
with almost completed body development.
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Exit Angiography 3 5

Ralf J.Holzer

35.1 Introduction

Very few physicians would disagree that it is in the best interest of a patient to leave
the operating room with a good surgical result. Significant residual pathology com-
plicates postoperative recovery, and the outcome of patients requiring cardiac cath-
eterization after cardiac surgery prior to hospital discharge is poor. Asoh and
colleagues reported on the outcome of 49 children who underwent 62 cardiac cath-
eterization procedures after cardiothoracic surgery prior to hospital discharge and
found a need for catheter interventions in 56 % and surgical reoperation in 37 %, with
an overall mortality of 43 % [1]. With this data, identifying and preemptively treating
residual structural pathology reduces postoperative hemodynamic compromise and
is clearly preferable to rescue interventions. Yet, despite those very convincing argu-
ments for completion (exit) angiography after cardiothoracic surgery, the technique
is only selectively used in most centers. While there are many reports of using exit
angiography in peripheral vascular interventions, coronary artery bypass grafting, as
well as carotid thromboendarterectomy (TEA) [2-5], only very few reports exist on
the findings and clinical implications of exit angiography [6, 7]. This is in sharp con-
trast to transesophageal echocardiography which has become a standard intraopera-
tive diagnostic tool with data having documented a significant impact through the use
of routine perioperative transesophageal echocardiography [8]. However, while
transesophageal echocardiography is an excellent tool for assessing intracardiac
anatomy and ventricular function, its use is much more limited for the evaluation of
extra cardiac vascular structure. This is where completion angiography has distinct
advantages, and this chapter will outline some of the technical considerations as well
as discussing patient selection and outcomes of completion angiography.
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35.2 Patient Selection

Given the limited data available on exit angiographies after cardiothoracic surgery
for congenital hart disease, selecting the appropriate patients for completion angi-
ography can be somewhat subjective. In the data reported by Holzer and col-
leagues, the most common lesions that resulted in interventions after exit
angiography included patients undergoing a bidirectional Glenn, comprehensive
stage II, Fontan completion, or other vascular interventions such as tetralogy of
Fallot repair [6].

Many additional questions remain unanswered given the lack of data presently
available. For example, it is unclear whether exit angiography should be limited
to patients with specific surgical concerns or whether angiographies should be
performed in all patients with a specific surgical diagnosis. This dilemma is not
unique to congenital heart disease. For example, exit angiography after carotid
TEA has been performed since the 1980s [9]. A study published in 2006 found no
significant difference in neurological complications or a 30-day stroke and death
rate when comparing a group that routinely underwent completion angiography to
a group that only performed completion angiography selectively at the surgeon’s
discretion [5]. Despite this data, controversies on when completion angiography
should be performed after carotid TEA are still ongoing [10, 11]. All those con-
cerns apply equally to completion angiographies performed after congenital car-
diothoracic surgery.

Furthermore, once an anomaly is identified, it is also unclear which finding
would require surgical or transcatheter intervention and which findings can be
left alone. Imaging appearance immediately after surgical correction with the
patient still on cardiopulmonary bypass and an open chest may be different from
what we would expect in the catheterization laboratory. This may lead to some
patients undergoing unnecessary re-explorations with potential associated com-
plications. Whether prospective studies will ultimately be able to provide a defin-
itive answer to these questions is unclear, given that in order to identify which
lesion would need to be corrected, it would require to have a group of patients in
whom residual pathology would be left uncorrected, which clearly poses an ethi-
cal dilemma.

For the time being and with the lack of data, careful patient selection is
required and the surgical as well as the interventional team should review the
scheduled surgical procedures and decide in advance if a “routine” completion
angiography should be performed. In addition to preoperative selection, there
will always be patients where a surgical concern arises during the procedure,
thereby requiring an unplanned exit angiography. Given the data reported by
Holzer and colleagues, it would be beneficial to select all patients that undergo
a Glenn or comprehensive stage II procedure, as well as most patients with com-
plex pulmonary artery, aortic, or coronary reconstructions for a routine exit
angiography.
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35.3 Technique

Completion angiography does not require any unusual equipment, and while a dedi-
cated hybrid suite has some advantages in the setup, it is not required, and a simple
portable c-arm combined with a power injector (especially for larger patients) is all
that is needed. However, careful planning is of utmost importance. It is beneficial to
review the surgical schedule well in advance to identify those patients most likely
benefitting from a completion angiography. If a dedicated hybrid operating room is
available at an institution, those procedures should then be scheduled within that
room. If this is not the case, then arrangements need to be made to have a portable
c-arm and power injector readily available within the time frame of the surgery. The
exact timing can be difficult to predict and therefore it is important that the equip-
ment is available for the entire procedure, and not suddenly being removed by other
departments. In addition, it is important to be sure to have the necessary expertise in
operating the portable c-arm, especially as it relates to available image storage and
calibrating options. Identifying a problem or lack of “know-how” during a proce-
dure should be avoided and problems solved in advance. Furthermore, arrangements
need to be made to have the necessary supplies (angiographic catheters, adapters for
the power injector, contrast, sterile covers for c-arm, etc.) available within the oper-
ating room, so that no time is wasted by having to retrieve the items from the cath-
eterization laboratory.

Radiation protection is very important when performing completion angiogra-
phies. While lead aprons should be readily available and are suitable for staff not
scrubbed in during the procedure, this is clearly not a feasible option for the surgeon
and surgical assistant(s) who are scrubbed in for a longer period. However, Sawdy
and colleagues have documented the usefulness of sterile bismuth-based radiation
protection drapes during hybrid procedures, which have very similar radiation pro-
tection qualities than a standard lead apron [12]. The drapes can easily be attached
with clamps to the surgical gown and disposed after the angiography is performed.
In addition, it is advisable that staff not immediately required near the operating
table move away from the c-arm, preferably in a shielded area if available.

Education and training of operating room staff is crucial and should include not
only radiation protection, but also an overview of the catheters and equipment used
for completion angiographies, so that these procedures can be performed with the
aid of staff working in the operating room.

The completion angiography also requires some advanced coordination with the
cath lab staff as well as an interventional cardiologist or nurse practitioner. This is
crucial to aid in performing the angiography and the associated setup, as well as
providing the necessary expertise to choose the appropriate camera angles and
injection parameters. There is no point performing a completion angiography if the
area of interest is not profiled appropriately.

Advancing the c-arm into position, whether ceiling mounted or portable, can
be challenging. However, the more frequently these procedures are performed,
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the more expertise is gained by all members of staff working in the operating
room, which usually leads to a significant improvement in the time required for
setup. A variety of equipment has to be navigated, which includes the anesthesia
setup, the cardiopulmonary bypass, as well as any portable surgical trays and
tables. For these reasons, the angles that can be achieved in the OR are some-
what limited, but higher degrees of right anterior oblique (RAO) or left anterior
oblique (LAO) angulation can be achieved by carefully tilting the operating
room table. The injection site is usually determined by the vascular structure
that needs to be visualized, and the chosen angiographic catheter is advanced
through either a surgical suture line or a purse string. Care has to be taken when
choosing the appropriate angiographic settings, as a freshly operated vessel — in
particular a fresh suture line — is more susceptible to staining and vascular injury
(Fig. 35.1), especially if the injection site is in close proximity to a fresh suture
line. Therefore it is advisable to choose lower power injections with a higher
rate of rise to limit those problems. The angiographic image quality can be
improved by temporarily coming off cardiopulmonary bypass, which should be
considered in each patient whenever feasible.

The angiographic setup for performing a rotational angiography in the operating
room is even more complex. While this technique can add invaluable information in
selected patients, the setup can be time consuming and to some degree disrupts the
surgical procedural flow (Fig. 35.2). Therefore patient selection is crucial when
considering a rotational technique in the operating room.

Fig.35.1 Staining after exit
angiography. A 2-year-old
patient undergoing Fontan
completion. The angiographic
catheter was inserted in close
proximity to the suture line,
leading to vascular injury/
staining
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Fig.35.2 Rotational exit
angiography. An 8-month-old
infant undergoing a
bidirectional Glenn
procedure. A rotational
angiography was performed.
Top image: setup prior to
performing a rotational
angiography in the hybrid
operating room. Bottom
image: 3D reconstruction of
the rotational angiography
documenting a mild left
pulonary artery (LPA)
stenosis

35.4 Outcomes

Outcome data on completion angiographies is limited [6]. Data reported by Holzer
and colleagues documented an unexpected pathology in 56 % of exit angiographies,
with a change in patient management occurring in as much as 28 % of exit angiog-
raphies [6]. Updated data on exit angiographies (not published) was presented at the
Pediatric Interventional Cardiac Symposium (PICS) in 2013, documenting an 11 %
rate of intraoperative interventions (either transcatheter intervention or surgical
revision) resulting from exit angiographies. In general, change in management
includes surgical revision on cardiopulmonary bypass (Fig. 35.3), surgical revision
of cardiopulmonary bypass (Fig. 35.4), transcatheter intervention such as a pulmo-
nary artery stent placement (Fig. 35.5), change in medical management (such as
change in anticoagulation), or early recatheterization. While for many of the identi-
fied abnormalities there would be very little disagreement in whether to intervene or
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Fig.35.3 Revision on CPB
as a result of exit angiogra-
phy. A 9-month-old infant
undergoing a bidirectional
Glenn procedure. Exit
angiography documented
absent flow to the right
pulmonary artery. A revision
was performed on cardiopul-
monary bypass with an
excellent anatomical result

not, this however does not apply to all cases, and therefore when to intervene after
an abnormal finding remains an important unanswered question. The updated data
on exit angiographies performed at Nationwide Children’s Hospital (presented at
PICS 2013) identified 9% of patients with exit angiography that required early
recatheterization after surgery, clearly highlighting the difficulty in deciding which

lesion to treat or not.
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Fig.35.4 Revision of CPB
as a result of exit angiogra-
phy. A 2-month-old infant
with anomalous origin of the
left coronary artery from the
pulmonary artery. After
surgical repair an angiogra-
phy was performed in the
ascending aorta documenting
a proximal filling defect of
the left coronary artery.
Adhesions and external
compression were removed
without the use of cardiopul-
monary bypass and a
subsequent angiography
documented an appropriate
surgical result

35.5 Summary

Exit angiography is an excellent tool to identify postoperative vascular abnor-
malities. It requires careful planning and a proactive approach to selecting the
appropriate patients. While many questions remain unanswered, in particular,
relating to patient selection and which lesions require treatment, this should not
be a deterrent from using this tool diligently, as it has the ability to identify
postoperative abnormalities that would otherwise not be detected by conven-
tional imaging modalities. With careful planning, this tool has the ability to
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Fig. 35.5 Intraoperative stent placement as a result of exit angiography. A 6-month-old infant
undergoing a comprehensive stage II palliation. Exit angiography documented a distal stenosis of
the behind left pulmonary artery (arrow). A stent was placed intraoperatively

improve postoperative outcomes and should be part of the standard intraopera-
tive imaging techniques used in every center.
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Role of Three-Dimensional Rotational 3 6
Angiography in Imaging the Puimonary
Arteries

Darren P. Berman

36.1 Introduction

Noninvasive imaging modalities such as echocardiography, cardiac MRI, and CT
have greatly enhanced our abilities to assess the pulmonary arteries (PAs) in com-
plex forms of congenital heart disease (CHD). These noninvasive modalities have
helped reduce the need for diagnostic cardiac catheterization while simultaneously
allowed for effective preprocedural planning for either transcatheter or surgical
intervention of complex problems, including PA stenosis.

When intervening, biplane angiography in the cardiac catheterization remains
the primary method for assessing the pulmonary arterial anatomy. Calibrated mea-
surements from these two-dimensional angiograms serve as the basis for final
decision-making when performing catheter-based interventions. Three-dimensional
rotational angiography (3DRA) was first described as an emerging technology in
the management of CHD by Kapins et al. in 2010 [1]. It has since been utilized as
an adjunctive enhanced real-time imaging modality in the catheterization suite to
help understand and properly treat complex anatomical problems in CHD [1-3].

This chapter will provide a broad overview of the role and utility of 3DRA in
imaging the PAs in the setting of (1) palliated single ventricle (SV), (2) surgically
corrected biventricular CHD (i.e., conotruncal defects following repair), and (3)
neonates requiring delineation of pulmonary blood flow.
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36.2 3DRA Acquisition

Acquiring high-quality 3DRA images is fundamentally different in comparison to
biplane angiography. Our experience with 3DRA is within a Toshiba Infinix-i
biplane flat panel catheterization suite (Toshiba, Japan). While each system has
slight variations in image acquisition, the following general principles hold true
across all systems. Image acquisition is performed with a single flat panel detector
with the lateral detector out of the way. After centering the area of interest on the
frontal flat panel, and assuring appropriate table height with the frontal flat panel in
the lateral position, an automated series of steps prepares the operator for image
acquisition. A single 200° high-speed rotation of the frontal detector over 4-5 s
while obtaining 100 digital acquisition frames produces the rotational angiogram.
The dataset is transferred to a 3D workstation (Vitrea, Vital Solution, Toshiba)
where a 3D reconstruction is created, post-processed, and directly linked back to the
Toshiba system. Additional CT-like cross-sectional tomographic images are also
generated providing adjunctive information. Current systems now have almost
immediate 3D overlay capabilities with live fluoroscopy as deemed necessary for
the rest of the procedure.

To maximize image quality, a breath-hold is essential to minimize motion arti-
fact. Additionally, the area of interest must remain fully opacified with nonionic
contrast media throughout the acquisition. Tips to help achieve this include the
following:

1. Position the angiographic catheter proximal to the area of interest (as opposed to
directly within).

2. Program the rotational angiogram with a 0.5—1 s delay such that contrast media
begins to inject prior to gantry rotation so that contrast media will have already
filled the area of interest from the onset of image acquisition.

3. Rapid ventricular pacing throughout image acquisition with the goal of decreas-
ing blood pressure by ~50 % effectively decreases stroke volume. This not only
maximizes opacification of the area of interest, but also reduces unwanted opaci-
fication of pulmonary venous return, thus minimizing artifact.

36.2.1 Role of 3DRA Following Cavopulmonary Connection
Palliation for SV

Patients born with complex single ventricle (SV) forms of CHD undergo a series of
surgical palliations to achieve a stable circulation. Once palliated with a bidirectional
Glenn (BDG) or total cavopulmonary connection (TCPC), this group of patients
relies primarily on residual kinetic energy provided by a single systemic ventricle
and the sucking of blood from the left atrial diastole to allow systemic venous return
toreach the distal pulmonary vascular bed and ultimately the left atrium. Unobstructed
pulmonary circulation is vital for maximizing circulatory efficiency and reducing
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early and late morbidity [4, 5]. Unfortunately, a significant number of these patients
are at risk for hemodynamically important PA stenoses secondary to either congeni-
tal abnormalities or as a consequence of prior surgeries.

Catheter-based intervention is an important tool for addressing these PA steno-
ses. 3DRA performed within the BDG or TCPC provides significant insight into the
mechanism(s) of stenosis (and can thus guide appropriate intervention) as well as
improve post-intervention assessment with regard to potential negative impact on
surrounding structures, i.e., the aorta and airway [2, 6] (Fig. 36.1).

With this patient population, high-quality 3DRA image acquisition is the norm.
Modifying cardiac output in the form of rapid ventricular pacing is typically not
needed given the lack of pulsatility through the PAs in these patients. However, if
planning to perform simultaneous injections in the reconstructed aorta and BDG to
further understand the interaction of adjacent structures, rapid pacing would be rec-
ommended to improve image quality within the pulsatile systemic arterial system.
Additionally, to maximize image quality in the TCPC, simultaneous injection into
two identical catheters positioned within different portions of the TCPC, but “Y-ed”
back to a single injector, enables the entire TCPC to be imaged with a single 3DRA
with reliably good image quality.

36.2.2 Role of 3DRA Following Surgical Correction of Complex
Biventricular CHD

Patients born with conotruncal defects including tetralogy of Fallot (TOF), truncus
arteriosus, and D-transpositon of the great arteries (D-TGA) undergo complex sur-
gical correction that requires manipulation of the PAs. This can include patch aug-
mentation of a congenitally stenotic PA, unifocalization of aortopulmonary
collaterals, mobilization and reimplantation of a PA, and the Lecompte maneuver as
part of the arterial switch operation (ASO). It is thus not unexpected that a number
of these patients develop recurrent PA stenosis that can be effectively treated with
transcatheter options.

As in patients who have undergone TCPC, 3DRA in this subset of patients pro-
vides a number of advantages. A single rotational angiogram in the right ventricle
or right ventricular outflow tract (RVOT) provides a volume-rendered 3D recon-
struction of the entire RVOT and PA architecture that can be viewed in essentially
an endless number of virtual angles (Fig. 36.2). This 3D reconstruction can provide
a roadmap with the ideal gantry angles to then perform selective biplane angio-
grams to guide interventions. This should increase efficiency of correctly profiling
PA stenoses and therefore may reduce the total number of digital acquisitions
required throughout potentially long complex procedures and secondarily may
reduce the total amount of contrast media needed.

The subsets of patients who have undergone an ASO with the Lecompte maneu-
ver are also at risk for PA stenosis. 3DRA with simultaneous injections in the RVOT
and aorta maximize our ability to understand the intimate relationship between the
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Fig.36.1 left pulmonary artery (LPA) stenosis secondary to compression from a dilated ascending
aorta in a patient following Norwood reconstruction and TCPC with a previously placed IVC stent.
A two-dimensional selective LPA arteriogram suggests a diffusely hypoplastic LPA (a). A volume-
rendered 3D reconstruction in a frontal projection appears similar to the 2D angiogram (b). Rotation
of the image to a virtual plane (LAO 135, Caudal 78) clearly shows a severe long segment stenosis
(¢), which in a corresponding tomographic image, is shown to be secondary to aortic (black arrows)
compression (d). Following the placement of a large vascular stent, a tomographic slice from a
repeat 3DRA clearly demonstrates an expanded LPA and the relationship of the newly stented LPA
to the reconstructed aorta (white arrows) and left main bronchus (asterix) (e)
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Fig. 36.2 3DRA in a 10-month-old born with TOF and pulmonary atresia who has undergone
placement of a conduit to create right ventricle (RV) to PA continuity. The injection was performed
with a multi-side-hole catheter positioned in the proximal portion of the RVOT; note the pacing
catheter in the body of the RV (a). A 3D-reconstructed image of the RVOT and PAs is available
within 1-2 min following the angiogram (b). The reconstructed image can be used to best profile
the right PA and its stenoses (c), as well as the more hypoplastic left PA (d). Note how the gantry
angles correlating with each image is provided in real time as the 3D-reconstructed image is
manipulated

stretched PAs and aorta (Fig. 36.3). Further understanding the mechanism of a PA
stenosis should help lead to more efficient and effective therapy (i.e., balloon angio-
plasty versus stent).

