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Foreword: “Nothing Endures
But Change”

This concept was stated by Heraclitus of Ephesus in his book On
Nature in the sixth century B.C. A long time has passed from the
period of this pre-Socratic philosopher; however, the same con-
cept applies today and truthfully to the field of interventional car-
diology. The only way to be alive and up-to-date is to continuously
improve and change. Therefore, it is with this thought we wel-
come the second edition of the Cardiac Catheterization for Con-
genital Heart Disease. The second edition follows the popular
“how-to” format of the previous edition and is the result of a
worldwide cooperation of many international experts, who put
together their knowledge and expertise.

The first edition was published in 2014 and many new trans-
catheter therapies have been developed in the field of interven-
tional cardiology for CHD, including the expanded use of
balloon-expandable valves for dysfunctional RVOTs, conduits,
and valve-in-valve therapies in all four cardiac valves. The initial
use of self-expanding valves in the RVOT to treat severe pulmo-
nary regurgitation has continued to be developed around the
globe. The increased role of advanced imaging, such as 3D Rota-
tional Angiography (3DRA), has allowed interventional cardiolo-
gists to use fluoroscopic overlay to not only improve the precise
positioning of devices such as stents and valves but also to poten-
tially decrease radiation exposure by reducing the need of addi-
tional angiograms.

The role of integrating advanced imaging modalities in the
cath lab, such as real-time MR-guided cardiac catheterizations
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and potential interventional procedures without the use of radia-
tion, has been developed and promoted by centers around the
world. In addition, 3D printing has become popular in both plan-
ning complex surgical and interventional procedures, and educat-
ing patients and families in their complex CHD. Finally, the
editors have included a much-needed section on quality improve-
ment of both results and care in our ongoing quest of delivering
the highest form of interventional cardiology for our patients.

As Heraclitus stated “nothing endures but change,” he also said
“the eyes are more exact witnesses than the ears”...which is the
way interventional cardiologists view improving our procedures
to achieve our core value and mission of treating our patients.

Respectfully,

John P. Cheatham

Interventional Cardiology

Nationwide Childrens’s Hospital

Columbus, OH, USA

Division of Cardiology, Pediatric Department
The Ohio State University

Columbus, OH, USA



Preface

“Our progress is not to assume that we have arrived but to continually
aim for the goal.”
Bernard of Chiaravalle, Benedictine monk

Six years have passed since this book was printed and distrib-
uted for the first time. It was in English, but the Chinese version
arrived just few years later.

Many changes have occurred in the world in this period,
including some unexpected events as the experience of a pan-
demic spread. We thought that uncontrolled infections were his-
torical events that occurred during the “dark ages” centuries ago.
Once more, life and reality are more creative than humans.

In the smaller world of congenital interventional cardiology,
several less dramatic changes have occurred. Our goal, as Bernard
of Chiaravalle opined, remains the same and we are continually
striving to achieve it. We all aim at improvement and at providing
new answers to unsolved questions and problems.

As a result, we welcome and commend to you the second edi-
tion of this book. A good proportion of the content is new since
new approaches and technologies continue to evolve. These
include the transcatheter treatment of sinus venosus ASD, of PDA
in premature babies, the use of self-expanding valves in large
RVOTs, the development of engineering methods including mod-
eling and 3D printing, the great development of imaging tech-
niques, and the integration of imaging modalities to make
procedures safer, quicker, more reproducible, and most impor-
tantly more effective. To these topics we have also added new

vii
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chapters covering the approach to the mid-aortic syndrome, to
PA-VSD-MAPCAs management, hybrid access, percutaneous
solutions for large RVOTs with the current available technology,
RVOT stenting in infants, and PFO closure. Furthermore, a chap-
ter on tools and techniques usually used by “adult cardiology col-
leagues” was included in order to share knowledge about allied
and potentially useful devices. Finally, as we are determined to
strive for the best, a full and comprehensive chapter on quality
evaluation and improvement has been included. Nowadays, excel-
lence requires analysis of our own practice in order to continu-
ously improve our results.

We are extremely proud that this book is the product of the
experience of more than 50 world-class authors from all over the
globe. It is thanks to them that this dream has come true ... and for
the second time!