36.2.3 Additional Roles of 3DRA in Imaging Pulmonary Arteries

There are several additional scenarios worth mentioning where 3DRA can play
arole in effectively imaging the PAs. Patients born with the most complex form
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Fig. 36.3 Simultaneous 3DRAs performed in the left and right ventricle in an 18-year-old who
has previously undergone an ASO with the Lecompte maneuver for D-TGA (a). The 3D recon-
struction (b) can also be color coded (¢, d) to help show the intimate relationship of the PAs draped
over the aorta

of tetralogy of Fallot (TOF) with pulmonary atresia and multiple aortopulmo-
nary collaterals (MAPCAs) require a detailed preoperative assessment of pul-
monary blood flow which often includes a cardiac catheterization. 3DRA within
the aorta with rapid right ventricular pacing provides a roadmap of pulmonary
blood flow (Fig. 36.4).

Additionally, some newborns with ductal-dependent pulmonary blood flow are
referred for consideration of arterial duct stenting as a less invasive option for
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Fig.36.4 3DRA performed in the aorta with RV pacing (a) in this 2-month-old with unrepaired
TOF, pulmonary atresia and major aortopulmonary collateral arteries (MAPCAs). This single
injection provides a highly informative 3D reconstruction that with additional post-processing
(b—d) can delineate the diminutive true PAs (gray) and the MAPCAs (blue, green)

securing pulmonary blood flow. The arterial duct itself, as well as its insertion into
the proximal PAs, can be tortuous and complex making these procedures challeng-
ing. Often, numerous digital acquisitions at various gantry angles are needed in an
attempt to best profile the arterial duct and its course as it inserts into the PAs.
3DRA within the aorta with rapid ventricular pacing can help guide these complex
procedures (Fig. 36.5).
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Fig.36.5 3DRA performed in the aorta with RV pacing in this newborn with TOF and pulmonary
atresia adequate sized PAs and ductal-dependent pulmonary blood flow referred for consideration
of ductal stenting (a). 3D reconstruction nicely demonstrates the origin of the arterial duct, its
tortuous course, and its insertion onto the true left PA (b, ¢). Further post-processing reveals a
significant stenosis to the proximal left PA between the main PA and duct insertion site (d). This
patient was referred for surgical repair

Conclusion

3DRA is a safe and effective, relatively new technology. It can be used to provide
enhanced imaging of the PAs in many of our patients with complex CHD. A
single rotational angiogram provides immense data, including a 3D reconstruc-
tion that can be viewed in a near endless number of virtual angles, as well as a
CT-like tomographic data that can provide insight into the interactions with sur-
rounding structures before and after intervention.

With this immense amount of information gleaned from a single 3DRA, this
technology can help reduce the total number of biplane digital acquisitions
needed throughout a procedure and, in doing so may reduce total radiation
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exposure and contrast media needed. Finally, 3DRA allows us to better under-
stand the mechanism(s) of PA stenoses and thus allows us to treat our patients
more effectively as well as understand the potential affects our therapies may
have.
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Hybrid Approach to Pulmonary Artery 3 7
Stenosis

Evan Zahn

37.1 Introduction

Since its description nearly 25 years ago [1, 2], endovascular stent therapy has
become the procedure of choice in many settings involving pulmonary artery steno-
sis. Early descriptions suggested this therapy was only suitable for larger children
and adults; however, advances in technique and technology have allowed pulmo-
nary artery stent therapy to be safely and effectively performed in younger children
and infants [3-5]. While improvements in delivery technique, balloon, stent, and
sheath technology have made percutaneous stent implantation a more accomplish-
able procedure, there are numerous clinical scenarios where hybrid stent implanta-
tion may be preferable.

37.2 History

Intraoperative pulmonary artery stent implantation was first described by Houde
etal. in 1992 [6]. During these early days, stents were placed under direct vision in
the operating room with essentially no ability to evaluate the post-implant result.
Despite the obvious suboptimal nature of this approach, results reported were good,
with improvements in vascular diameter comparable to percutaneous implantation
[7-9]. As this therapy was more widely adopted, the technique evolved to include a
variety of ways to assess the pertinent anatomy prior to, during, and after stent
implantation.
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37.3 Indications and Advantages

There are several important scenarios where hybrid delivery of a PA stent may be
advantageous. These include small patient size (e.g., infants and neonates), inter-
ventions required in the early postoperative period, limited vascular access, need for
concomitant surgical procedures, and as rescue therapy for either a failed percutane-
ous stent attempt or for a patient unable to separate from cardiopulmonary bypass
due to PA stenosis.

Advantages to hybrid PA stent implantation include:

1. The ability to implant a stent with the future capability of achieving an adult
diameter regardless of patient size at the time of implant (including young
infants)

2. Avoidance of intracardiac catheter manipulation, which may be particularly

important for critically ill patients, particularly in the early postoperative period

. Minimization or avoidance of ionizing radiation

4. Reduction of the total number of invasive procedures by combining several pro-
cedures (e.g., conduit replacement and bilateral PA stent placement) into one

5. Improved accuracy of stent placement including the ability to redo the implant if
desired and/or flair proximal stents against the PA wall to facilitate future vessel
reentry

(O8]

37.4 Techniques

Two different techniques have evolved for the hybrid delivery of PA stents. The first,
stent implantation under direct or endoscopic visualization, is typically a planned
procedure performed in the operating room or a hybrid suite. The second, stent
implantation via surgically provided vascular access supported with fluoroscopic
imaging, can be used to treat not only PA stenoses but several other lesions. This
approach can be performed in a standard catheterization suite, surgical operating
room (with portable fluoroscopic imaging), or hybrid suite.

37.4.1 Direct or Videoscopic-Guided Stent Implantation

This procedure is typically performed at the time of other required surgical proce-
dures such as right ventricular outflow tract reconstruction, conduit replacement,
delayed ventricular septal defect (VSD) closure (in the setting of pulmonary atresia
and VSD), bidirectional Glenn, or Fontan palliation. As the availability of fluoros-
copy in the operating room and hybrid suites has become more common, this tech-
nique has a receding role. A critical component to the success of this technique is a
thorough quantitative assessment of all pertinent anatomy prior to the actual proce-
dure. Since these implants are done without fluoroscopy/angiography, decisions
regarding implant location, stent type/length, and the diameter of the implantation
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balloon are made prior to the procedure based upon pre-procedural imaging.
Typically stents with adult-size potential are chosen, and stent length is determined
based on pre-procedural imaging combined with known foreshortened length-
diameter relationships, paying special attention to the takeoff of side-branches. The
diameter of the implant balloon is chosen to approximate normal vessel diameter
adjacent to the stenosis.

Prior to implantation, the target stenosis and surrounding vessel are examined
internally and externally using direct visual and/or digital videoscopic examination.
A videoscope limits the amount of dissection required to visualize the target lesion,
thereby shortening operative and cardiopulmonary bypass times, minimizing trauma
to surrounding structures, and preserving supporting tissue as the target stenosis and
surrounding vessel are forced to expand with balloon inflation. Landmarks that have
been identified on pre-procedural imaging such as side branches are reidentified
with the videoscope as final plans for implant are made. Preparation of the stent and
balloon differs slightly from normal in several respects. The balloon catheter lumen
is flushed, and the balloon itself is inflated and deflated with saline (contrast not
needed) prior to mounting the stent to improve stent adherence since no sheath is
utilized, and low-profile balloons are preferred for this application. After crimping
the stent onto the balloon, stent slippage is assessed by applying gentle traction on
the stent. If the stent is loose despite vigorous crimping, the balloon may be inflated
slightly to form a “dumbbell” shape, which helps to minimize stent slippage. A
slight “hockey stick” curve is placed on the guidewire, which is “preloaded” within
the balloon catheter lumen, such that a few centimeters extend beyond the catheter
tip. Typically balloons with moderate-burst pressure with low-deflation profiles are
used to minimize the chance of pulling back the stent after it has been deployed.

While the surgeon manages the videoscope, the cardiologist places the balloon
tip at the orifice of the vessel and advances the tip of the guidewire down the target
vessel, directing the wire so as to align the tip with the course of the target vessel
(Fig. 37.1). With the wire now advanced several centimeters into a distal branch, the
back of the wire is stabilized as the balloon/stent complex is advanced over the wire
and across the target lesion. Care should be taken to not damage the balloon or stent
if a forceps is being used to advance the complex forward. The videoscope is then
advanced down the vessel to confirm and fine-tune positioning prior to inflation.
Inflation is typically performed to the manufacturers specified burst pressure, fol-
lowed by balloon deflation. The balloon catheter is removed over the guidewire in
the usual fashion as the surgeon holds gentle pressure on the proximal stent struts to
prevent proximal dislodgement. The videoscope is then advanced down the newly
stented vessel to assess the end result prior to the removal of the wire. Particular
attention is paid to the presence or absence of vascular tears, apposition of the entire
stent to the vessel wall, patency of any side branches thought to be at risk, and the
integrity of any suture lines that were crossed by the stent. If need be, the stent can
be re-dilated with a larger balloon (+ higher pressure) if it does not appear fully
expanded or apposed to the vessel wall. When satisfied with the end result, the wire
is removed, and the surgeon may flare any proximal struts that may be protruding
into the main PA, particularly when treating ostial stenoses.
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Fig. 37.1 Videoscopic stent implantation procedure to treat central PA stenosis. Pre-implant
image used to position stent balloon complex in the right PA (a). Note how the proximal stent is
brought to the ostium of the vessel. The appearance of the balloon during implantation (b).
Videoscopic examination of the vessel following stent implantation shows good apposition of the
stent to the vessel wall, absence of any side-branch crossing, and no obvious vessel tear (c).
Following bilateral stent placement, the surgeon has flared the proximal stent struts (arrows) to
facilitate future catheter reentry (d)

While this is a fairly simple technique, several words of caution are worth men-
tioning. If being performed in the operating room and not in a hybrid suite, this
procedure puts the interventional team in an unfamiliar environment without the aid
of fluoroscopy or angiography. This requires excellent communication and coopera-
tion with the surgical team and careful pre-procedural planning. A thorough review
of the pre-procedural angiography and careful calibration to ensure accurate mea-
surements are essential. The use of floppy-tipped guidewires and avoiding rigid
high-pressure balloons are important safety measures to prevent vessel damage,
particularly from the distal balloon catheter tip which is not seen during inflation
with this technique.

37.4.1.1 Institutional Experience

Between 1998 and 2008, this approach was utilized to implant 41 stents into the PAs
of 34 patients in our program. Median age and weight at the time of implant were
36 months (5 days—31 years) and 13.8 kg (2.9-67 kg), respectively. There was one
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procedural failure in a child with previously implanted stents that were incompletely
removed at a prior operation, which resulted in rupture of the implantation balloon
and prevented hybrid stent placement. Technical success rate is 97 %. During a
median follow-up of 94 months (22 months—11.5 years), 19 patients (22 stents)
underwent follow-up catheterization. Angiographic assessment of vessel size
showed a statistically significant improvement in mean minimal luminal diameter
and the consistent ability to further expand these stents to keep up with patient
growth. There were four cases of side-branch crossing resulting in the stenosis of
that branch; however, only one resulted in complete occlusion. Late distal stent
migration occurred in one case without clinical sequelae and that stent has remained
in place with good flow around and through it. Four patients have undergone unre-
markable surgical enlargement (longitudinal splitting) of their hybrid-placed stents
during a subsequent operation.

37.4.2 Stent Implantation Via Surgically Provided Vascular Access

A second, more common hybrid approach to PA stent implantation involves the
provision of surgical access to deliver stents to otherwise difficult or impossible to
reach areas. In general, this technique has evolved to treat three distinct patient
populations: (1) infants and neonates who are critically ill in the early postoperative
period, often with open chests, (2) more stable patients presenting with unusual
lesions or limited vascular access making percutaneous stent implantation difficult
or impossible, or (3) planned elective hybrid PA stent implantation as part of a more
extensive surgical procedure such as a bidirectional cavopulmonary anastomosis.

While the clinical scenario may differ, the approach in all of these scenarios is
similar; surgical access for sheath placement is obtained (e.g., RVOT after tetralogy
Fallot repair, innominate vein or superior vena cava after cavopulmonary anastomo-
sis, carotid artery after systemic-PA shunt placement) and secured with a purse-
string suture (Figs. 37.2, 37.3, and 37.4). Importantly, the location of this incision
must allow enough distance between the tip of sheath and the target lesion, so the
proximal portion of the stent delivery balloon can be inflated outside of the sheath.
Angiography is performed through the side arm of the sheath, and quantitative mea-
surements are made to determine stent diameter and length. A floppy-tipped direc-
tional guidewire is directed across the stenosis and to a distal posterior PA branch
with or without the use of a catheter as needed. An appropriate-sized stent, usually
with adult-size potential, is chosen and hand crimped onto a balloon catheter. Under
fluoroscopic guidance the balloon/stent complex is advanced over the wire, across
the target lesion. Owing to the short and simple catheter course, it is typically not
necessary to protect the stent within the bloodstream by advancing the sheath. Serial
hand injections performed via the side arm of the sheath are used to aid in precise
positioning of the stent, after which it is deployed in the typical fashion. As with a
standard stent deployment, follow-up angiography and hemodynamics are per-
formed, after which the surgical team reenters the field to remove the sheath and
repair the incision in the right ventricular outflow tract.
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Fig.37.2 Hybrid adult-sized pulmonary artery stent implantation via the right ventricular outflow
in a critically ill infant after repair of pulmonary atresia and ventricular septal defect in association
of hypoplastic PAs. An intraoperative photograph showing the delivery sheath within the outflow
tract (a). An angiogram performed through the side arm of the sheath demonstrates severe left
pulmonary artery branch pulmonary stenosis (b). Following the placement of an adult-sized left
pulmonary artery stent, there was marked improvement in the vessel caliber and patient’s clinical
condition (c¢)

Fig. 37.3 Hybrid placement of a left pulmonary artery stent capable of adult dimension via the
innominate vein in a 4-month-old infant at the time of his cavopulmonary anastomosis. (a)
Angiography via the side arm of the short delivery sheath is used to demonstrate the stenosis and
chose stent dimensions as well as for accurate positioning (b). After stent implant, repeat angiog-
raphy (c) confirms vessel diameter improvement

37.4.2.1 Institutional Experience
Between 1999 and 2011, 10 infants underwent placement of 12 PA stents using
direct RVOT access technique at our institution. Median weight was 6 kg and all
were critically ill. Several were on mechanical cardiopulmonary support. There
were no procedural complications or deaths. All stents were successfully placed (as
judged by standard criteria and by clinical improvement). In follow-up, all stents
placed using this technique have been further expanded via percutaneous routes
with no cases of late complications. One patient, who did not have “adult-sized”
stents placed at the time of the procedure, has undergone successful surgical enlarge-
ment (longitudinal splitting) of the stents during a subsequent operation.

During that same time period, 12 patients underwent stent implantation via a
surgical carotid artery approach to treat an aortopulmonary shunt or pulmonary
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Fig. 37.4 (a) A newborn with a complex single ventricle and discontinuous pulmonary arteries
underwent a central shunt from the ascending aorta and was profoundly cyanotic. (b) A selective
injection into the shunt revealed a completely occluded left pulmonary artery and a significantly
stenotic right pulmonary artery as well as a tortuous catheter route to access the shunt from a ret-
rograde aortic approach. (¢) Utilizing a right carotid cutdown hybrid approach, direct access to
both branch pulmonary arteries was simple and allowed for effective stent implantation to the right
(d) and left (e, f)

artery stenosis (via a shunt). Stent implantation was successful in all cases, and
there were no instances of shunt thrombosis or procedural deaths.

Conclusions

While most pulmonary artery stents can be placed via a percutaneous approach,
there are clear advantages to hybrid stent placement in certain settings. Our
decade-long experience would suggest that these procedures are simple to do,
safe, and effective in a variety of clinical settings and anatomies.
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38.1 Historic Background

Efforts to combine catheterization and surgical techniques in a hybrid manner to
treat pulmonary artery stenosis started in the early 1990s, with the first report by
Houde et al. in 1992 from Toronto Sick Children’s Hospital [1]. Since then, the
experience has grown to now become a standard approach considered for manage-
ment of specific conditions throughout the world. Although over the years major
technological advances in stent profile and delivery methods have increased the
feasibility of percutaneous stent implantation in small patients, it still is not always
possible to implant a stent capable of achieving adult diameters in the future in a
small child or within difficult anatomic substrates. Thus, the use of hybrid approaches
for stent delivery continues to grow, particularly as the collaboration between sur-
geons and interventional cardiologists improves and more hybrid cardiac catheter-
ization laboratories and either hybrid operating rooms or those with angiographic
capability are being built. Over the last 20 years, numerous reports have demon-
strated the feasibility of the technique and encouraging acute results. Table 38.1
summarizes the literature and illustrates the specifics of the experience over time.
Not surprisingly, all reports refer to balloon expandable stents, as these are almost
always the ones used for treatment of congenital stenotic lesions.
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38.2 Experience 1992-2003

Early publications refer mainly to intraoperative pulmonary artery stenting in small
number of patients, typically infants [1, 2]. These were performed because of either
limited vascular access, which precluded percutaneous stenting, or as adjunct to
other cardiac surgery. In 1993 Mendelsohn AM and colleagues [2] from the
University of Michigan reported intraoperative stenting of pulmonary arteries in
nine patients without mortality or serious adverse events related to stenting.
Preoperative angiographic evaluation with the testing of vessel distensibility had
been performed in all. All patients were either undergoing concomitant surgery
under 10 kg weight or did not have vascular access adequate for percutaneous stent-
ing. There was a significant increase in vessel diameter and gradient reduction post-
intervention in all cases.

Following that, the report by Coles et al. from Toronto Sick Children’s Hospital
[3] demonstrated the experience with 11 patients, a 27 % mortality, and a high rate
of neointimal proliferation during follow-up. However, subsequent publications
showed a much improved and different outcome. Ohye et al. [4] described in 1999
the quantitative use of preoperative angiography to determine landmarks to guide
intraoperative stent implantation. They used the technique for successful implanta-
tion of 12 stents in 10 patients. Ungerleider et al. reported in 2001 [5] the experience
with 22 patients, with significant gradient reduction in all implants. They pointed to
the significant advantages of achieving a relatively large diameter vessel in diminu-
tive pulmonary arteries for which patch augmentation may be technically, extremely
difficult (1-2 mm vessels), plus indicated that surgical implant allows to avoid over-
lapping a contralateral branch and that flaring of the proximal stent is easily done
and can ensure stability as well as facilitate reentry in future catheter procedures.
Subsequent redilation of the surgically implanted stents was successful to expand
the vessels further according to body growth during follow-up. In this report, there
were no deaths related to stent implantation, but there were eight complications
among 31 procedures particularly early in their experience, related to technical
aspects of how to deploy the stent under direct vision. These included laceration of
the pulmonary artery with balloon dilation of the stent in two patients, following
which they recommended limited dissection around the pulmonary artery to be
stented.

Several reports exist in the literature [6, 7] of individual cases or small series of
hybrid procedures where successful pulmonary artery stenting is performed in one
to five patients undergoing concomitant surgical repair.

38.3 Experience 2004-2015

Zahn et al. reported in 2004 [8] the stent placement in the early postoperative period
performed in 62 patients. Some of these procedures were pulmonary artery implants
via direct puncture of the right ventricle or main pulmonary artery or homograft
conduit in a hybrid manner in order to gain access for implantation through an open
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chest, with or without circulatory support. These procedures were performed in the
cardiac catheterization laboratory with the use of angiography for guidance. Success
rate for stent implantation was 87 %.

In 2005 Bokenkamp et al. [9] reported 11 patients, including 7 who had elective
stenting during concomitant heart surgery as well as 4 who had emergent stenting
postoperatively. All these were implanted in the OR relatively blind, without fluoro-
scopic guidance. In the same year, Ing [10] pointed out several technical tips of
intraoperative pulmonary artery stenting, indications, and advantages. Among
these, intraoperative implantation would allow to avoid the hemodynamic instabil-
ity related to stiff sheaths and wires, minimizing stent malposition and improved
control of a potential vascular tear. He also brought up the importance of better
apposition to the endothelial lining with the option to flare or fold back the proximal
struts to the edge of the main pulmonary artery as well as tailoring the length of the
stent to the need by cutting the stent when necessary. Disadvantages discussed
included imprecise distal end positioning in particular the risk of jailing of a side
branch. In order to improve accurate implantation, a recommendation to have C arm
fluoroscopy with video recording was made.

Contemporary to these reports, Bacha et al. [11] published the overall experience
at the University of Chicago Children’s Hospital with hybrid pediatric cardiac sur-
gery, defined as combined catheter-based and surgical interventions in either one
setting or in a planned sequential fashion within 24 h. Among these patients there
were three with intraoperative pulmonary artery stenting and five who underwent
hybrid balloon angioplasty of branch stenosis or preexisting stents. All these patients
were undergoing additional open heart surgery at the time. No guidewire was used.
The implantation of stents was done under direct vision. No surgical dissection
around the implantation site was performed so as to maintain the supportive tissue
surrounding the vessel. Fluoroscopy was not used. There was no operative mortal-
ity. The authors concluded that hybrid cardiac surgery performed in tandem by sur-
geons and cardiologists is safe and effective in reducing or eliminating
cardiopulmonary bypass and pointed that intraoperative pulmonary artery stenting
is a valuable addition to the surgeon’s armamentarium.

Mitropoulos FA reported in 2007 [12] the UCLA experience with intraoperative
pulmonary artery stenting in 22 patients as adjunct to surgical repair, under direct
surgical inspection, with a good intermediate follow-up outcome (no intervention at
22.8 months follow-up), with no early or late mortality. The technique was effective
as assessed by the mean diameter on follow-up echocardiography and reduction in
the gradient. One of the concerns brought up by live discussion at the end of the
manuscript related to the lack of knowledge about the precise distal positioning of
the balloon or stent when this is implanted under direct surgical vision without
intra-procedural angiography and thus the risk of injury to a branch pulmonary
artery branch upon the expansion of the balloon with resulting tear or jailing of
branches.

Menon et al. reported in 2008 [13] the Mayo Clinic experience with intraopera-
tive pulmonary artery stenting in 24 patients, 2 of which were done in an emergency
basis due to the complication of percutaneous intervention. The technique used was
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direct surgical inspection after careful review of preoperative angiography. A guide-
wire was advanced into the distal pulmonary artery, and implantation was performed
over the wire under direct inspection without the use of fluoroscopy. The proximal
end was flared in some cases. Stent migration occurred in two patients. The authors
suggested suturing of the stent to the vessel wall to avoid this complication. Although
they recognize that ideally such procedures would be best done in a hybrid suite
with capability for biplane fluoroscopy and angiography, they concluded that in
experienced hands intraoperative pulmonary artery stenting can be performed safely
and effectively without fluoroscopy.

The novel approach of using direct vascular puncture via an open chest was
reported by Holzer et al. in 2008 [14]. Among 20 patients, 15 were done under
direct vision on cardiopulmonary bypass, 3 underwent stent implantation via vascu-
lar puncture and angiographic guidance, and 2 were implanted via a combined
approach.

The only multi-institutional report on hybrid procedures in the literature is that
by Holzer et al. [15], who reported the results from the C3PO registry on hybrid
procedures. Pulmonary artery hybrid interventions including stenting and balloon
angioplasty occurred in 16 patients (among 128 total having hybrid procedures), 2
of which were done in the hybrid cardiac catheterization laboratory, while the
remaining 14 were performed in the operating room. Pulmonary artery interven-
tions were not analyzed separately with regard to outcomes and complications.
However, among the description of the complications, there were none for the
patients undergoing pulmonary artery hybrid stent implantation.

Angtuaco et al. [16] published in 2011 long-term outcomes of intraoperative
pulmonary artery stenting in 67 patients using 96 stents. Almost half of the patients
received more than one stent. At a median follow-up of 7.6+4.5 years, 49 % of
patients required reintervention, as expected in a growing pediatric population
receiving stents at a young age. Reintervention was more common in children less
than 2 years of age and diagnosis of tetralogy of Fallot or truncus arteriosus.

Sridhar et al. [17] expanded the published experience in 2013 reporting hybrid
intraoperative pulmonary artery stenting at the time of concomitant congenital heart
surgeries in ten patients with a total of 11 stents. All procedures were performed
under cardiopulmonary bypass. Preoperative angiography or computed tomography
was reviewed prior to surgery for definition of size, location, and length of the steno-
sis. The surgeon advanced a wire through the lesion, and the stent was implanted by
direct vision. There was no use of fluoroscopy. The proximal end of the stent was
flared, and the stent was sutured to the wall to avoid migration. There were two early
postoperative deaths but not related to stent implantation. During a relatively brief
follow-up period of 12-26 months, stent patency was satisfactory, and no reinterven-
tion was required. The authors pointed the multiple advantages of intraoperative
stenting, particularly for patients with absent or difficult vascular access, those with
severe pulmonary conduit obstruction, tortuous or distorted branches, presence of
previously implanted tricuspid or pulmonary prosthesis, marginal hemodynamics, or
ventricular dysfunction which may not allow for safe manipulation or positioning of
a long sheath across the RVOT, bilateral ostial stenosis of the branches, and critically
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stenotic, nearly occluded vessels which are difficult to cross percutaneously. They
also indicated the many difficulties of surgical patch angioplasty in these patients,
including dissection and access issues, related to prior adhesions, scarring, compres-
sion, bleeding, or excessive collateral flow, all of which can lead to longer duration
of cardiopulmonary bypass and potential need for circulatory arrest. In addition, the
presence of fibrous scarring can be an advantage for stenting, as it provides support
during stent expansion. Since with hybrid stenting dissection around the pulmonary
artery is not necessary, some of the complications of redo surgeries, such as injury to
the phrenic nerve, lymphatics, or other vascular structures, can be avoided. They also
emphasized the fact that complications related to stenting can be better handled in
the operating room while under cardiopulmonary bypass.

Most recently, Lynch et al. [18] reported hybrid branch pulmonary artery stent-
ing in adults with congenital heart disease, pointing out that the technique can also
be of benefit to larger patients. Although there was one serious complication (right
pulmonary artery tear), it was managed successfully intraoperatively.

38.4 Technical Tips

The initial experience reported included intraoperative stenting guided by direct
visualization or videoscopic assisted, with open heart bypass. This technique is par-
ticularly attractive in patients who require concomitant cardiac surgical procedures.
The second technique, which has become common in the last ten years, is direct
vascular puncture to access the stenotic vessel off cardiopulmonary bypass. In this
approach access is obtained surgically via sternotomy and direct vascular puncture,
and percutaneous techniques and fluoroscopy plus angiography are used to place
the stents in position.
Technical tips supported by literature are as follows:

* Best to minimize or avoid surgical dissection around the pulmonary artery to be
stented to maintain surrounding tissue integrity and minimize incidence of vas-
cular tear [5, 6, 19].

* Preoperative angiographic mapping of the lesion to choose optimal stent charac-
teristics and avoid jailing of branches [2-6, 8, 19].

* Importance of having C-arm fluoroscopy and angiography for implantation guid-
ance [8, 10, 13].

* During open heart implantation, flare of the proximal end of the stent for
improved apposition to the endothelial lining, or fold back the proximal struts to
the edge of the main pulmonary artery [5, 8, 10, 17, 18].

» Consider “tailoring” the length of the stent to the need by cutting the stent when
necessary [10].

» Consider suturing the stent to the vessel wall to minimize the risk of stent migra-
tion [5, 13].

* Open heart can be avoided or minimized by direct vascular puncture via open
chest and angiographic guidance [5, 14, 19].
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38.5 Complications

In Table 38.1, Column 6 summarizes complications related to hybrid pulmonary
artery stenting, which range from O to 31 %. Most significant complications reported
as directly related to hybrid stent implantation include stent migration/malposition
and pulmonary artery tear. The need for reintervention which is commonly reported
during follow-up, and sometimes listed as a complication, is inherent to pulmonary
artery stenting in small growing children and thus is not attributable to the implant
method. The real incidence of jailing of branches is not well reported as most of the
literature includes very limited follow-up data. It is likely that those stents implanted
without angiographic visualization of branching points would be associated to a
higher incidence of side-branch jailing, although at this point this is speculative.
Multiple technical tips have been described in the literature to minimize the inci-
dence of these complications and are referenced above.

Conclusion

Over the past 20 years, reports of hybrid pulmonary artery stenting have demon-
strated its feasibility, success, and safety, becoming a recognized therapeutic
option in congenital heart disease. Novel approaches to optimize stent implant
accuracy and minimize complications have been described in the literature and
rely on the close collaboration between the interventional cardiologist and car-
diothoracic surgeon, as well as the availability of optimal imaging technology in
the operating room and hybrid cardiac catheterization suites.
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Hybrid Closure of Muscular Ventricular 3 9
Septal Defects: Anatomy, Clinical
Scenarios, and Techniques
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39.1 Anatomy

Congenital ventricular septal defects (VSDs) can exist as isolated defects or may be
associated with other cardiac anomalies, such as tetralogy of Fallot, double outlet
right ventricle (DORV), D-transposition of great arteries (D-TGA), truncus arterio-
sus, or interrupted aortic arch. To date, there is no consensus on the best way to
classify such defects, nor even on the curved surface that is taken to represent the
defect [1]. Muscular VSDs (mVSDs) are the second most common type of VSD
after perimembranous defects based on most series and account for 10-15 % of all
VSDs [2, 3]. These have exclusively muscular borders and can have gross malalign-
ment between their caudal and cranial borders. In addition to this malalignment,
they can open into different parts of the right ventricle. They can be further subclas-
sified based on their geographical location whether they open centrally, apically,
anteriorly, or to the right ventricular inlet or outlet components [1]. The left ven-
tricular view shows fewer overlying trabeculae, and multiple defects frequently
coalesce to form a single defect on the left side. Occasionally such apical defects are
quite large [4, 5].

The central defect is posterior to the trabecula septomarginalis (septal band of
the crista) and in the midportion of the septum. Commonly, it is partially hidden by
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overlying trabeculae when viewed from the right ventricle and can give the impres-
sion of multiple defects. From the left ventricular view, this usually appears as a
single rounded-off defect well away from the apex and the anterior and posterior
left ventricular walls.

Small muscular defects near the septal free wall margins have been termed mar-
ginal or anterior defects. These defects are usually multiple, small, tortuous, and
distributed along the ventricular septal free wall margins. Muscular defects can
occur in combination with other muscular or nonmuscular defects, producing a
Swiss cheese appearance of the septum.

Acquired muscular VSDs, on the other hand, are either traumatic or occur post-
myocardial infarction. They complicate 0.2 % of post-MI infarcts [6].

39.2 Evolution of the Hybrid Approach

Unsuitable location for a classic surgical closure of mVSDs can be challenging in
congenital heart surgery. In such situations it is not uncommon that residual shunts
are still present despite several attempts to close multiple muscular defects [3]. This
results in higher mortality and morbidity [7, 8]. Surgical repair via right atrial or
right ventricular approaches provides suboptimal visualization of the defects due to
heavy right ventricular trabeculations. Left ventriculotomy can provide better expo-
sure; however, it is associated with apical aneurysms and with ventricular dysfunc-
tion sometimes necessitating heart transplantation [7, 9, 10]. In addition, the rate of
residual defects is significant after surgical repair with a reoperation rate as high as
10 % in infants [8, 9]. This is even more significant when the defects are multiple,
as in Swiss cheese mVSDs. Hence, device closure of mVSDs has become a valuable
alternative to surgical patch closure, with encouraging results, particularly with the
percutaneous transcatheter approach [11]. However, percutaneous closure requires
the use of large venous sheaths, which may be associated with significant risk of
vascular injury in children. In addition, it remains a highly challenging procedure in
infants. Thus, perventricular closure of mVSDs with a device deployed intraopera-
tively has emerged as an alternative approach in these cases. It was first reported by
Amin etal. in 1998 [12, 13], and since then, several approaches have been described.
Perventricular muscular VSD closure is now an effective strategy in small children
with suitable muscular defects and may avoid the morbidity associated with cardio-
pulmonary bypass and conventional surgical repair [14].

It is also used in older patients after trauma or post-MI [6]. Surgical repair car-
ries a mortality as high as 40 %, since most of these patients present with rapid
hemodynamic deterioration and cardiogenic shock. Transcatheter approach is also
fraught with high morbidity and mortality due to the evolving nature of these defect
and high residual shunting rates. The perventricular approach facilitates the use of
large devices as well as plication of RV free wall to the VSD margin to prevent
residual shunting. This is done by deploying the RV disk on the exterior surface of
the RV.



39 Hybrid Closure of Muscular Ventricular Septal Defects 325

39.3 Advantages
The main advantages of this technique include the following:

1. Avoiding CPB in the absence of associated cardiac lesions and reducing CPB
time in patients with additional cardiac anomalies requiring surgical repair. This
is particularly important in patients who had or might need long cross clamp
time or those who already have the evidence of myocardial dysfunction.

2. The procedure only requires a minimal incision in patients without additional
lesions.

3. The avoidance of ventricular incisions and the avoidance of transection of RV
muscle bundles.

4. Unlike the percutaneous approach, it is not limited by weight or need for vascu-
lar access [15].

5. Tt also avoids possible complications of rhythm disturbances and injury to the
cardiac valves from passing wires and large sheaths in repeated percutaneous
techniques.

6. The procedure time is also relatively short (estimated in some studies to be less
than 20 min) which compares very favorably to the percutaneous approach.

7. In addition, in cases of unusual orientation of the muscular septum as in DORV
and TGA, it provides a much easier approach at crossing the VSD than the per-
cutaneous technique by avoiding potential kinking of wires and sheaths.

8. The technique allows the immediate confirmation of adequate closure, since it is
done under echo guidance, and any additional mVSDs can be easily detected and
closed in the same sitting.

9. In small children, the procedure time is short, and so prolonged exposure to
radiation can be avoided [16].

39.4 Patient Selection[17]

Itis ideal to employ the perventricular technique in patients with significant mVSDs,
who meet the following criteria:

(i) Small infants (<5.0 kg), in whom using large sheaths would be associated with
significant morbidity

(ii) Patients with poor vascular access

(iii) Patients with mVSDs requiring concomitant surgical repair (DORYV, TGA) for
other associated anomalies as part of a single or staged approach [18].

(iv) Patients with multiple or Swiss cheese VSDs in whom surgical repair would
provide suboptimal results and in whom percutaneous closure is highly
challenging

(v) Patients with multiple mVSDs who have previously undergone pulmonary
artery (PA) banding until they gain enough weight to have their VSDs closed
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39.5 Devices

Various devices have been used for perventricular mVSD closure including the
modified Rashkind double umbrella device [19], the Clamshell Septal Occluder
(C.R. Bard, Inc, Billerica, MA, USA) [20], and the CardioSEAL device (NMT
Medical, Boston, MA, USA) [20], all of which were placed intraoperatively under
cardiopulmonary bypass and are no longer used. Other devices like the Amplatzer
Ductal Occluder I [17] and II [16] and the Amplatzer Muscular VSD Occluder
(AGA Medical, Plymouth, MN, USA) [21] have been used off bypass and are still
used currently.

The Amplatzer Muscular VSD Occluder was designed specifically for the mus-
cular septum. It is made of nitinol wire with polyester mesh. The self-expandable
disks are connected via a central waist, and the diameter of which determines the
size of the device. It carries the inherent properties of nitinol and hence is a self-
expanding, malleable, shape memory device. The waist is 7 mm long, and the disks
are 8 mm larger than the connecting waist except for 4 mm device whose waist is 5
mm larger than the waist. The device is available in sizes ranging from 4 to 18 mm
in 2 mm increments, and it requires 69 Fr delivery sheath depending on its size.
This device gained FDA approval in September 2007 for use in patients at high risk
for surgical closure. It has several advantages that make it ideal for use in children.
The disks are round, and so the potential of impingement of the valves and/or the
chordae is significantly low. Another advantage is the small profile of the delivery
sheath through which the device is placed. These are mainly helpful for the trans-
catheter technique, but advantageous for the perventricular approach as well [21].

The Amplatzer Duct Occluder I has also been used for closing mVSDs using the
perventricular approach [17, 22]. This mushroom-shaped device may be advanta-
geous in cases where the RV muscle bundles, especially at the apex, prevent the
expansion of the RV disk of the Amplatzer Muscular VSD Occluder.

The use of Amplatzer Duct Occluder II has been reported as well [16] as it can
be safely used in preterm and low birth weight infants.