A Roman philosopher, Seneca, said “Optimae ideae pertinent
ad omnes” (the best ideas belong to everyone). We are grateful to
each author for having shared their valuable experience and best
ideas for the benefit of everyone and in particular for the benefit of
our young colleagues and our patients.

Rome, Italy Gianfranco Butera
San Donato Milanese, Milano, Italy Massimo Chessa
Miinchen, Bayern, Germany Andreas Eicken

Leeds, UK John Thomson
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Patient Information
and Informed Consent

Maarten Witsenburg

1.1 Introduction

Interventional (and diagnostic) catheterization is an important
tool in congenital heart disease. It has evolved from atrial septos-
tomy in the 1970s to a wide range of procedures including device
closure of various defects and percutaneous valve implantation
nowadays.

As any form of invasive study or treatment, it is not without
risks and serious complications may occur. Therefore, it should
only be performed after balancing the advantages and risks of the
procedure [1]. The risk associated with the use of ionizing radia-
tion for these procedures should also be kept in mind, especially
because of the young age of many of these patients.

The patient (or his or her legal representative) has to agree on
the suggested treatment, but can only do so after having been
informed appropriately. The combination of the duty to inform
and the agreement of the patient with the treatment plan is called
informed consent.

M. Witsenburg (<))

Departments of Congenital and Pediatric Cardiology, Thorax Centre,
Erasmus MC, Rotterdam, The Netherlands

e-mail: m.witsenburg @erasmusmc.nl
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Informed consent is an essential step in any diagnostic or inter-
ventional cardiac catheterization in a patient with congenital car-
diac disease.

1.2  Background

Healthcare ethics is based on the moral concepts of benevolence,
autonomy, absence of malice, equity, and responsibility.
Autonomy implies that the patient (and/or the legal representa-
tives) can only consent after the provision of adequate informa-
tion. The major elements in a valid consent process are sufficient
understanding, sufficient information, and freeness from duress
[2,3].

In the ESC-EACTS myocardial re-vascularization guide-
lines, it is stated that information should be “objective and unbi-
ased, patient oriented, evidence based, up-to-date, reliable,
understandable, accessible, relevant, and consistent with legal
requirements” [3].

1.3 Information and Consent in Clinical
Practice

In a non-emergent setting, the indication for a diagnostic or inter-
ventional cardiac catheterization should be discussed within a
multidisciplinary team including at least the (pediatric) cardiolo-
gist, interventional cardiologist, and cardiac surgeon. For non-
complex cases a written and locally approved protocol can be an
alternative for the discussion within the multidisciplinary team.

In such a heart team, the indication, risks and benefits, possible
other treatment options, and timing of procedure are discussed.
This team decision is written down in the patient record, as well
as the team members who were involved in the discussion.

Once the decision is made, the patient (or legal representative)
is informed. It is important to take enough time to discuss the
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reason for treatment, its timing, risks, and possible treatment
complications. Use of terminology that the patient understands is
essential. An illustrated information sheet can be very helpful.
One should realize that a lay person as a patient will always have
a major lack of knowledge, even after an extensive discussion
with the interventional cardiologist. The consent will therefore for
a major part be based on the patient’s trust in the treating physi-
cian. After the patient has consented, this is documented in the
patient record. Depending on local rules and practice, the consent
can be given orally or in writing.

In emergencies, time may be lacking to fulfill the steps men-
tioned above. A typical example is severely hypoxic neonate with
d-transposition in need of urgent balloon atrial septostomy to
improve atrial mixing. In such cases the information needs to be
given after the procedure, including explanation of possible com-
plications that may have occurred.

1.4 Conclusion

Recommendations for treatment in congenital heart disease will
rarely have a higher than 1C level of evidence. As such expert
opinion plays a major role. Even for procedures that have been
used extensively for many years, the implications, including com-
plications, have become clearer recently. The complex trajectory
from indication for treatment to the diagnostic or interventional
procedure itself are at risk for cognitive bias [4].

In addition the availability of an extending range of devices
might sometimes result in using these for questionable indica-
tions.

The important point is that any interventional cardiologist
should act in a responsible way before, during, and after the inter-
vention. Whenever complications may have happened, he/she
should be able to explain the problem, both to the patient and to
colleagues, and how steps were taken to minimize any further
harm.