39.6 Techniques

1. Right ventricular free wall approach [21]: This standard approach (see Fig. 39.1)
is usually performed in the operating room or in a hybrid suite, if available. In the
event of complex anatomy with multiple or Swiss cheese mVSDs, the procedure
can be performed in the catheterization laboratory, which allows the additional
use of fluoroscopy (if the operating room is not equipped with fluoroscopy) to
help guide crossing additional VSDs. If the VSD is the only lesion, the proce-
dure is performed without CPB. In case additional surgical intervention is needed
to repair associated cardiac lesions, then CPB cannulas are inserted, but bypass
is not initiated until after the closure of the VSD. The heart is approached via a
median sternotomy or a subxiphoid minimally invasive incision without ster-
notomy. By epicardial or trans-esophageal echocardiography, the VSD size can
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Fig.39.1 Schematic diagram demonstrating the steps involved in device deployment through the
RV free wall. RV right ventricle, LV left ventricle, MPA main pulmonary artery, Ao aorta, SVC
superior vena cava, TV tricuspid valve, RA right atrium, /VC inferior vena cava. A Sheath Across
the defect and device being advanced, B Left disc is being deployed, C Left disc completely
deployed and waist is being deployed, D Waist and right disc deployed, E Delivery cable unscrewed
from the device, F Device released

be estimated in diastole. The location of puncture on the free wall of the right
ventricle is determined by applying a gentle push on the RV free wall by a finger
or a forceps toward the defect guided by echocardiography. A purse-string suture
is placed on the free wall of the RV. The site of the purse-string suture depends
upon the location of the VSD and should be in a location the right ventricular
free wall, which is opposite to the VSD and allows the sheath to remain perpen-
dicular to the ventricular septum. An 18-20 gauge needle (angio-catheter or
metal) is inserted through the purse-string suture on the RV free wall into the RV
cavity. An appropriate-sized soft wire (e.g., Terumo glide wire) is inserted
through the angio-catheter after removing the stylet or directly through the metal
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needle. This wire is maneuvered toward the VSD and the VSD is crossed.
Occasionally, it may be difficult to advance the glide wire through the defect; a
short J-tip Benson wire may be used in such circumstances. Once the wire is in
the left ventricle (LV), a sufficient amount of the wire is advanced in the LV, and
the angio-catheter/needle is removed. A short sheath dilator is used to predilate
the RV free wall. Usually a dilator that is 1 F larger than the sheath that is being
planned to be used for device deployment is ideal. This, however, is not a manda-
tory step. The dilator is removed, and an appropriate-sized short sheath is
advanced over the wire. Once the dilator is in the left ventricle, the sheath is
advanced over the dilator into the left ventricle. It is crucial to recognize the tip
of the dilator and the sheath to prevent any injury to the left ventricular free wall.
Once the sheath is in the left ventricle, its tip can be verified by echo and also by
flushing small amount of saline or contrast through the side arm of the sheath.
Microbubbles in the left ventricle will not only verify the tip but also confirm that
the sheath is in the LV. An appropriate-size Amplatzer mVSD Occluder Device
is washed in saline, screwed onto the delivery cable, and loaded into the loader.
The loader is then advanced through the hemostasis valve of the short sheath.
The device is advanced by pushing the cable. Under TEE or TTE or epicardial
echo guidance or a combination of these modalities, and with the heart beating,
the left disk is deployed; with the sheath pulled back, the waist is deployed in the
VSD itself. The right disk is deployed after ensuring the left disk is approximat-
ing the septum. Before release, the position of occluder disks and potential
impingement of the device on adjacent cardiac structures are carefully evaluated,
including the assessment of residual shunt, aortic regurgitation, and atrioven-
tricular valve function. After releasing the device, the loader is pulled in the
sheath, and the sheath is gently withdrawn from the RV. The purse-string suture
is tied. The same procedure can be repeated in case of multiple mVSDs. If the
patient has other associated cardiac malformations requiring surgical repair,
CPB is then initiated, and surgical repair is performed. Otherwise, if the mVSD
is the only lesion, the chest is closed in the usual fashion.

2. Combined perventricular and percutaneous approaches: In patients with multiple
mVSDs without additional cardiac lesions requiring repair, it is sometimes
advantageous to perform the procedure in the catheterization laboratory as, on
occasions, it is difficult to cross other defects after deploying the first device. In
such cases, combining steps from both percutaneous and perventricular tech-
niques may be particularly helpful to close the remaining VSDs. Percutaneous
access is obtained, and additional VSDs can be crossed percutaneously under
fluoroscopic guidance from the LV side. A wire is advanced into the pulmonary
artery. Then, the surgeon places a short sheath in the pulmonary artery from the
RV free wall. Under fluoroscopic guidance, a snare (Amplatz Snare, ev3,
Plymouth, MN, USA) is used to snare the wire from the pulmonary artery and
exteriorize it out of the RV free wall. Once this loop is established, a short deliv-
ery sheath is advanced over the wire to the mid-LV cavity. The remaining steps
are then carried out as in the routine perventricular approach described earlier for
a single defect.
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Fig.39.2 Sequential steps in closure via the transatrial approach. RA right atrium, LA left atrium,
LV left ventricle, RV right ventricle. A A right angle forcep introduced in the left ventricle,
B Forcep tip cacross the VSD, C Wire advanced and extruded through the right atrial free wall,
D Device deployed

3. Transatrial approach (see Fig. 39.2): Neukamm et al. [22] described this for clo-
sure of mVSDs using Amplatzer ADO 1. Since the device has a tapered shape of
the core, it would fit better in the narrow trabeculae on the right side. The right
side of the device was attached to the myocardium with a ProleneVR suture.
Based on echocardiographic measurements, the biggest diameter of the core of
the PDA device is chosen 2 mm larger than the smallest end of the wedge of the
VSD. A 7-French delivery sheath from the Amplatzer PDA delivery systems is
chosen which can be shortened to decrease the length. The device is front-loaded
into the shortened, regular delivery sheath and pulled back some millimeters to
allow the forceps to grab the wall of the sheath on one side. No special shape of
the sheath is needed. In cooperation with the surgeon during open heart surgery
under visual and tactile control, a right-angled forceps is introduced into the left
ventricle through the oval foramen and mitral valve. The tip of the forceps is
manipulated through the VSD from the left ventricle, so it could be seen in the
right ventricle. The sheath is then placed into the mouth of the forceps. The sur-
geon pulls the forceps and the clamped sheath wall into the left ventricle, releas-
ing the delivery sheath and removing the forceps. To avoid entanglement in the
mitral valve apparatus, the sheath is only pulled as much as needed into the left
ventricle. The interventionist then pushes the device out of the sheath until the
disk is formed. The distal disk and sheath are pulled back as one unit until it tugs
the septum. Only then the sheath is pulled back to let the core develop within the
defect. The end of the device that is visible just outside the right ventricle’s tra-
beculae, still under tension from the attached delivery cable, is then secured with
a Prolene suture.

4. Superior left atrial approach (see Fig. 39.3): Baird et al. [23] described this tech-
nique in patients with associated lesions that require CPB. After cardioplegia, the
RV is inspected through a right atriotomy. A right angle from the LV through the
VSD into RV. An anterior superior left atriotomy provides an excellent angle to
pass a right angle through the VSD without torquing the mitral valve apparatus.
A 0.035 in. exchange guidewire is passed through the tricuspid valve to the right
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Fig.39.3 Superior left atrial approach for hybrid closure of a muscular ventricular septal defect

angle and pulled up through the mitral valve and out the left atriotomy. Based on
echocardiogram, the device size is chosen. A 6 F/7 F flexor sheath is passed over
the wire from the RA through the mVSD into the LV, and the wire and dilator are
removed. The device is deployed under direct vision, and the RV side is secured
with sutures. Subsequently, associated lesions are repaired.

5. Trans-semilunar valve approach [24]: This hybrid surgical technique (see
Fig. 39.4) may be beneficial in patients with complex tunnel like mVSD from the
LV apex to the RV infundibulum anteriorly. The advantages include the
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Fig. 39.4 Trans-semilunar approach for complex apical muscular VSDs. (a) Transposed great
arteries and complex apical mVSDs. (b) Right angle clamp across the mVSD to snare a soft tip
wire. (¢) Partially deployed ductal occlude device across the mVSD. (d) Released ductal occlude
device wedged in the mVSD and secured by a pledgeted suture

avoidance of left atriotomy, right and left ventriculotomy, and any associated
muscle resection, especially when a midline sternotomy and CPB are required
for the correction of other associated defects. The technique was described in the
setting of a D-TGA patient with apical VSDs. On CPB, after the transection of
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the great arteries, a right angle clamp was advanced from the anterior semilunar
valve across the VSD into the LV. The wire was exteriorized and swapped out for
a stiffer J-tip wire with the tip secured with a forceps in the LV from the posterior
semilunar valve. After crossing the VSD with an appropriate-sized sheath, the
sheath tip is secured with a forceps from the posterior semilunar valve. An
appropriate-sized ADO I device is then advanced to the LV apex, and the aortic
retention skirt is deployed on the LV side under direct vision. The rest of the
device is released on the RV side of the tunnel VSD, and this end is securely
anchored to the RV septum by a single suture placed through the tricuspid valve.
After this is done, the ASO operation is performed.

39.7 Complications
Major complications include:

1. Cardiac perforation: Perforation is a rare but serious complication of the percu-
taneous technique and could occur with the perventricular approach, although it
has not been reported to date. It may occur when introducing the delivery sheath
and its dilator across the VSD into the LV as the dilator is stiff enough to punc-
ture the LV if pushed too far. This is preventable by making sure the delivery
sheath is positioned in the LV cavity not too close to the LV free wall by monitor-
ing its position with TEE or epicardial echocardiography.

2. Device embolization: This could occur if the device is released prematurely or in
an inappropriate position. The device can then embolize to the LV, ascending
aorta, RV, or pulmonary arteries. This may be preventable by using the appropri-
ately sized device and by evaluating the device position by echo prior to device
release. If such a complication occurs, the surgeon can proceed with CPB and
surgically close the VSD after removing the device.

Minor complications include:

1. Unsuccessful closure: This may result from the inability to deploy the RV disk
of the device, when there is an apical mVSD and there are heavy RV trabecula-
tions. This problem may be avoided by using the mushroom-shaped Amplatzer
Duct Occluder device. Thus, it is helpful to have these occluder devices available
when planning perventricular closure, especially for apical mVSDs.

2. Valvular regurgitation: This can occur if the device impinges on the valve appa-
ratus especially in high posterior mVSDs close to the atrioventricular valves.
Therefore, it is essential to measure the distance from the defect to the various
valvar structures in order to select the appropriate device size and to monitor
valve function by echo prior to device release. Minimal valve regurgitation that
is not hemodynamically significant can be followed up medically; however, if
the device causes significant impingement on the valve apparatus after release, it
should be removed surgically.
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Hemolysis is rare and could potentially occur with the perventricular technique,
as it results from residual shunting. By using the appropriate device size and
avoiding under sizing, this complication should be avoidable. If hemolysis is
significant, the residual shunt should be closed by implanting another additional
device if possible, or the device should be removed and the defect closed
surgically.

Air embolism is another serious complication. As in the percutaneous approach,
the device should be loaded onto the delivery cable under water or blood seal to
prevent such rare complications.

References

1.

2.

3.

10.

11.

12.

13.

14.

15.

Spicer DE, Hsu HH, Co-Vu J, Anderson RH, Fricker FJ. Ventricular septal defect. Orphanet
J Rare Dis. 2014;9:144.

Soto B, Becker AE, Moulaert AJ, Lie JT, Anderson RH. Classification of ventricular septal
defects. Br Heart J. 1980;43(3):332-43.

Becker AE, Anderson RH. Classification of ventricular septal defects — a matter of precision.
Heart Vessels. 1985;1(2):120-1.

. Wenink AC, Oppenheimer-Dekker A, Moulaert AJ. Muscular ventricular septal defects: a

reappraisal of the anatomy. Am J Cardiol. 1979;43(2):259-64.

. Anderson RH, Wilcox BR. The surgical anatomy of ventricular septal defect. J Card Surg.

1992;7(1):17-35.

. Love BA, Whang B, Filsoufi F. Perventricular device closure of post-myocardial infarction

ventricular septal defect on the beating heart. ] Thorac Cardiovasc Surg. 2011;142(1):230-2.

. Kirklin JK, Castaneda AR, Keane JF, Fellows KE, Norwood WI. Surgical management of

multiple ventricular septal defects. J Thorac Cardiovasc Surg. 1980;80(4):485-93.

. Kitagawa T, Durham 3rd LA, Mosca RS, Bove EL. Techniques and results in the management

of multiple ventricular septal defects. J Thorac Cardiovasc Surg. 1998;115(4):848-56.

. Wollenek G, Wyse R, Sullivan I, Elliott M, de Leval M, Stark J. Closure of muscular ventricu-

lar septal defects through a left ventriculotomy. Eur J Cardiothorac Surg. 1996;10(8):595-8.
McDaniel N, Gutgesell HP, Nolan SP, Kron IL. Repair of large muscular ventricular septal
defects in infants employing left ventriculotomy. Ann Thorac Surg. 1989;47(4):593-4.

Holzer R, Balzer D, Cao QL, Lock K, Hijazi ZM. Device closure of muscular ventricular
septal defects using the Amplatzer muscular ventricular septal defect occluder: immediate and
mid-term results of a U.S. registry. ] Am Coll Cardiol. 2004;43(7):1257-63.

Amin Z, Berry JM, Foker JE, Rocchini AP, Bass JL. Intraoperative closure of muscular ven-
tricular septal defect in a canine model and application of the technique in a baby. J Thorac
Cardiovasc Surg. 1998;115(6):1374-6.

Amin Z, Gu X, Berry JM, Titus JL, Gidding SS, Rocchini AP. Perventricular [correction of
Periventricular] closure of ventricular septal defects without cardiopulmonary bypass. Ann
Thorac Surg. 1999;68(1):149-53. discussion 153—4.

Kang SL, Tometzki A, Caputo M, Morgan G, Parry A, Martin R. Longer-term outcome of
perventricular device closure of muscular ventricular septal defects in children. Catheter
Cardiovasc Interv. 2015;85(6):998—-1005.

Pedra CA, Pedra SR, Chaccur P, Jatene M, Costa RN, Hijazi ZM, Amin Z. Perventricular
device closure of congenital muscular ventricular septal defects. Expert Rev Cardiovasc Ther.
2010:8(5):663-74.



334 K.K. Mallula and Z. Amin

16. Haponiuk I, Chojnicki M, Jaworski R, Steffek M, Juscinski J, Sroka M, Fiszer R, Sendrowska
A, Gierat-Haponiuk K, Maruszewski B. Hybrid approach for closure of muscular ventricular
septal defects. Med Sci Monit. 2013;19:618-24.

17. Diab KA, Cao QL, Hijazi ZM. Perventricular closure of muscular ventricular septal defects:
how do I do it? Ann Pediatr Cardiol. 2008;1(1):27-33.

18. Elhmidi Y, Hoerer J, Lange R, Schreiber C. Muscular ventricular septal defect in a newborn
with truncus arteriosus communis: perventricular transcatheter closure under echocardio-
graphic guidance only, a case report. World J Pediatr Congenit Heart Surg. 2014;5(4):589-91.

19. Chaturvedi RR, Shore DF, Yacoub M, Redington AN. Intraoperative apical ventricular septal
defect closure using a modified Rashkind double umbrella. Heart. 1996;76(4):367-9.

20. Okubo M, Benson LN, Nykanen D, Azakie A, Van Arsdell G, Coles J, Williams WG. Outcomes
of intraoperative device closure of muscular ventricular septal defects. Ann Thorac Surg.
2001;72(2):416-23.

21. Amin Z, Cao QL, Hijazi ZM. Closure of muscular ventricular septal defects: transcatheter and
hybrid techniques. Catheter Cardiovasc Interv. 2008;72(1):102-11.

22. Neukamm C, Bjornstad PG, Fischer G, Smevik B, Lindberg HL. A novel method of hybrid
intraoperative catheter-based closure of ventricular septal defects using the Amplatzer(R) PDA
occluder. Catheter Cardiovasc Interv. 2011;77(4):557-63.

23. Baird CW, Stern H, Watts L. Left atrial hybrid closure of muscular ventricular septal defects
with the Amplatzer device. J Thorac Cardiovasc Surg. 2009;137(3):779-80.

24. Veeram Reddy SR, Brenes JE, Forbess JM. Trans-semilunar valve hybrid technique for
Amplatzer device closure of complex muscular ventricular septal defects during arterial switch
operation. J Thorac Cardiovasc Surg. 2013;146(2):483-5.



Hybrid Muscular Ventricular Septal 40
Defect Closure: Literature and Results

Gianfranco Butera, Nicusor Lovin, and Massimo Chessa

Ventricular septal defects (VSDs) are the most common congenital cardiac
malformation at birth, with an incidence reported in literature between 15 and 40 %
of total congenital heart diseases. They are usually an isolated finding; however,
they can be also associated to complex congenital heart diseases [1, 2]. VSDs may
be also a mechanical complication of myocardial infarction, with an incidence
reported in literature of 0.26 % [3].

Nowadays, the treatment of choice is surgical repair, but in suitable cases
(muscular or perimembranous VSDs), the percutaneous closure is a feasible
alternative [1].

However, both surgery and transcatheter approaches may be associated to com-
plications and limitations. In these cases the hybrid approach may provide a valu-
able alternative. In fact, Haponiuk showed an increased rate of hybrid therapy from
0% in 2008 to 8.5 % in 2013 [4].

In particular, hybrid approach may be an interesting option in the following
cases:

1. Residual VSDs after surgical closure [5]
2. Multiple VSDs, with some of them inapproachable by surgery such as defects
under saepto-marginalis trabecula [6, 7] or apical [8, 9]
3. Intraoperative treatment during surgical correction:
(a) Before de-banding of the pulmonary artery
(b) Before the repair of aortic coarctation, during arterial switch for d-transposition
of great arteries, or atrial septal defect surgical closure [4, 7, 9]
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(c) When it is expected from a suboptimal result of individual percutaneous/
surgical treatment [4, 7, 10]

(d) To reduce the interventional related trauma, especially in high-risk patients
as in small babies less than 5 kg or under 6 months of life

(e) Concomitant correction of other abnormalities [4, 7, 10, 11]

(f) Very high-risk patients because of prematurity, cyanosis, intolerance to drug
therapy, failed interventional treatment prior to admission, chronic respira-
tory failure, mechanical ventilation prior to the procedure, association to
noncardiac malformation (e.g., diaphragmatic hernia), or acquired health
issues (renal failure, cerebral hemorrhage) [12]

There are several advantages of these techniques when compared to both percu-
taneous interventions and surgical treatments taken alone [7, 10-12].

In fact, it is possible to avoid ventriculotomy, the risks associated to cardiopul-
monary bypass, cardioplegia, and the better accessibility for apical or
saepto-marginalis VSDs. Compared to transcatheter treatment alone, there are no
limitations related to vascular access or sheath size, less technical difficulties and
hemodynamic instability related to arterio-venous circuit, and a more perpendicular
approach of the VSD with the delivery system.

The main disadvantage of a hybrid treatment for VSDs is the need of a special
hybrid operating theater that involves more expensive infrastructures, trained team,
and the peculiar risks of complications related to this therapy. Furthermore, the
devices and tools are not especially designed for this approach.

Since the first description in 1998, by Amin et al. [13, 14] in a child with postop-
erative residual VSD, the most frequent technique of hybrid closure of VSD is the
perventricular approach, by the puncture of the free wall of the right ventricle.
Success rate of the procedure ranges between 88 and 100 % [4, 6-16].

The hybrid procedure is performed under general anesthesia and echocardio-
graphic guidance, in most cases transesophageal [9]. However, there are cases
where the procedure was performed by using transthoracic guidance through the
subcostal views, with similar procedural outcome [14], epicardial echocardiogra-
phy [5-7, 12, 14], or intracardiac echocardiography [3, 14], both in bidimensional
and tridimensional views [6].

The dose of anticoagulation is 50% what needed for cardiopulmonary bypass
(1.5 mg/kg/body weight) and has to be continued 48 hours after the procedure [4, 7, 9].

The heart is approached usually by a median sternotomy; however, there are
cases described in literature through a lateral thoracotomy or subxiphoid access for
apical VSDs [7, 9, 12].

The place of the cardiac puncture is chosen by tipping the right ventricle wall in
order to have a perpendicular route over the VSD and to avoid the coronary arteries,
major chordae, or papillary muscles [9]. For apical VSDs, the puncture is performed
at 1.5 cm by the apex, for the best angle to approach the defect [6].

After the puncture, with fluoroscopy and echocardiographic guidance, the VSD
is passed with a guidewire in the left ventricle, and the occluder is placed.
The Amplatzer muscular VSD occluder is the more frequently used device.
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However, there are cases reported in literature where the Shanghai Shenzhen occlud-
ers [14] or the Cardi-O-Fix [11] was used successfully. Another possible approach
is by using an atrial puncture access [4, 9, 10].

Although transient arrhythmia and hypotension are common during the proce-
dure [14], there are other complications reported in literature including late malpo-
sition of the device [14], immediate embolization [8, 11], aortic regurgitation [14],
progressive mitral regurgitation [9], puncture of the left ventricle with pericardial
leakage [9], late right ventricle pseudoaneurysm [8], prolonged QRS, or total atrio-
ventricular block [11].

Hybrid treatment of the VSD is an important option in selected cases. Trained
team and infrastructure are mandatory. Data from literature are very encouraging.
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Xiangbin Pan

41.1 Anatomy and Clinical Scenarios

Perimembranous ventricular septal defect (VSD) (pmVSD) is one of the most com-
mon congenital cardiac malformations. It is located within the membranous septum
under the tricuspid valve septal leaflet (Fig. 41.1) allowing blood to shunt from left
to right ventricle.

PmVSDs may vary from small defects usually asymptomatic associated only to
aloud murmur to large ones. In the latter case, subjects may have troubles in feeding
and growing at a normal rate and might develop pulmonary arterial hypertension
with decreased exercise tolerance. In case of persistent shunting at high pressure,
pulmonary vascular obstructive disease (Eisenmenger’s syndrome) with cyanosis
and clubbing may develop.

At evaluation, left ventricular and occasionally left atrial hypertrophy may be
apparent by electrocardiography, while chest radiography reveals cardiomegaly and
increased pulmonary vascular markings reflecting increased pulmonary blood flow.
Defect number, size, type, and exact location can be identified by two-dimensional
and Doppler echocardiography. PmVSDs are better seen in the left ventricular out-
flow tract just under the aortic valve in apical and subcostal “five-chamber” views and
adjacent to the tricuspid valve in parasternal short-axis view at the aortic valve level.

Traditional treatment methods for VSD include open-heart surgery and percuta-
neous interventional closure. In open-heart surgery, the VSD is directly repaired
under cardiopulmonary bypass, with shortcomings of significant trauma, and slow
recovery. Percutaneous interventional closure does not require thoracotomy or car-
diopulmonary bypass and therefore is associated with reduced myocardial injury
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Fig.41.1 Location of perimembranous ventricular septal defect. Right (a) and left (b) ventricular
surfaces

incidence, blood transfusion requirements, recovery time, hospital stay, and medical
expenses. However, it has the drawback of x-ray exposure and the potential for
development of complications including complete aortic valve (AV) block.

In recent years, transesophageal echocardiogram (TEE)-guided minimally inva-
sive perventricular device closure has emerged as a safe and effective treatment
option for pmVSDs. Compared with conventional approaches, the advantages
include less surgical trauma, avoidance of cardiopulmonary bypass, no radiation,
and compared to percutaneous VSD occlusion expanded age and weight range.

Perventricular pmVSD device closure is indicated in patients with (1) age
>2 months and weight >4 kg; (2) clinical manifestations including heart failure
symptoms, recurrent respiratory infection, developmental delay, or history of bacte-
rial endocarditis; and (3) pmVSD diameter >3 and <10 mm as determined in trans-
thoracic echocardiography.

Exclusion criteria are (1) predominant right-to-left shunt, (2) more than trivial
aortic regurgitation, and (3) active infective endocarditis.

41.2 Technique(s)
41.2.1 Devices and Delivery System

The pmVSD occluders are self-expandable, double-disk devices made of 0.005-in.
nitinol wire meshes and fabric. They have a waist diameter that ranges from 4 to
10 mm in I-mm increments and from 10 to 20 mm in 2-mm increments. The waist
height is 4 mm.
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Fig. 41.2 Occluders used in perventricular closure of pmVSDs. Images (al, b1) schematic dia-
grams (a2, b2) of symmetric and asymmetric occluders, respectively

There are two pmVSD occluders available:

1. Symmetric (Fig. 41.2al, a2), which is used for pmVSDs at >2 mm from the aortic
valve and are 2 mm larger than the waist of both the left and right ventricular disks.

2. Asymmetric (Fig. 41.2b1, b2), which is used for pmVSDs <2 mm from the aortic
valve with left ventricular disk partially edgeless and 6 mm larger than the waist
with a platinum marker at one end. Right ventricular disk is the same as the sym-
metric occluder.

The entire delivery system includes a trocar, a 0.035-in. guidewire, dilator, deliv-
ery sheath, and a loading sheath (Fig. 41.3). The size of the delivery sheath (6—12 Fr)
is chosen according to the size of the occluders (Table 41.1). Thoracoscopic instru-
ments, including a retractor and a knotter, are used for the procedures through a
1-2 cm surgical incision.

41.2.2 Procedure

Procedures are performed with patients under general anesthesia with endotracheal
intubation in a standard operating room. The TEE probe is inserted, and the proce-
dure is performed under TEE guidance. The location, size, flow direction of the
pmVSD, valvular regurgitation, and distance between the pmVSD and the aortic
valve are measured intraoperatively by TEE. Antibiotics and heparin (80 [U/kg) are
administered intravenously before the operation.

The commonest surgical approach is via a partial median inferior sternotomy
(Fig. 41.4). A 2-3 cm median incision is created over the lower sternum and xiphoid
bone prior to approach the sternum. The pericardium is opened and suspended, and
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Fig. 41.3 Entire delivery system used in perventricular closure of pmVSDs including delivery
cable (A), dilator and delivery sheath (B), loading sheath (C), trocar (D), and 0.035-in. guidewire (E)

Table 41.1 Recommended delivery sheath sizes according to type and size of occluders

c 4 5 6 7 8 9 10 12 14 16 18 20

B
A

symmetric 6 7 7 8 8 8 9 9 10 10 12 12
asymmetric 7 7 7 8 8 9 9 10 10 12 NO NO

A Type of occluders, B Recommended delivery sheath size (Fr), C Size of occluders (mm). NO
No 18 and 20 mm asymmetric occluders are available

Fig. 41.4 Inferior partial median sternotomy approach. (a) The median skin incision (about
2 cm). (b) An ideograph of the lower sternum and xiphoid bone incision

then the free wall of the right ventricle is exposed for puncture. A purse-string
suture is placed on the right ventricular free wall directly facing the direction of the
pmVSD shunt. The right ventricle is punctured within the purse-string suture with a



41 Perimembranous VSD 343

Fig.41.5 TEE views of the procedures. (a) Doppler view of pmVSDs (arrow). (b) The guidewire
(arrow) was inserted through the pmVSD. (c) The delivery sheath (arrow) was inserted through
the pmVSD. (d) The left ventricle disk of the occluder (arrow) was deployed. (e) The occluder
(arrow) was deployed under four-chamber view guidance. (f) Occluder (arrow) and aortic valve in
the long axis view of the aorta. RA right atrium, RV right ventricle, LA left atrium, LV left ventricle,
and AO aorta

trocar. A 0.035-in. guidewire is placed in the trocar. The guidewire is passed through
the pmVSD, then the trocar is removed, and the dilator and delivery sheath are
advanced through the pmVSD to the left ventricle along the guidewire. The size of
the occluder is chosen 1-2 mm larger than the diameter of the pmVSD. After remov-
ing the guidewire and dilator sheath, the selected occluder is deployed through the
delivery sheath under TEE guidance.

TEE is used to reassess the shape and position of the occluder, the presence of
a residual shunt, and the valvular regurgitation before and after occluder release
(Fig. 41.5). Finally, the delivery sheath is withdrawn, and the purse-string suture is tied
using the knotter. After the procedure, a drainage tube is placed in the mediastinum.

Another common surgical approach is via the left fourth parasternal intercostal
space incision. After placing patients in supine position, a 1-2 cm median thoracic
skin incision is made. The subcutaneous tissue is dissected up to the left fourth
parasternal intercostal space. The intercostal muscles are dissected to establish the
procedural approach.

The two approaches have differential advantages. The inferior partial median
sternotomy provides better surgical exposure and facilitates incision extension. The
parasternal intercostal approach is less traumatic and precludes the use of a drainage
tube.

Potential complications of TEE-guided perventricular pmVSD device closure
include valve regurgitation, malignant arrhythmia, device dislocation, and residual
shunt. In patients with tricuspid regurgitation before the procedure, it is very impor-
tant to verify the absence of worsening tricuspid regurgitation. If severe atrioven-
tricular block develops after the release of the occluder, the patient must be converted
immediately to conventional surgical closure, ideally in the same operation room
after extending the incision. In case of device dislocation, an absorbable insurance
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Fig. 41.6 Intraoperative insurance line. (a) The absorbable insurance line is stitched into the
occluder. (b, ¢) The absorbable insurance line is fixed in the delivery sheath

stitch can be sutured on the right side of the occluder, after being delivered together
with the occluder from the delivery sheath and knotted with the purse-string suture
(Fig. 41.6).

41.2.3 Postoperative Management

After procedure completion, patients are transferred to an intensive care unit where
the endotracheal tube is removed. Echocardiography, chest radiography, and elec-
trocardiography are used for postoperative evaluation. After operation, all patients
receive aspirin (3-5 mg/kg body weight, orally) daily for 6 months, and undergo
transthoracic echocardiography and electrocardiography evaluation at 1, 3, 6, and
12 months and annually thereafter.

41.3 Literature and Results

Perventricular device pmVSD closure can be used in patients as young as 2 months
old [1, 2]. First attempted in 1999 [2—4], perventricular device closure was devel-
oped to overcome the drawbacks of transfemoral device occlusion and conventional
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surgical repair [1, 5, 6], achieving a current success rate of 88.9—100 % in most stud-
ies [1, 5-8], as summarized in Table 41.2. Perventricular device pmVSD closure is a
simple procedure with almost no blood loss, minimal physical injury, quick recovery
and lower mean mortality than that of percutaneous and surgical repair approaches.

Complete atrioventricular block (cAVB) is one of the most serious complications
of conventional transcatheter occlusion of pmVSD with a reported incidence of
1-8 % [9] and even up to 22 % in one report [10]. Compared with open-heart sur-
gery, cAVB occurrence in patients with transcatheter occlusion is unpredictable,
and late-onset cAVB has drawn much attention [11-13] driving many cardiac cen-
ters to discontinue the use of this method in patients with pmVSDs.

In contrast, perventricular device pmVSD closure appears to provide a differen-
tial advantage in terms of cAVB occurrence. In a group of 1630 pmVSDs patients
(Table 41.2), heart block was a rare complication with no cAVB developing during
over 12 months follow-up in three studies [5, 14, 15], only one case of delayed
cAVB that reverted to sinus rhythm after glucocorticoid treatment in another study
[1], and seven cases of cAVB, five cases of Mobitz type II AVB, and 23 cases of
incomplete right bundle branch block in another nine studies (Table 41.2).

Xing et al. [5] showed that cAVB incidence associated with perventricular device
pmVSD closure is significantly lower with modified occluders (0-1.3 %) [13, 16,
17] than conventional procedure with Amplatzer occluders (2.0-20 %) [10, 13].

This could be explained by the following hypothesis:

(1) Inflammation and edema of tissues around pmVSDs resulting from compres-
sion of the occluder might play an essential role in the occurrence of early postop-
erative cAVB, modified occluders with a waist height of 4 mm and a waist diameter
1-2 mm larger than pmVSD diameter appear to reduce the compression of tissues
around pmVSDs. (2) The basic principle in occluder selection is that the occluder
should not exceed VSD diameter by more than 2 mm, which may reduce the pos-
sibility of cAVB caused by an oversized occluder. (3) In perventricular device
pmVSD closure, a short and flexible delivery device is used with no need to operate
on the left ventricle or to establish an arteriovenous circuit across the tricuspid annu-
lus. The conduction systems lay under the left ventricular endocardium; therefore,
perventricular approach produces less stimulation to the left ventricular endocar-
dium and the defect’s surrounding tissue. (4) Familiarity with cardiac anatomy
together with skillful manipulation of the easily controlled delivery could obviously
reduce the stimulation of defect edges and its surrounding tissues.

Valve regurgitation is another important complication due to the short subaortic
rim of pmV SDs and close proximity of the closure device to valves or the subvalvu-
lar apparatus. According to published studies (Table 41.2), the most common valve
dysfunction is device-induced tricuspid regurgitation (61 cases, 4.2 %), followed by
aortic regurgitation (15 cases, 1.0 %). Most cases of regurgitation were asymptom-
atic and improved spontaneously during follow-up. Compared to the 9.2 % rate of
tricuspid and aortic regurgitation reported with the percutaneous approach [18], the
perventricular approach is less likely to induce valve complications because the
sheath approaches the defect directly, without passing through the valves. The sim-
plicity and controllability of perventricular technique can avoid damage to the
valves and subvalvular.
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Residual shunting is a common complication in most studies; however, minor
residual shunting (<2 mm) can spontaneously disappear after the procedure, with
rate of residual shunting decreasing significantly from 6.12-2.58 % at follow-up
[19, 20]. Midterm results showed a successful closure rate of 100 % (3—24 months)
without significant complications [20]. The long-term (6 years) clinical outcomes
are also promising [3]. Perventricular device closure of pmVSDs on a beating heart
therefore appears to be a safe and effective alternative to conventional treatments.

In terms of technical considerations, passing the guidewire and the delivery
sheath across the defect is a crucial step for successful closure. It is mandatory to
check the delivery sheath tip as it passes through the defect. In fact, when the deliv-
ery sheath enters the left ventricle, bright red blood is obtained from the proximal
end of the delivery sheath. Surgeons and ultrasound specialists should always be
cautious in order to avoid any damage of cardiac structures such as aortic or mitral
valves. Finally, involvement of the patient’s parents in deciding on the most appro-
priate choice of pmVSDs closure procedure is mandatory.

In conclusion, the perventricular device VSD closure can be performed success-
fully and with satisfied outcomes under echocardiography while avoiding radiation
and contrast agent exposure. With a combination of strict indications, procedural
specifications, and rigorously trained medical staff, this technology has broad
potential for further development and applications.
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Ziyad M. Hijazi

Secundum atrial septal defect (ASD) is one of the most common congenital heart
diseases (CHD) accounting for approximately 6—10 % of all CHD in children [1]. In
general, the recommendation for elective ASD closure is after 4 years of age [2] as
many of these defects have a high rate of spontaneous closure and these patients are
largely asymptomatic in the first few years of life [3—-6]. Occasionally, however,
patients with ASD present in infancy with signs and symptoms of congestive heart
failure [7], frequent respiratory infections [8], and failure to thrive [9]. This can
necessitate earlier intervention.

Since 1975, when King et al. [10] attempted the first transcatheter closure of a
secundum ASD in a patient using a double-umbrella device, device closure became
a widely acceptable alternative to surgery in most patients with ASD [11-13]. It is,
however, still considered technically challenging in some cases, particularly in
infants and in patients with deficient rims or large defects. Despite many studies
showing that transcatheter ASD closure in small children is highly successful [14—
18], some reported significantly higher complication rates [19]. Indeed, several fac-
tors make this procedure challenging in these patients including a small left atrial
(LA) cavity, deficient atrial rims, floppiness of the inferior rim, and the orientation
of the interatrial septum which makes it challenging to keep the ASD device parallel
to the plane of the septum [20, 21].

The hybrid technique, also called peratrial or percardiac technique, for ASD clo-
sure is a relatively recent alternative approach to closure of ASDs. This approach
combines the advantages of percutaneous intervention and open-chest surgery with-
out the trauma of cardiopulmonary bypass (CPB) and has been increasingly used
for various additional lesions [22-25].

This technique is usually performed in pediatric patients in whom size is a limit-
ing factor, particularly infants less than 3.5 kg, those who are at high risk for
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surgical closure or exposure to CPB or those with significant ASDs in addition to
other cardiac lesions necessitating hybrid procedures (e.g., perventricular ventricu-
lar septal defect (VSD) closure). In addition, the technique has been shown to be
also advantageous in young adults with deficient rims or large defects [26-30]. It
provides several advantages to either surgical or transcatheter closure techniques.

First, it avoids CPB and its systemic inflammatory response and potential neuro-
logic sequelae, particularly in young infants. There is no need for chest tube drain-
age or blood transfusion and it results in less pain, faster recovery, shorter hospital
stay, and a better cosmetic result [26, 28].

Second, the hybrid approach allows preservation of the femoral vessels and
avoidance of the challenge in patients with femoral venous obstruction or inter-
rupted inferior vena cava and avoidance of inserting large sheaths into the jugular or
hepatic veins. This can be particularly advantageous in small children.

Third, it can help avoid exposure to radiation and contrast agents, which can be
especially important in vulnerable infants.

Lastly, this technique provides an easier and more stable approach to closing the
atrial defect with a device because of the perpendicular angle to the atrial septum
that helps avoid prolapse of the LA disk into the right atrium (RA). In the hybrid
procedure, the position of the left disk is easier to adjust with the short sheath being
used compared to the long delivery sheath system used in the transcatheter approach.
This can also be particularly helpful in patients with ASDs with a deficient rim as
well as in those with large ASDs where the device could be unstable [30].

42.1 Peratrial Closure Protocol

This procedure is done under transesophageal echocardiogram (TEE) guidance and
can be performed either in the catheterization laboratory or in the operating or hybrid
room. The ASD is first assessed fully by TEE noting the number and size of ASD(s)
and the adequacy of the atrial rims as is done for the percutaneous transcatheter
procedure ASD closure. Following this assessment, a minimal 2.5-3 cm lower ster-
notomy incision is typically performed. Some operators have opted to approach the
septum through a mini or a lateral thoracotomy incision to expose the RA [26, 27,
29]. Heparin is then administered at 100 units/kg to achieve an activated clotting time
of greater than 200 s at the time of device deployment. The RA wall is then punctured
with an 18-gauge needle through which a 0.035 wire is passed to the LA [alterna-
tively, a micropuncture needle (0.021°0 can be used and a coaxial dilator is used)].
The delivery sheath, together with the dilator, is then passed over the wire into the
mid LA. The correct position of the sheath is then verified by TEE by injecting agi-
tated saline bubbles into the LA. Extreme care should be exercised how far to pass
the dilator/sheath assembly. Therefore, TEE imaging is crucial and measurement of
the distance between the cavity of the left atrium and the free wall of the right atrium
is done so that the dilator/sheath won’t be advanced more than this distance.

The appropriately sized device as determined by echocardiography is then loaded
into the sheath as is done with the standard percutaneous approach. There is no need
for balloon sizing during this procedure. We usually choose a device about 1-2 mm
larger than the ASD as measured by color Doppler. The left disk of the device is
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deployed first and retracted against the atrial septum and then the sheath is retracted
to allow deployment of the right disk. The position of the device is then confirmed
by TEE in multiple planes in order to ensure stability of the device, no significant
residual shunt, no AV valve regurgitation, and no pulmonary vein obstruction before
the device is released. There is little risk of device embolization with this technique;
however, in the event of such complication, the device can be retrieved through the
same sternotomy incision, after going on CPB. Figure 42.1 demonstrates the steps
of a closure in a 4 kg infant with large atrial septal defect.