6 M. Witsenburg

References

1. Feltes TF, Bacha E, Beekman RH III, et al. Indications for cardiac cathe-
terization and intervention in pediatric cardiac disease: a scientific state-
ment from the American Heart Association. Circulation.
2011;123:2607-52.

2. Bonnet C, Greffier A. Paediatric cardiac catheterization: an information
sheet. Arch Cardiovasc Dis. 2013;106:228-37.

3. Neumamm FJ, Sousa-Uva M, Ahlsson A, Alfonso F, Banning AP, Bene-
detto U, Byrne RA, Collet JP, Falk V, Head SJ, Jiini P, Kastrati A, Kollar
A, Kristensen SD, Niebauer J, Richter DJ, Seferovic PM, Sibbing D, Ste-
fanini GG, Windecker S, Yadav R, Zembala MO. 2018 ESC/EACTS
guidelines on myocardial revascularization of the European Society of
Cardiology (ESC) an European Association for Cardio-Thoracic Surgery
(EACTS). Developed with the special contribution of the European Asso-
ciation for Percutaneous Cardiovascular Interventions (EAPCI). Eur
Heart J. 2019;40:87-165.

4. Duignan S, Ryan A, Burns B, Kenny D, McMahon CJ. Complex decision
making in the pediatric catheterization laboratory: catheterizer, know thy-
self and the data. Pediatr Cardiol. 2018;39:1281-9.



®

Check for
updates

Giuseppe Isgro and Marco Ranucci

2.1 Introduction

The widespread use of therapeutic cardiac catheterisation in the
management of congenital heart disease requires the presence of
a trained paediatric cardiac anaesthesiologist with the ability to
provide both safe and consistent sedation or general anaesthesia
to paediatric cardiac patients. Specific knowledge of the patho-
physiology of congenital cardiac lesions and the clinical implica-
tions of diagnostic and therapeutic procedures are essential.

Sedation is often preferred to general anaesthesia, in particular
for diagnostic procedures, because mechanical ventilation can
cause haemodynamic disturbance and can alter the results of the
study. General anaesthesia is applied mainly for interventional
procedures (i.e. percutaneous valve implantation, atrial septal
defect or ventricular septal defect closure, patent ductus arteriosus
closure, or STENT implantation), during which it is essential to
keep the patient deeply relaxed to permit the precise deployment
of the device.

G. Isgro (<)) - M. Ranucci

Department of Cardiothoracic and Vascular Anaesthesia and Intensive
Care, IRCCS Policlinico San Donato, San Donato Milanese, Milan, Italy
e-mail: Giuseppe.Isgro@ grupposandonato.it
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Other factors influencing the decision to use sedation or gen-
eral anaesthesia are patient related: age, clinical conditions and
complexity of cardiac lesions.

Diagnostic and interventional procedures in the catheterisation
laboratory carry risks for the patient such that continuous patient
monitoring is essential.

The anaesthesiologist should contribute to the treatment of
complications associated with cardiac catheterisation and,
obviously, pre-empt and manage issues arising from sedation and
anaesthesia. Finally good anaesthetic practice means that after the
procedure the patient is delivered to a post-anaesthesia care unit
or directly to the intensive care unit in the best condition possible.

2.2  Anaesthesia
2.2.1 Preoperative Consideration

Preoperative clinical evaluation is mandatory to assess the general
condition of the patient and the type of cardiac disease and make
plans for post-procedural care. Those patients affected by severe
cyanosis should be hydrated prior to cardiac catheterisation, to
minimise dehydration.

Fasting should be planned according to the age, clinical condi-
tion, and related laboratory investigations.

Routine preoperative tests (ECG, chest X-ray, lab investiga-
tions) are required and evaluated by the anaesthesiologist—in
some cases, review of echocardiography. An assessment should
include scrutiny of previous anaesthetic records and prior pre-
medication.

Certain patients including chronically cyanotic patients are at
risk of post-procedural bleeding, so that packed red cell units,
fresh frozen plasma and concentrated platelet units are quickly
available according to the procedure.