Fig. 42.1 Transesophageal echocardiographic (TEE) images in 2.5 month female infant, 4 kg in
weight with a large muscular ventricular septal defect (VSD) and a large atrial septal defect (ASD)
measuring 10 mm with aneurysm formation, who underwent a hybrid closure of her VSD followed
by hybrid (peratrial) device closure of her ASD. (a, b) TEE images without and with color Doppler
showing the large ASD with aneurysm formation (white arrow in (a)) and the color jet in (b). LA,
left atrium; RA, right atrium. (¢, d) TEE images during puncture of the right atrial free wall with a
0.035” needle (white arrow in (c)), then passage of the guidewire into the left atrium via the defect
(white arrow in (d)). (e, f) TEE images in four chamber view (e) showing the tip of the sheath
(white arrow). Then the left atrial desk of a 11 mm Amplatzer septal occlude (white arrow) posi-
tioned on the atrial septum as seen in (f). (g, h) TEE images after deployment of the two desks,
while the device still attached to the delivery cable (white arrow in (g)), then image (h) after the
device was released showing good device position
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Fig.42.1 (continued)

42.2 Results

Several studies have recently documented the efficacy, safety, and advantages
of the hybrid approach to ASD closure. One large study by Hongxin et al. [27]
reported on the successful use of intraoperative device closure of secundum ASDs
in 100 patients ranging in ages from 5 to 71 years (mean 29+ 16 years) and with
a weight range of 16-94 kg (mean weight, 54+ 18 kg). The procedure was done
through a right minithoracotomy incision without CPB or fluoroscopy. It was suc-
cessful in all patients including five patients with double ASDs that were success-
fully occluded with one device. Of note, 61 patients had an ASD measuring more
than 20 mm (range 5-37 mm) and the implanted devices ranged in size from 8 to
36 mm. Residual shunts were uncommon with complete occlusion rates of 95 % at
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discharge, 99 % at the 3-month follow-up, and 100 % at the 1-year follow-up, and
no late complications during the follow-up period.

Zeng et al. [29] reported on the use of a modified Amplatzer device for peratrial
closure of ASD in a series of 96 ASDs in 83 patients with an age range of 2-61 years
(mean 25.6+14.6) and a weight of 10-80 kg. The ASD size ranged from 10 to
39 mm (mean 25.5+8.4 mm). The closure was done through a minithoracotomy
under TEE guidance. All ASDs were successfully closed with device size ranging
from 12 to 46 mm. There were ten cases of hemothorax but no major morbidity.

Another study compared a series of 115 children with secundum ASDs who
underwent peratrial device closure through a small sternotomy under TEE guidance
and without CPB to a group of 54 children who underwent surgical ASD closure
with CPB [31]. They had successful closure in 114 cases and showed that the dura-
tion of the operation, mechanical ventilation, intensive care, and hospitalization and
the rate of blood transfusion were significantly lower in the peratrial group com-
pared to the bypass group.

Similar encouraging results were reported after hybrid closure of ASD in infancy
and small children [16, 22, 31-36]. Li et al. [33] reported their 5 years experience
of intraoperative hybrid procedure with neonates and young children with
CHD. They had 43 patients undergoing device closure including perventricular
VSD and transatrial ASD closure with only two failed ASD cases.

Zhao et al. [22] reported the use of TEE guidance of percardiac closure of intra-
cardiac defects in 42 patients with low weight including 19 with ASDs. Patients
ranged in ages from 2 months to 5 years (median, 18.4 months) and weighed from
4 to 10 kg (median, 8.9 kg). The ASDs ranged in size from 7 to 24 mm (mean
13.4+4.6 mm). They had successful occlusions and low rate of complications with
one patient developing first degree heart block and early pericardial effusion that
resolved later.

We have also previously reported on the safety and outcome of device closure of
ASDs with the Amplatzer septal occluder in infants in a series of 15 patients with
three cases being deployed through the peratrial technique [16]. The approach was
selected owing to the size of the infant (<3.5 kg) in two cases and because of simul-
taneous perventricular VSD closure in the third case. The size of the defects ranged
from 2 to 8 mm with a case with three defects. All had successful closure with one
minor complication with intermittent heart block in one case.

Additional case reports also documented the efficacy of the peratrial approach to
ASD closure in infants [34—36]. The technique was used for various reasons includ-
ing blocked femoral access, the risk of neurological injury from exposure to CPB
due to neurological factors such as cerebral arteriovenous malformation, and the
risk of complications from CPB particularly in patients with chronic lung disease
and pulmonary hypertension.

The protocol for peratrial closure under TEE guidance is straightforward and
does not require balloon sizing. Some authors have argued that a key issue for the
success of the procedure is the site for puncturing the right atrial wall at the base of
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the right atrial appendage [36] which provides the straightest course to the LA
allowing to cross the atrial septum in a perpendicular fashion and to orient the LA
disk as parallel as possible to the septum. This would help avoid prolapse of the
device if there is any deficient rims.

Conclusion

The hybrid or peratrial approach to ASD closure is feasible and provides an
effective alternative approach for ASD closure in small and high risk infants and
those with limited access. It also allows avoidance of CPB and provides an attrac-
tive approach to treating children with multiple congenital cardiac shunt lesions
as well as in some adults. Long-term follow-up will further help assess the safety
and effectiveness of these procedures as alternatives to conventional therapy.
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Treatment of RV Outflow Tract 43
Dysfunction: New Valve Technologies

John P. Cheatham

Approximately 22 % of all congenital heart disease patients have an abnormality of
the right ventricular outflow tract. During the course of surgery for this condition,
approximately 23 % of the patients will receive some form of a valved RV to PA
conduit. These patients are candidates for the Medtronic Melody transcatheter pul-
monary valve (TPV) (Medtronic, Minneapolis, MN) or, in some parts of the world,
the Edwards SAPIEN pulmonic valve (Edwards Lifesciences Corp., Irvine, CA).
However, approximately 77 % of patients will have surgical correction of the RV
outflow tract with patch enlargement, with or without pulmonary valvectomy, and
many will have a transannular patch placed. Most of these patients will be left with
significant pulmonary regurgitation (PR) resulting in RV volume overload and
potential RV dysfunction later in life. Developing a transcatheter pulmonary valve
to fit this complex anatomy was much more challenging than the design of the
Melody TPV for RV-PA conduit dysfunction.

Eventually, Medtronic worked with Professor Philipp Bonhoeffer, similar to the
Melody TPV, in designing and testing the Native Transcatheter Pulmonary Valve.
This resulted in the first inhuman (FIH) implant at Great Ormand Street Hospital
(GOSH) in January 2009 in a very complex adult who was an extreme high risk for
surgical repair [1]. After ethical committee approval, the implant occurred with a
successful outcome. Unlike the Melody TPV, which is a bovine jugular vein valve
sewn to a platinum-iridium stent frame, NuMED CP stent (NuMED, Inc., Hopkinton,
NY), and is balloon expandable, the Native Transcatheter Pulmonary Valve is a
porcine pericardial valve sewn within a self-expandable nitinol frame covered with
a polyester cloth and was manufactured in only one size to fit the patient in question.
However, after the successful FIH implant, the development of this product was
delayed while further design and testing was performed at Medtronic.
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Fig. 43.1 The left panel shows the white “nose cone” and the funnel loading technique of the
valve frame. The panel to the right demonstrates the porcine pericardial valve sewn into the
polyester fabric frame

Finally in 2012, Medtronic submitted an early feasibility study (EFS) to the FDA
for the Native Transcatheter Pulmonary Valve and was the first EFS to be approved
in the USA. The research clinical study involved three sites: Nationwide Children’s
Hospital (NCH) for the USA, Toronto Sick Kids Hospital (TSK) for Canada, and
Munich Heart Institute for Europe. There were regulatory issues in Germany that
prevented the EFS from being performed there, so the third site was offered to
Boston Children’s Hospital (BCH). This particular study was unlike any other
device trial involving congenital heart disease. The primary endpoint was to assess
“in vivo” loading conditions of the device for product development specifications
and to summarize clinical outcomes over 5 years of follow-up. In other words, it
was primarily an “engineering study” of device design and development. In addi-
tion, a “screening committee” comprised of interventional cardiologists, CT sur-
geons, and imaging experts from North America and Europe was formed with a
charge to assess every potential candidate for device implant.

This Native Transcatheter Pulmonary Valve had an asymmetric frame, unlike the
symmetric frame used in the FIM implant at GOSH in 2009. The porcine pericardial
tissue valve used is AOA treated, similar to the commercialized Medtronic
CoreValve for Transcatheter Aortic Valve Replacement. The valve is mounted on a
self-expandable nitinol frame covered in polyester fabric. It is attached to a coil-
loading catheter and requires a loading funnel to collapse the valve prior to sheath-
ing (Fig. 43.1). The entire valve and delivery system requires a 25 Fr crossing
profile. The intended patient population is patients with surgically repaired right
ventricular outflow tract and severe pulmonary regurgitation incident (PR) and who
do not have an RV-PA conduit. Either echocardiography or cardiac MR was used to
assess the pulmonary regurgitation with the severity graded according to established
criteria. The patients must be a candidate for surgical RV-PA conduit or biopros-
thetic pulmonary valve replacement. It was a non-randomized study with competi-
tive enrollment involving 20 patients in the three investigative sites and was
consented for follow-up for 5 years at the site of implantation.
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Fig.43.2 The SLA models in systole and diastole are sown in the top left panel. The valve frame,
without the valve, is shown inside the SLA model to simulate a “virtual implant”

Because this was primarily an “engineering study,” after entry into the study
according to New York Heart Association classification, echo and CMR criteria
being met, a dual source CT scan was performed with the data set sent to Medtronic
engineering so stereolithography (SLA) models of the RV outflow tract in systole
and diastole could be created. The SLA models were then sent to the implanting
physician and to Medtronic. The physician then placed a replica of the self-
expandable frame, without the valve, in the optimal position in the SLA models and
photographed and filmed the “virtual implant” and sent it back to Medtronic
(Fig. 43.2). The Medtronic engineering team then generated “perimeter plots” of the
valve implant within the SLA model to assess proper fit according to the criteria set
forth by the engineering team (Fig. 43.3). Then, the patient’s history, physical exam,
echo and CMR results, and the* virtual SLA implants” were presented to the screen-
ing committee, investigative sites, and Medtronic staff, which met every 2 weeks. A
vote of the screening committee members to accept, deny, or defer was made, with
the final decision of whether to implant left up to the implanting physician. If
accepted, the patient was then scheduled for implant with representatives from the
investigative sites, screening committee, and Medtronic in attendance. However, the
real challenge was how could the image from the CMR translate into what is seen
with the dual source CT scan. Our Heart Center imaging team described a new
technique for this correlation (Fig. 43.4).

The first implant was performed successfully at Nationwide Children’s Hospital
in May of 2013. By May of 2015, the final 20th implant was performed at Toronto
Sick Kids Hospital and the study was closed. There were ten patients implanted at
Nationwide Children’s Hospital, seven patients implanted at Boston Children’s
Hospital, and three patients implanted at Toronto Sick Kids Hospital. All patients
implanted had a follow-up dual source CT scan within 4 days of implant for
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Fig.43.3 After the valve
frame is implanted in the
SLA models, the
engineering team
manufactures a perimeter
plot to assess the “fit” of
the valve in a given patient

Fig.43.4 The 3D CMR
of the RVOT is
reconstructed in five color
schemes to represent the
landing areas of the valve
frame. The NCH imaging
team came up with this
method to help correlate
the CMR and the dual
source CT findings of the
RVOT
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comparison with the pre-implant study. We also performed intracardiac echocar-
diography (ICE) pre- and post-implant to assess the degree of PR (Fig. 43.5). As of
this writing, all of the pre-implant and post-implant studies and data are being ana-
lyzed. The preliminary data will be presented at ACC 2016 in Chicago.
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Fig. 43.5 ICE imaging before and after the Native TPV has been implanted and demonstrates
severe PR before implant and no PR after. The valve leaflets are nicely seen with excellent
coaptation

What are the lessons learned from the first ever early feasibility study? The 25 Fr
delivery system is usually not too difficult to place at the implant site. The flexibility
of the self-expandable frame allows the system to “bend” in the native RV outflow
tract. Since these patients do not have an RV-PA conduit, the catheter course is favor-
able. Frame composition is not as easy to visualize under fluoroscopy compared to
the platinum-iridium Melody transcatheter pulmonary valve frame, which is very
radiopaque. Because the Native Transcatheter Pulmonary Valve frame is much lon-
ger than the Melody TPV frame, removing the long “carrot” through the implanted
valve is more challenging. Also, because all the patients had severe pulmonary regur-
gitation with very little pulmonary stenosis, the landing zone is not as “secure” as
seen with those patients with RV-PA conduit dysfunction and Melody TPV implant.
Patient selection and careful anatomic screening are critical parts of the process,
as RV outflow tract anatomies very widely. The dynamic nature of the RVOT and
interaction with the pulsatility of the main pulmonary artery makes device design
challenging and highlights the limitation of a single device design and size that was
available for the study. None of the 20 patients implanted met all of the proposed
engineering criteria, demonstrating our learning curve during the study. A large valve
with several frame dimensions may serve more patients. Finally, although the screen-
ing process was arduous and heavily engineer-driven, the scrutiny of the screening
committee and learning from the SLA models and perimeter plots were invaluable.

Outside the USA, there have been successful clinical implants in Asia and Europe
with the Venus P-Valve, which also uses a nitinol self-expandable frame with a por-
cine pericardial valve, but the frame is covered with porcine pericardial tissue rather
than polyester cloth [2, 3]. There will be further reports using this valve in the future.
There is another Native TPV being developed by Beijing Med Zenith Medical
Scientific Co. and is currently in animal testing as of this writing.

The future for specifically designed transcatheter pulmonary valves to be placed
in the native RVOT after surgical correction will be challenging, but will serve
approximately 77 % of patients and have a huge impact in future transcatheter heart
valve therapies.
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Mitral Valve Replacement with Melody 44
Valve Prosthesis

Sitaram M. Emani

44.1 Introduction

Mitral valve repair is the preferred approach for patients with mitral valve disease.
However, extremely diseased valves can be difficult to repair, creating a risk of
reoperation that is age dependent [1, 2]. Particularly in neonatal patients, the risk of
reoperation is significant and contributes to mortality and morbidity, associated with
nearly 50 % reoperation at 2 years. An acceptable mitral valve repair is not achiev-
able in some patients, and mitral valve replacement is the only option.

Options for mitral valve replacement in children with irreparable mitral valve are
limited, particularly for annular size less than 15 mm [3]. The options for mitral
valve replacement include mechanical valves which are available at sizes larger than
15 mm, bioprosthetic valves that are generally larger than 19 mm but available at
sizes as small as 12 mm (porcine valves within Dacron conduit). Homograft valves
can be fashioned for use in the mitral position, and pulmonary autograft (Ross-
mitral) procedure has been described [4—6]. Finally, supra-annular implantation
may be necessary in patients with limited annular dimensions [7]. There are several
disadvantages of these options. Importantly, mechanical valves require anticoagula-
tion with warfarin, which can be very difficult to titrate accurately in a child.
Furthermore, many of these valves have unfavorable effective orifice area (internal
diameter to external diameter ratio), predisposing the valve to early stenosis as a
child grows. Finally, all of these prostheses are associated with a fixed diameter
frame which lacks the ability to increase in size as the patient grows. At the time of
repeat valve replacement, the annulus, maintained at fixed diameter by the prosthe-
sis, has limited ability to accept a larger-sized valve. Ultimately, frequent and early
reoperation for valve replacement is expected with traditional valve replacement.
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Fig. 44.1 The Melody valve demonstrates favorable internal to external orifice area dimensions
due to thin housing surrounding the valve apparatus (a). Modification of the valve with shortening
may prevent LVOT obstruction, and addition of sewing cuff assists with suture implantation and
prevention of perivalvular leaks (b)

Fig. 44.2 Appearance of the melody valve following transplantation in a patient who underwent
replacement for severe ventricular dysfunction. Pannus ingrowth onto the external housing is evi-
dent at the midsection, but the proximal and distal aspects are relatively spared of pannus ingrowth
(a), which protects the underlying valve tissue from deterioration. The long length of the Melody
in the mitral position is a major disadvantage of this valve as it requires protrusion into both the LV
cavity and the left atrium (b)

The Melody valve provides several theoretical advantages over other commer-
cially available prostheses. The valve can be implanted into neonates or infants with
annuli as smaller than 12 mm. It is encased by a thin-walled conduit and stent,
providing a larger effective orifice area, which is critical in neonatal and infant valve
replacement (Fig. 44.1a). This is particularly critical for patients presenting with
congenital mitral stenosis, in whom the native annular size may be relatively small.
Encasement of the leaflets by the conduit and stent also serves to protect the under-
lying leaflets from pannus ingrowth Fig. 44.2a). The bovine jugular vein leaflet
tissue is very thin and pliable, which is suitable for low opening and closing stress
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associated with neonatal circulation. The potential for valve expansion percutane-
ously in the catheterization laboratory as the child grows is maintained by its unique
design. The Melody valve has demonstrated the ability to withstand systemic pres-
sures [8]. The ability to enlarge the valve may delay the time to reoperation. Further
advances in transcatheter valve technology and valve-in-valve insertion techniques
may allow nonsurgical replacement options.

This chapter describes the off-label use of a device (Melody valve). Long-term
performance of this device in the mitral position has not been established, and its
use should be considered investigational. Although institutional policies regarding
off-label use of a device vary, we have pursued approval from institutional review
board prior to approaching families with this option. During discussions and paren-
tal consent process, a clear statement regarding the off-label use of the device is
provided.

44.2 Technical Considerations

Recent experience with a bovine jugular vein graft (Melody valve) for mitral
replacement has revealed several important technical considerations [9]. Certain
design features of the device that makes it favorable for percutaneous implantation
into the right ventricular outflow tract renders it less favorable for implantation into
the mitral position.

44.2.1 Left Ventricular Outflow Tract Obstruction

The length of the Melody device (2.3-2.5 cm) predisposes it to protrusion into the
left ventricle (LV), leading to left ventricular outflow tract obstruction (LVOTO)
(Fig. 44.2b). This complication is of particular concern in patients with hypoplastic
left ventricle and small short-axis ventricular dimensions. In these patients, protru-
sion of a fixed device into the ventricle may lead to cantilever effect of the distal
aspect of the device with the ventricular septum, creating mid-cavitary obstruction.
Additionally, when a valve of this length is fixed only in its midsection to the annu-
lus, the potential exists for deviation toward the left ventricular outflow tract during
systole (Fig. 44.3a). The hemodynamic perturbation created by the initial LVOTO
predisposes to further development of subaortic membrane and obstruction as seen
in Fig. 44.3a.

In order to avoid LVOTO, several modifications may be necessary. The LV short-
axis dimensions measured by preoperative echocardiogram may be used to antici-
pate LVOTO. If left ventricular end-diastolic diameter at the level of the papillary
muscles during systole is smaller than the intended diameter of the Melody valve,
modification of the valve may be necessary. Shortening of the valve or excision of
the stent and fabric adjacent to the LVOTO is performed in such patients, particu-
larly in neonates and infants with LV hypoplasia (Fig. 44.1b). However, our prefer-
ence is to avoid any disruption of the stent structure supporting the valve apparatus,
as this may predispose the valve to early failure. Thus it is only the patient with
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Fig. 44.3 Left ventricular outflow tract obstruction may result from tilting of the Melody valve
toward the outflow tract (a). This is predominantly attributed to the long length of the valve pro-
truding into the LV cavity with fulcrum located at the midsection of the valve. In order to prevent
this complication, the distal aspect of the stent must be fixed to the posterior LV free wall to prevent
the deviation (b)

severe hypoplasia of the LV (typically a neonatal patient) who should undergo valve
modification.

In order to prevent deviation of the Melody valve into the LVOT during systole,
the distal aspect of the stent is fixed to the endocardium of the LV free wall, pulling
it away from the LVOT (Fig. 44.3b). To prevent LVOTO in a neonate or hypoplastic
LV, tapered dilation can be performed by dilating the LV end of the valve with a
smaller balloon that is used to dilate the atrial end of the valve.

Left ventricular outflow tract obstruction can occur late after Melody valve
implantation due to progressive development of subaortic membrane. Management
options include transcatheter relief of obstruction and surgical septal myectomy.
Transcatheter relief includes dilation of the valve stent adjacent to the left ventricu-
lar outflow tract or perforation of the conduit material with balloon dilation of the
stent cells. This approach is effective at relieving gradient acutely, but more defini-
tive relief requires surgical management of the left ventricular outflow tract. At sur-
gery, the septal muscle adjacent to the distal portion of the Melody valve is resected,
without a need to modify the Melody valve itself. Rarely, repeat replacement of the
valve may be necessary if these maneuvers are ineffective at relieving obstruction.

44.2.2 Annular Fixation

The Melody device lacks a sewing cuff to anchor the device to the mitral annulus.
Several iterations of fixation technique have been utilized over the past 5 years. In
the initial experience, direct suture of the stent to the annulus resulted in perivalvu-
lar leak, leading to design modification. In the most recent modifications, a sewing
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Fig. 44.4 Inadequate sizing of balloon dilation of the mitral Melody at initial implantation leads
to development of perivalvular leak (a). This is managed by intraoperative balloon dilation at the
same operative encounter, leading to resolution of the leak (b)

cuff is added externally to the Melody valve stent in its midsection. Although we
have used bovine pericardium, any expandable material (expanded polytetrafluoro-
ethylene (ePTFE), autologous pericardium) can be utilized (Fig. 44.1). The use of a
sewing cuff minimizes the risk of perivalvular leak and allows stable fixation to the
annulus. The sewing skirt is anchored to the annulus by either interrupted sutures or
two separate purse-string sutures. Extreme caution must be exercised when placing
sutures into the external stent/graft housing of the Melody, as inadvertent injury to
the underlying leaflets is possible. This could occur either during suturing of the
skirt onto the valve or if the valve is sutured directly to the annulus without addition
of a skirt [9, 10].

Choice of intraoperative balloon size is critical as fixation of the device to the
annulus relies significantly upon secure apposition of the stent and sewing cuff
material to the annular tissue. The initial expansion size is chosen based upon pre-
operative measurement of the annulus size by echocardiogram and intraoperative
sizing. Balloon size of 1 mm+ anterior-posterior (AP) annular dimension by echo-
cardiogram has yielded satisfactory results in our experience. Undersizing may
result in perivalvular leak and valve instability, whereas oversizing may lead to
LVOTO, coronary artery compression, or heart block. The balloon is carefully
inserted through the central lumen of the valve which is initially kept patent by
compression of the valve over a dilator or balloon. Prior to securing the knots for the
anchoring purse-string suture, the balloon is inflated within the valve to the desired
diameter to avoid compression of the device by the suture. Flaring of the proximal
end of the stent within the left atrium has been described and may facilitate subse-
quent transcatheter intervention [10].

Despite careful surgical techniques, perivalvular leaks may occur. Most perival-
vular leaks may be managed effectively by transcatheter balloon dilation of the
valve performed either intraoperatively or postoperatively in the catheterization
laboratory (Fig. 44.4). Occasionally, the perivalvular leak may occur as a result of
separation of the stent housing from the underlying conduit fabric. Such leaks are
not amenable to transcatheter closure, and surgical repair or repeat replacement may
be necessary.
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44.3 Medical Management and Follow-Up

Aspirin is the only long-term anticoagulation therapy, and the child is maintained on
heparin until aspirin is initiated. Antiplatelet effect is confirmed with Verify Now or
thromboelastography (TEG) platelet mapping. Surveillance echocardiograms every
4-6 months are recommended to follow the gradient across the valve. Typically,
gradients across the valve as measured by echocardiogram are overestimates of the
gradient as measured by catheterization. Nevertheless, an increase in the gradient
should prompt consideration of catheterization to confirm the gradient and perform
balloon dilation. Prosthetic valve endocarditis remains a concern with this valve,
and antibiotic prophylaxis in the setting of bacterial infections is advised. The com-
pressibility of this valve raised initial concerns of the impact of cardiac massage
(either during de-airing in the operating room or in the event of CPR) upon lumi-
nal diameter of the prosthesis and thus efficacy of these maneuvers. Although this
remains a concern, our experience with several patients who have undergone exter-
nal cardiac compressions of post-implantation has demonstrated adequate function
of the prosthesis despite these maneuvers.

44.4 Balloon Expansion of the Valve

With somatic growth, gradient may develop across the mitral Melody valve, indicat-
ing need for balloon dilation. Typically this occurs between 1 and 2 years following
implantation of the device. If an increase in the gradient has not been observed by
2 years of age, we generally recommend empiric dilation of the valve to avoid fixa-
tion of the annulus at its original diameter. Although the gradient as measured by
echocardiogram frequently underestimates the gradient as measured by catheteriza-
tion, catheterization for hemodynamics and potential balloon dilation is warranted
if the gradient increases by 3—4 mmHg on subsequent echocardiograms or if the
absolute gradient exceeds 10 mmHg.

The techniques for balloon dilation of the valve have evolved over time, and care
must be taken to avoid injury of the leaflets during intubation of the central portion
of the valve. Since the proximal end of the valve protrudes into the left atrium, intro-
duction of the guide wire into the valve can be challenging. Following transeptal
puncture, the wire is allowed to loop within the left atrium prior to approaching the
orifice of the Melody (Fig. 44.5). Wire position must be confirmed by biplane imag-
ing, as perivalvular wire position may lead to creation of perivalvular leak following
balloon dilation. Improper catheterization technique may also lead to inadvertent
perforation of the gossamer venous valve leaflets (Fig. 44.6).

44,5 Valve-in-Valve Options

If the valve prosthesis is successfully expanded until a child is old enough to undergo
transcatheter insertion of valve device, then reoperation for valve replacement could
theoretically be avoided. Although this has not yet been performed in this clinical
setting, the feasibility of valve-in-valve replacement has been demonstrated [11].
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Fig.44.5 Transcatheter
balloon dilation of the
mitral Melody several
years following
implantation. The valve
maintains competence
despite multiple balloon
expansions

Fig. 44.6 Perforation of a
leaflet of the Melody valve
early following implantation.
The thin leaflets of the valve
are prone to injury with
improper implantation or
transcatheter manipulation

44.6 Results

The Melody valve appears to function well at short-term follow-up, with complica-
tions including LVOTO in 10 % of patients [10, 12]. Balloon expansion of the valve
at up to 4 years following implantation has been successful at preserving valvular
competence and low gradient. Reoperation for perivalvular leak and LVOTO
remains a concern and requires close follow-up. Perivalvular leaks and LVOTO can
be managed with transcatheter techniques, whereas severe LVOTO may require
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reoperation [9]. Future development of a device that is specifically designed for
implantation into the mitral position with sewing cuff and shorter profile may reduce
the incidence of perivalvular leaks and LVOTO.

Despite valve replacement, many patients with congenital mitral valve disease
succumb to complications of associated ventricular systolic and diastolic dys-
function. Thus the morbidity and mortality remain relatively high in this popula-
tion despite adequate valvular function. Thus valve replacement is an adjunct for
aggressive medical management in these patients, and ongoing close follow-up is
warranted.

Conclusions

Mitral valve replacement with Melody prosthesis has several potential advan-
tages, including favorable initial hemodynamics, small size, and eventual
expandability. Early experience with its use has been encouraging. Since the
valve is not designed for surgical mitral application, technical modifications are
necessary to prevent left ventricular outflow tract obstruction and perivalvular
leaks. Close follow-up is warranted, and transcatheter dilation is performed if
gradient increases.
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A Hybrid Approach to Aortic Stent 4 5
Implantation

Evan Zhan

45.1 Introduction

The vast majority of aortic stent placement can be performed simply and safely
using percutaneous retrograde access from the femoral artery [1]. There are, how-
ever, several settings when a hybrid approach to aortic stenting may be preferable or
the only option available. Examples include:

1. Neonate or small infant with severe coarctation and contraindication for surgery
and not amenable to balloon angioplasty

2. Recurrent coarctation after Stage 1 Norwood palliation at the time of the Glenn
anastomosis

3. Limited or absent adequate peripheral vascular access at any age

In these scenarios there may be several advantages to hybrid aortic stenting
including: avoidance of ileofemoral arterial trauma, irrelevance or sheath size
allowing for placement of stents with larger “growth” potential in small children,
technically direct and simple access to the target lesion facilitating precision
stent placement, and avoidance of hemodynamic instability during implant and
combining surgical and catheter-based procedures that serve to limit cumulative
morbidity.
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45.2 General Technique

These procedures can be performed in the operating room, catheterization suite, or
hybrid room depending on the clinical scenario and facility availability. In general
these procedures may be performed without the use of cardiopulmonary bypass. The
technique involves providing direct surgical access to the aorta or large central con-
ducting artery (e.g., carotid) for the interventional cardiologist either via a midline
sternotomy (access via ascending aorta) or arterial cut down. With either technique
the approach to the target lesion will typically be from an anterograde direction
as opposed to percutaneous aortic stenting, which is performed from a retrograde
approach. This approach allows the operator to obtain high-quality serial angiograms
via the sidearm of the delivery sheath for precise stent positioning and typically results
in a very simple and stable catheter course for stent delivery. In general, the vessel
to be used for access is isolated by the surgeon who then places the delivery sheath
into it via an arteriotomy created through a purse-string suture, similar to other hybrid
stenting procedures. Care must be taken to place the sheath far enough away from the
intended target lesion to allow for complete uncovering of the stent and most proxi-
mal end of the delivery balloon prior to balloon inflation. Long delivery sheaths are
not needed for these procedures as the balloon-stent complex is only being advanced
a few centimeters through a relatively straight catheter course. Once the sheath is
in position, an angiogram is performed by performing a hand injection through the
sidearm of the sheath to obtain quantitative measurements of the aorta including
diameter of the transverse arch, coarctation, and aorta at the level of the diaphragm,
as well as the approximate length of the vessel intended for stent delivery. Single
plane angiography (versus biplane) is typically utilized due to the large number of
people, small working area, and simplicity of the intervention. We size the delivery
balloon in identical fashion to our percutaneous implants, attempting to match the
size of the normal aortic arch and using the aorta at the level of the diaphragm as an
upper diameter limit. In general we chose a stent with the shortest possible length that
will treat all of the pathology present and provide maximal stent stability. The lesion
is then crossed using a 0.035-inch guidewire placed through a right coronary artery
catheter. The tip of the guidewire is advanced far down the descending aorta, which
provides a stable “rail.” The chosen stent (as large an ultimate diameter as possible)
is then hand crimped onto the delivery balloon and the balloon-mounted stent is
advanced over the guidewire into position. Repeat angiography via the sidearm of the
sheath is performed as needed to obtain optimal positioning. A slow controlled bal-
loon inflation is then performed to implant the stent. As the balloon-stent complex is
considerably more stable during implantation when using this approach compared to
a percutaneous retrograde approach, we do not typically use overdrive right ventricu-
lar pacing or balloon-in-balloon catheters for stent deployment in this setting. After
stent deployment, the balloon catheter is removed and repeat angiography is per-
formed via the sidearm of the sheath with the guidewire left in place. Should further
stent expansion be needed, a different (larger or higher pressure) balloon catheter can
be placed over the wire. Using a catheter with a smaller French size than the sheath,
simultaneous pressure measurements above and below the stent can be performed.
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When a satisfactory result has been achieved, the guidewire is withdrawn, the sheath
removed, and the arteriotomy repaired by the surgeon.

A few specific scenarios involving hybrid aortic stenting are worth mentioning
individually:

45.2.1 Hybrid Aortic Stent Following Stage 1 Norwood Procedure

Recurrent or residual aortic obstruction following Stage 1 Norwood procedure of
HLHS is a fairly common problem with a described incidence of 11-37 % [2, 3].
Factors contributing to recurrence of obstruction include surgical technique and
contraction of residual ductal tissue not resected at the time of the initial operation.
Because of the unique postoperative circulation after Stage 1 Norwood proce-
dure, aortic obstruction usually has a profound negative impact on these infants’
outcome. The effect of increased after load can result in permanent damage to the
single ventricle and can negatively impact suitability for further palliative surgery.
The anatomic substrate of aortic obstruction in this setting is variable, ranging from
discrete lesions that angiographically resemble typical isolated aortic coarctation to
more diffuse, long segment lesions that may be the result of a failure to extend the
initial aortic patch far enough down the aortic isthmus. Surgical revision of the
reconstructed distal aortic arch may be difficult and may not completely relieve the
obstruction. Additionally, reoperation may increase morbidity and mortality when
performed alone or in combination with other procedures such as bidirectional
cavopulmonary anastomosis [4]. Balloon angioplasty is not always successful and
may carry an increased risk compared with isolated coarctation angioplasty [5, 6].
The incidence of recurrent coarctation following balloon angioplasty in this setting
is as high as 17 % and commonly occurs during the first year after initial balloon
angioplasty [7]. Stent therapy while theoretically attractive in this setting poses a
number of challenges not the least of which is that this issue typically occurs in
young infants where arterial access for retrograde aortic stent placement limits the
size stent which may be safely implanted. In an attempt to overcome this obstacle,
several operators have described stent placement via a transvenous approach facili-
tated by the unique anatomy of this palliated circulation. While intuitively this
approach makes sense, we have found that too often these infants do not tolerate
placement of a rigid guidewire, delivery sheath, and balloon-mounted stent across
their only functional atrioventricular (tricuspid) and semilunar (neo-aortic) valves.
For these reasons we have utilized a hybrid approach for aortic stent placement
in this setting, performed at the time of cavopulmonary anastomosis [8]. In most
institutions, bidirectional cavopulmonary anastomosis is performed between 3 and
6 months of age, often when recurrent arch obstruction is manifested and requires
treatment. Placing a hybrid aortic stent at the time of this surgery has numerous
obvious potential advantages. By avoiding repeat dissection around the distal trans-
verse arch and isthmus, the risk of damage to recurrent laryngeal and vagal nerves
as well as the thoracic duct is minimized. This is particularly important in this sin-
gle ventricle population where vocal cord and diaphragmatic paresis, and chylous
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effusions may be poorly tolerated. By avoiding percutaneous placement, the poten-
tial for severe arterial damage is avoided. The hybrid approach allows for precise
positioning of a stent capable of reaching an adult diameter in an infant, taking
advantage of a simple catheter course with virtually no hemodynamic compromise
during the procedure. The procedure can be performed quickly and when coupled
with cavopulmonary anastomosis avoids the necessity of an additional interven-
tional catheterization, surgical procedure, and anesthetic. We have shown that stent
redilation can be performed safely and effectively in this population during subse-
quent catheterizations [8, 9].

45.2.1.1 Technique (Fig. 45.1)

Typically this procedure has been performed at the time of cavopulmonary anasto-
mosis in infants who have had unsuccessful balloon angioplasty for recurrent coarc-
tation after Stage 1 palliation. Via a median sternotomy a 6—10 F introducer sheath

sheath

Fig.45.1 Hybrid aortic stent placement after Norwood 1 at the time of cavopulmonary anastomo-
sis. A 4-month-old was discovered at 3 months of age to have severe recurrent coarctation after
Norwood Stage 1 (a). He underwent catheter-directed antegrade balloon angioplasty but continued
to have significant aortic obstruction. At the time of cavopulmonary anastomosis, a 9 F sheath was
placed into the ascending aorta (b, ¢), and angiography performed through the sidearm of the
sheath (d) demonstrated what now appeared to be a long segment isthmal hypoplasia (arrows). An
adult-sized stent was successfully implanted (e)



45 A Hybrid Approach to Aortic Stent Implantation 381

is advanced to the proximal transverse aortic arch via a purse-string incision in the
neo-ascending aorta. The sidearm of the sheath is utilized for serial angiography
and aortic pressure measurements throughout the procedure. Typically a 0.035-inch
guidewire can be advanced under fluoroscopic guidance across the obstructed seg-
ment into the descending aorta using fluoroscopic guidance. A stent with adult sized
potential diameter is manually crimped onto an angioplasty balloon and passed over
the guidewire to the narrowed area of the distal arch without the use of a long sheath
as the distance is short and the catheter course quite simple. After confirming posi-
tion with angiography, the stent is deployed in typical fashion. Angiography and
hemodynamic measurements are repeated after stent deployment. The guide wire
and sheath are removed and the arteriotomy is repaired.