Strict attention to intercurrent illness is required, and if neces-
sary, the catheterisation procedure should be postponed whilst
this resolves.
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2.2.2 Premedication

Drugs for premedication are administered to reduce anxiety and
promote cooperation. Additional benefits include induction of
anaesthesia without memory of this stressful time and reduced
adrenergic stimulation that can be deleterious, particularly certain
anomalies (i.e. tetralogy of Fallot, uncompensated ventricular
septal defect with pulmonary hypertension and anomalous origin
of left coronary artery arising from the pulmonary artery).

Children under 6 months of age or those that are very sick
often can be managed without premedication as this can be
deleterious under some circumstances.

Many drugs are available for premedication; the most com-
monly used are ketamine, midazolam, fentanyl and morphine.
Dexmedetomidine, a new centrally acting alpha 2-adrenoceptor
agonist, has been used in the setting of cardiac catheterisation
laboratory safely with good results.

The choice of the drug alone or in combination must be decided
by the anaesthesiologist after assessment of the patient and
according to local experience and protocols.

2.2.3 Sedation and Anaesthesia

Sedation and general anaesthesia can be administered according
to the preoperative condition, including the risk of developing
post-procedural  deleterious effects related to cardiac
catheterisation and anaesthesia drugs use (i.e. pulmonary
hypertension).

Pathophysiology of any cardiac lesion should be discussed
beforehand with the paediatric cardiologist to reduce the risk of
anaesthesia delivery, although modern anaesthesia drugs have
reduced impact on cardiovascular system (Table 2.1). Sevoflurane,
a volatile anaesthetic, has very little effects on systemic pressure
and heart rate. Dexmedetomidine is thought to be protective for
postoperative atrial fibrillation.
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Table 2.1 Anaesthetic drugs

Drug Induction Maintenance
Ketamine 0.5-2 mg/kg 0.01-0.05 pg/kg/min
Midazolam 0.1-0.3 mg/kg 1-3 pg/kg/min
Propofol 1-2 mg/kg 3-5 mg/kg/h
Sevoflurane 3-5% 1-2%

Fentanyl 3-5 pg/kg 1-2 pg/kg/min
Morphine 0.1 mg/kg 1-2 pg/kg/min
Cisatracurium 0.1-0.2 mg/kg 1-2 pg/kg/min
Dexmedetomidine 1 pg/kg 0.2-1.4 pg/kg/h

Midazolam is safely used to maintain sedation, usually in com-
bination with fentanyl or morphine.

The use of muscle relaxants that permit to keep the patient ven-
tilated under general anaesthesia is nowadays safe, because the
introduction of many newer agent with low rate of adverse effects;
the combination of modern volatile anaesthetics and modern mus-
cle relaxants have reduced to very rare event the incidence of
malignant hyperthermia.

Cisatracurium, a non-depolarising muscle relaxant, a cis-
isomer of atracurium, is indicated in paediatric anaesthesia
because of the absence of histamine release; its half-life is
22-29 min and it is eliminated through the Hoffman metabolism,
so it can be used safely in patients with poor renal function.

2.3 Monitoring and Anaesthetic Equipment

in the Cardiac Catheterisation Laboratory
2.3.1 Electrocardiogram
Electrocardiogram is used for continuous monitoring of heart

rate, thythm and ST changes throughout the pre-, intra- and post-
procedural phases.
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2.3.2 Blood Pressure

Systemic blood pressure may be monitored noninvasively during
the most common procedures by an automated oscillometric
technique.

During risky procedures or in very sick patients, it may be nec-
essary to monitor invasive blood pressure, by cannulation of an
artery. Thereby arterial cannulas, transducers, and flushing
devices must be present in the laboratory.

2.3.3 Pulse Oximetry

It provides a continuous and noninvasive monitor of oxygen satu-
ration, which is mandatory during both sedation and general
anaesthesia in paediatric cardiac patients, who are at risk for the
development of hypoxia.

2.3.4 Capnometry

Is a continuous and noninvasive method of measurement of
expired carbon dioxide and is very useful to monitor the adequacy
of ventilation during general anaesthesia or to detect malfunction
or failure of the anaesthesia machine. Moreover, it provides a
useful information related to the quality of pulmonary perfusion
and can reflect haemodynamic changes.