45.2.1.2 Experience
We described our experience using this approach in six consecutive infants [8] with
a mean weight of 5.8 kg (2.9-7.7) and a mean age of 5.6 months (0.5-12.9) at the
time of the procedure. Five patients had undergone prior balloon angioplasty at a
mean age of 2.8 months (2.1-3.5), and five had moderately depressed single ven-
tricular function prior to the hybrid procedure. The balloons used had a diameter of
7-10 mm and the introducer sheath size ranged from 6 to 10 F. The mean peak-to-
peak systolic gradient across the site of aortic obstruction under general anesthesia
decreased from 29 mmHg (14-46) before implantation to 1 mmHg (0-3) after the
procedure (P<0.05). The mean diameter of the coarctation site increased from
3.5 mm (2-5.4) to 7.3 mm (5.5-10 mm) after stent implantation (P<0.05). The
mean percentage increase in diameter after the procedure was 120 % (83-250).
There were no significant immediate or late procedure related complications. One
patient (youngest in the group) had transient bradycardia, hypotension, and supra-
ventricular tachycardia during the procedure. There were no vascular complications
related to the site of aortotomy. Five patients had subsequent catheterizations. The
first follow-up catheterization was performed at a mean interval of 17.8 months
(6.3-33.6) from the stent implant. The mean patient age was 24.5 months (13.6—
39.8) and weight 11.1 kg (7.3-15.8) at the time of first catheterization. Recurrence
of aortic obstruction was identified in four patients with a mean gradient of
24.5 mmHg (13-40) at the first follow-up catheterization

primarily due to luminal in growth. Stent redilation was performed in these
patients for relief of obstruction and improvement of lumen diameter. Redilation
was done in the fifth patient to keep pace with somatic growth. Balloons of 8—12 mm
diameter were used at mean maximal inflation pressures of 10.9 atmospheres.
Reduction in the mean peak-to-peak gradient to 2.8 mmHg (0-7) (P<0.05) and
improvement in the diameter of the stented segment from 5.7 mm (3.2-8) to 9.4 mm
(6.7-12) (P<0.05) was achieved. The mean percentage increase in diameter
obtained with redilation of the stent was 80 % (25-162). In the long term only 50 %
of these patients survived. The remaining three patients have undergone successful
Fontan surgery and continue to have functioning hybrid stents in their aorta.
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45.2.2 Hybrid Aortic Stent Due to Small Size and Limited
Vascular Access

Surgical repair of coarctation of the aorta in the newborn period is the gold standard
with reasonable short- and long-term outcomes. While this surgery can be per-
formed in premature newborns, it is associated with significant morbidity and mor-
tality in babies <1.5 kg [10—12]. A strategy of prolonged prostglandin E 1 (PGE1)
infusion is typically employed to allow these low birth weight infants time to grow,
but in selected cases, complications of this therapy such as high output failure with
ventricular dysfunction, pulmonary overflow, and marginal systemic perfusion,
which predisposes to necrotizing enterocolitis, may complicate this strategy, neces-
sitating earlier definitive therapy. While successful percutaneous stent implantation
in this situation has been described, it is not without significant risk of vascular
injury [13, 14]. In this setting a reasonable palliative option which has been described
is hybrid stenting of the aortic coarctation. This can be performed through either a
carotid artery cutdown or midline sternotomy [15, 16]. The technique is similar to
that described above with the major difference being that in these cases, owing to
the small size of these patients (and their aortas), cases reported to date have
involved implantation of small (coronary) stents with a dilation potential to only
5-6 mm in diameter. This strategy therefore is strictly palliative and will necessitate
surgical removal or manipulation of these stents at the time of definitive surgical
correction. For that reason, the shortest stent length possible is utilized and a cohe-
sive comprehensive treatment plan must be developed in conjunction with the car-
diac surgical team and patient family before embarking. That being said, this may
provide life-saving therapy in selected cases of severe premature neonatal coarcta-
tion. The imminent availability of dissolvable stents and stents designed to “grow”
with infants will likely alter this approach significantly.

Finally, as our surviving complex congenital heart population is surviving longer
and undergoing more procedures, we have encountered rare cases of adolescents
and young adults with “no vascular access” that require an aortic intervention.
Employing a hybrid strategy for aortic stent implantation in this population (which
we speculate is increasing in frequency), either through a midline sternotomy or
carotid cutdown approach, may allow these patients to avoid a complex and high-
risk reoperation (Fig. 45.2).
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Fig. 45.2 Hybrid stent placement in a 15-year-old with severe recurrent coarctation, bilateral
ileofemoral, and left common carotid arterial occlusion. A three-dimensional rotation angiogram
(a) performed through a sheath paced in the ascending aorta through a midline sternotomy demon-
strates a long segment complex coarctation, which is also seen on a corresponding two-dimensional
image (b). After placing a standard 0.035 guidewire across the narrowed segment, a long adult-
sized stent has been placed into position (c), and a confirmatory angiogram performed through the
sidearm of the sheath confirms good positioning (d). Following stent implant, a repeat three-
dimensional angiogram (e) demonstrates an improved appearance of the narrowed segment with
no aortic wall damage
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Other Hybrid Treatments: Tetralogy 46
of Fallot

Vladimiro L. Vida, Alvise Guariento, and Giovanni Stellin

Tetralogy of Fallot (TOF) repair is nowadays a routine treatment that is achieved
with a very low surgical risk in many pediatric cardiac centers. A transventricular
approach combined with a transannular patching remains the most frequent repair
[1]. More recently, a revival of a transatrial approach has become the preferred pro-
cedure, in many centers, yielding to excellent early and midterm results [2]. The
objective of a transatrial repair is to avoid (or minimize) a structural damage to the
subpulmonary pump, which has proved to be the Achilles’ heel, in the long term.

Follow-up studies are showing that the use of a transannular patch results in
pulmonary insufficiency with chronic right ventricular volume overload, leading
inevitably to progressive right ventricular dilation and dysfunction which is associ-
ated with impaired functional capacity [3].

In the last few years, the interest in preserving the pulmonary valve (PV) func-
tion has stimulated surgeons in the last few years in devising PV-sparing techniques
[4-8]. Since 2007, to our routine early transatrial/transpulmonary repair, we have
combined new PV-sparing techniques, for treating a hypoplastic pulmonary annu-
lus, by means of transcatheter balloon dilatation and additional PV reconstruction
maneuvers (Fig. 46.1).
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Fig.46.1 Showing the various types of PV plasty procedures that can be performed in addition to
PV balloon dilation. (a) Dysplastic PV with commissure fusion (effective PV opening), (b) PV
commissurotomy (true initial PV annulus diameter), (¢) PV balloon dilation and (d) final PV annu-
lus diameter, (e) simple additional PV plasty (including PV leaflet repair and resuspension), and
(f-g) complex additional PV plasty, including PV leaflet delamination (f) and patch augmentation
when needed and resuspension (g)
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46.1 Techniques for PV Preservation

At the time of repair, following a longitudinal main pulmonary artery (MPA) arte-
riotomy, the PV is inspected and sized to assess the effective PV orifice diameter.
In the presence of a stenotic PV, a valvular commissurotomy is performed at each
commissure, down to the subvalvar area. After this maneuver the valve is again
sized to measure the true annular diameter. Particular care is taken to remove any
possible RVOT obstruction up to the subannular level by combining transatrial,
transtricuspid muscle band resection and a further transpulmonary residual muscle
band excision through the PV annulus, before and after balloon dilatation.

Only after a satisfactory muscle bundle resection is achieved (by a combined
myotomy/myectomy of the sub-pulmonary area), a valvuloplasty balloon catheter
is introduced through the TV across the PV orifice and inflated under direct vision
[4, 6-8] while securing its tip through the MPA arteriotomy until the inner pres-
sure reaches 10 atm (Fig. 46.2). We employ short (2 cm) high-pressure (>10 atm.)
noncompliant balloons, sized according to the calculated size of the PV orifice
relative to the body surface area of the patient. When the PV effective orifice
is particularly narrow (z-score<-3) we employ an “in-series balloon dilatation
strategy,” by using increasing diameters of balloons for allowing a progressive
stretching and dilation of the PV annulus up to the ideal size according to the body
surface area.

When the PV effective orifice is particularly narrow (z-score<-3), additional
surgical maneuvers on the PV are required after dilatation for repairing any possible
valve disruption, to achieve valve competence. The repair and resuspension of PV
leaflet is in general sufficient (simple PV plasty) in most of them; however in more
severe cases, where the balloon spreads the PV commissures apart so that the
leaflets become insufficient to cover the new PV annular area, more complex PV
plasty maneuvers, including the PV cusp delamination, may be required (Fig. 46.1).
In these patients, we have included a shaving of the thickened PV cusps. The coap-
tation area is then extended by carefully delaminating the base of each PV cusp at
the hinge point with a fine scalpel, extending the reconstructed leaflet area down

Fig. 46.2 Intraoperative image showing the intraoperative balloon dilation of the pulmonary
valve. The balloon catheter is inserted through the right atrium (RA) and tricuspid valve into the
pulmonary valve annulus. RV right ventricle, MPA main pulmonary artery
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Fig. 46.3 Intraoperative images of the pulmonary valve in a 5-month-old boy with tetralogy of
Fallot showing the (a) initial (6 mm) and (b) final (10 mm) diameters of the valve after preservation
techniques

Fig. 46.4 Intraoperative images of the pulmonary valve in a 4-month-old boy with tetralogy of
Fallot showing the (a) initial (3.5 mm) and (b) final (10 mm) diameters of the valve after preserva-
tion techniques

into the RV myocardium, when necessary. Subsequently, the extended cusps are
resuspended creating new PV commissures. Occasionally PV cusps are augmented
by using small triangles of prosthetic (biologic) patch material and then resuspended
(Figs. 46.1, 46.3, and 46.4). The MPA is eventually patch enlarged, when needed,
with an autologous pericardial patch, which is anchored proximally below the PV
annulus, onto the RVOT epicardium, with the aim of avoiding any potential early or
late constriction over the reconstructed PV apparatus.
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Goals of the intraoperative PV balloon dilation are to achieve: (1) an annular PV
z-score of zero, (2) a thorough myotomy/myectomy of the subpulmonary area, and
(3) a half-systemic right ventricular pressure [4, 6-8] at the end of the procedure.
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Hybrid Conduit

Gianfranco Butera, Mario Carminati,
and Alessandro Frigiola

Tetralogy of Fallot with pulmonary atresia may be associated to various degrees of
development of pulmonary arteries. Their size is the key issue in the prognosis and
treatment of this disease. In subjects with hypoplastic pulmonary arteries, surgical
options include implantation of a modified Blalock—Taussig shunt or of a right ven-
tricular outflow tract conduit. We have developed a hybrid approach for cases where
the surgical alternatives are not available [1].

A 2.2 kg newborn who underwent a cardiac catheterization at 2 days of life
showed pulmonary atresia, ventricular septal defect and confluent pulmonary arter-
ies of 2.5 mm in diameter and a Nakata of 50 mm/m?. Pulmonary arteries were
supplied from a major aortopulmonary collateral from the left subclavian artery
(Panel A). Oxygen saturation was around 60 %. Surgical options were considered
too risky. A hybrid approach was undertaken under general anaesthesia and orotra-
cheal intubation. Patient underwent midline sternotomy. Under direct vision and by
using a 21 gauge needle, the free wall of the right ventricle was punctured and the
cannula directed towards the atretic right ventricular outflow tract (RVOT) and
towards the small pulmonary artery trunk (Panel B). A 0.021 inch 21 cm-long stan-
dard guidewire was advanced and then a 5 Fr paediatric sheath was placed over that
wire through the atretic RVOT and the pulmonary trunk (Panels C and D). A
0.014 in. coronary guidewire was exchanged and a JOSTENT Graft Master
Coronary Stent Graft 3.5x19 mm (Abbott Vascular Devices, Holland BV, the
Netherlands) was implanted (Panel E). A final angiography showed a well-placed
covered stent (Panel F). Visual inspection showed no bleeding and a satisfactory
position of the stent (Panel G). Oxygen saturation increased from 60 % at the begin-
ning of the procedure to 90 % at the end. Total procedural time was 60 min. The
postprocedural course was uneventful. At a 3-month follow-up, the stent is patent
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(Panel H), patient’s weight is 5 kg, and oxygen saturation is 85 %. During follow-
up, the patient needed several cardiac catheterization procedures of pulmonary
artery rehabilitation and RVOT surgical opening and she is ready for VSD closure.

Hybrid implantation of a coronary graft may be an appealing alternative in small
newborns with diminutive pulmonary arteries.

¥

With permission from European heart Journal
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Hybrid VSD Creation or Enlargement 48

Frank F.Ing

48.1 Introduction

The need for ventricular septal defect (VSD) creation or enlargement is a relatively rare
one. It usually involves a combination of what appears to be an adequate VSD for flow to
the systemic circulation usually in the context of a single ventricle variant (most com-
monly double outlet right ventricle (DORV)) at birth or at the time of palliative surgery.
As the child grows, the VSD becomes restrictive as evidenced by a significant gradient of
flow across the VSD, which may be accompanied by depressed ventricular function.
Treatment options include surgical or transcatheter creation or enlargement of the
VSD. While surgery has been the primary option, it often carries high morbidity and risks
[1, 2]. Transcatheter techniques have been developed for this rare anatomic problem.
VSD enlargement is relatively straightforward involving the passage of a wire across the
existing VSD, balloon septoplasty, and stent implantation. VSD creation is technically
more demanding requiring a transseptal puncture across the ventricular septum and in the
muscular septum, followed by positioning of a wire, septoplasty, and stent implantation
[3, 4]. This technique was first reported in 2006 in a small series of eight patients from
Meadows et al. [3]. In that series, five patients underwent VSD creation and three for
VSD enlargement. Three of the patients had prior surgical attempts at LV decompression.
Gradients across the septum decreased from 76.9 to 20.3 mmHg post intervention. At last
follow-up, all stented VSDs were patent although recurrent obstruction was found in the
majority of patients due to muscular hypertrophy extending beyond the stent edges. Their
conclusion was that in high-risk surgical patients, transcatheter creation or enlargement
of VSDs is possible with need for repeat interventions due to recurrent obstruction.

The advent of hybrid techniques has permitted a third alternative at VSD creation or
enlargement for this rare lesion. This technique is particularly advantageous in infants
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and small children where transseptal puncture of the ventricular septum or passage of
the delivery system and stent across the VSD is technically difficult due to the small
size and/or poor ventricular function. A transcatheter technique for VSD stenting was
reported in a 2.9 kg infant, but only a small premounted stent (PG1280 BPX stent,
Cordis) was used which cannot be further dilated to accommodate somatic growth [4].

48.2 Hybrid Technique for Creation or Enlargement of VSD

Prior to the hybrid procedure, a diagnostic cardiac catheterization is performed to
evaluate the existing VSD anatomy and the two ventricles. Careful measurements
of the septal thickness adjacent to the restrictive VSD in both systole and diastole
are made (Fig. 48.1). The inside dimensions of both the RV and the LV are assessed,

Fig. 48.1 Diagnostic catheterization revealing a rare combination of mitral atresia, hypoplastic
left ventricle, normally related great arteries, normal size ascending aorta, coarctation of the aorta,
and a VSD (which supplies the systemic output) as well as a diaphragmatic hernia with a hypoplas-
tic right lung. Initially, the VSD was felt to be adequate measuring 8 mm in diameter. Initial sur-
gery was diaphragmatic hernia repair, coarctation repair, and a PA band. By 5 weeks of age
(2.9 kg), the VSD had become restrictive. Ventricular septal thickness and both RV and LV dimen-
sions are carefully measured in both systole and diastole to determine appropriate stent diameter
and length as well as ventricular dimensions to a permit safe passage of needle, sheath and wire. In
this case, the interventricular septal diameter in both systole and diastole measured 9.1 mm while
the distance from the septum to the backwall of the LV varies from 8.5 mm in systole to 10.6 mm
in diastole (red arrows). The VSD diameter varies from 3.5 mm in systole to 5.7 mm in diastole.
The distance from the RV freewall to septum measured 14 mm
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and distance from both ventricular free walls to their respective sides of the VSD is
measured carefully. A large size stent should be selected which permits further dila-
tion (up to 18 mm diameter) to accommodate growth of the child. Unfortunately, the
commercially available lengths for these stents are too long for the thickness of the
infant ventricular septum and must be folded to the correct length (Fig. 48.2). The
Genesis XD stent is commonly used. Next, the stent is mounted on a balloon with a
predetermined diameter. In the operating room, following a standard thoracotomy,
the hybrid procedure is assisted by transesophageal echocardiogram (TEE) imaging
as well as fluoroscopy (Fig. 48.3). Initial needle puncture is made from the RV-free
wall toward the VSD. Once inside the RV, a 0.035” guidewire is passed from the
needle across the VSD into the LV. The wire can be positioned out of the left ven-
tricular outflow tract or curled inside the LV body depending on the space available
for the balloon length. TEE is used to visualize the wire position. A 9 Fr short sheath

Stent edges folded back
new length 10 mm

Stent mounted on /

front end of balloon

Fig. 48.2 A Genesis 1910XD stent is selected and both edges are folded back to 10 mm length
and mounted on a 8 mm diameter balloon

Wire across LVOT

Fig. 48.3 Flouroscopic guidance of stent and balloon to straddle the VSD. The wire was posi-
tioned across the left ventricular outflow tract (LVOT) due to the small size of the LV as shown in
Fig. 48.1. Once in good position, the balloon is inflated and implanted in the stent across the VSD



396 FF.Ing

Fig.48.4 TEE imaging demonstrates the stent in the interventricular septum after removal of the
balloon, wire, and sheath (red arrows). Color Doppler shows nonturbulent flow across the VSD
(yellow arrows)

is passed across the VSD over the wire under both TEE and fluoroscopic guidance.
Hand injections of contrast are generally adequate to visualize the VSD and adja-
cent anatomy. Since the flow across the VSD is required for systemic output, blood
pressure may drop once the sheath is passed into the VSD. Therefore, it is prudent
to prepare the stent and balloon prior to positioning the sheath into the VSD. Once
the stent is straddled across the VSD, the balloon is inflated implanting the stent and
enlarging the VSD. The balloon is deflated and removed leaving the stent in place.
Follow-up angiogram and TEE imaging will reveal a larger volume of blood crossing
the stented VSD (Fig. 48.4). Generally, the LV function and cardiac output improve
immediately since there is adequate egress of blood across the VSD. If VSD creation
is required, a longer needle may be required to puncture the RV-free wall and guided
through the mid-muscular septum by TEE and fluoroscopy imaging. Once the needle
is positioned in the LV, the rest of the procedure is similar to what is described above.

It is important to resist the temptation of using a smaller premounted stent. While
the smaller stents may be adequate for an infant or small child, the VSD has to
“grow” to match the increased cardiac output for normal somatic growth. As men-
tioned previously, the large size stents require folding to “fit” the infant ventricular
septal thickness and avoid excessive protrusion into both ventricles. This folding
does require the need for a larger delivery sheath. The advantage of the hybrid
approach is that the larger sheath size does not have a negative impact on the proce-
dure. Furthermore, the folded stent actually adds more radial strength against the
contracting ventricular septum to minimize stent recoil. In the infant, or when the
LV size is small, the wire may need to be positioned across the outflow tract. Beware
that when the balloon is inflated in this position, there may be some irritation of the
conduction system which may result in transient heart block. Be prepared to pace
the ventricles if complete heart block occurs.

In the paper by Meadows et al, there was important recurrent obstruction caused
by muscular hypertrophy at the stent edges. This can be easily treated with further
dilation and/or addition of a longer stent when the child has grown bigger. Medium
term follow-up catheterization and angiography is recommended to assess the VSD
stent (Fig. 48.5).
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Fig. 48.5 Follow-up angiography 5 months later shows persistent patency of the stented VSD
with no gradient between the two ventricles

48.3 Summary

In DORYV with single ventricle palliation or other rare instances of single ventricle
variants, left ventricular obstruction due to progressive restriction of the outflow
VSD can rarely occur resulting in LV hypertension and depressed ventricular func-
tion as well as compromised cardiac output. While there are surgical and transcath-
eter options to create or enlarge the VSD, surgical risks may be high. In infants and
small children, routine transcatheter techniques may be difficult and may be limited
to the use of small stents which cannot be further expanded to accommodate somatic
growth. The hybrid approach offers another alternative but does require advanced
planning with a diagnostic catheterization and close collaboration with the cardiac
surgeons. While there is little data on the long-term outcomes of this rare lesion,
certainly the hybrid technique has been proven to be safe and effective in the short
term. Longer follow-up with larger series is crucial to understand and improve the
outcomes of this difficult anatomy.
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