2.3.5 Temperature Monitoring

Temperature monitoring is very important especially in the new-
borns, who are at risk for hypothermia because of their relatively
large surface area and the inefficiency of their thermoregulatory
mechanisms. Cutaneous temperature may be monitored by ade-
quate probes. Central temperature, if required, can be measured
using a nasogastric probe.
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In order to avoid hypothermia in children, it is important to
warm the environment and the inhalatory gases by a humidifier.
Warming of intravenous fluids may be needed. The use of heating
blankets is also recommended especially in the newborn.

2.3.6 ScvO, (Continuous Mixed Venous Oxygen
Saturation) Monitoring

Paediatric and adult patients with severe cardiac disease, who
undergo catheter laboratory interventional procedures, can be
monitored with respect to cardiac output. In congenital heart
disease patients, it is usually either not possible or desirable to
insert a pulmonary artery catheter designed for output
measurement. Currently central venous catheters with oximetry
are available to continuously monitor venous saturations. These
catheters are usually inserted into the right jugular internal vein
like a normal central venous line, with the same dimension and
length (PediaSat and PreSep catheters—Edwards Lifesciences,
Irvine, CO) (Fig. 2.1).

The continuous monitoring of venous saturation can help to
identify sudden changes in haemodynamic status, rapidly
changing when cardiac output decreases or increases.

This parameter is included also in the management of the early
goal-directed therapy (EGDT) for critically ill patients.

2.3.7 NIRS (Near-Infrared Spectroscopy)
Monitoring

Another tool of haemodynamic monitoring is near-infrared spec-
troscopy (NIRS) (Fig. 2.2). NIRS is used in many clinical situa-
tions to continuously monitor cerebral and splanchnic perfusion
and has the potential to provide information on the adequacy of
systemic oxygen delivery. Some authors have demonstrated a
good correlation between NIRS and ScvO,, but NIRS cannot pre-
cisely predict ScvO, value, though it can be used for trend moni-
toring.
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Fig. 2.1 (a, b) PediaSat catheter (paediatric) (a) and PreSep catheter (adult)
(b). (Courtesy of Edwards Lifesciences)
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Fig. 2.2 NIRS monitoring
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2.3.8 Anaesthetic Equipment

» Different sizes of cannulas for venous and arterial cannulation.

» Different sizes of central venous catheters.

» Different sizes of face masks.

» Different sizes of endotracheal tubes.

* Airway management equipment and difficult airway manage-
ment equipment available.

* Suction apparatus and different sizes of suction catheters.

* Mechanical ventilator with inhalatory anaesthetic agents.

* Scavenging setup for waste inhalational agents.

* Sedative, analgesic and anaesthetic drugs.

* Resuscitation drugs.

* Intravenous infusion set—intravenous fluids (crystalloids and
colloids).

e Defibrillator.

¢ Stethoscope.

* Self-inflating manual resuscitation bag.

» Foley catheters and nasogastric tubes.

* Blood gas analyser.

24  Ventilation Strategies During Cardiac
Catheterisation Procedures

There is no preferred ventilation strategy in the cardiac catheter-
ization laboratory, but spontaneous breathing, in particular during
diagnostic procedures, is preferable to mechanical ventilation to
maintain more natural intrathoracic physiology and consequen-
tially to obtain the best acquisition of more accurate hemody-
namic data.

General anaesthesia with positive pressure ventilation provides
a secure airway and control of PaCO,, but increased intrathoracic
pressure may alter hemodynamic parameters.

However, general anaesthesia with positive pressure ventila-
tion is not contraindicated, but requires a correct approach to the
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patient and to the pathophysiology of the underline cardiac
disease; in some particular case is better to avoid high PEEP
(Positive End Expiration Pressure), and use correct I:E time
(Inspitation-Expiration ratio) is necessary to have a less impact on
venous return, mainly in patients with right heart failure,
hypovolemia or Fontan physiology.

The effect of pulmonary pressure on pulmonary venous flow
depends on the relative filling state of the pulmonary circulation.

During hypovolemic condition an increase in lung volume
reduces venous return to the left ventricle, while in a fluid
overloaded state, an increase in lung volume would shift blood,
thus increasing pulmonary venous flow to the left ventricle.

Change in lung volume can alter the diastolic compliance of
the left ventricle because of direct compression of the chamber
and also due to elevated right ventricular pressure that results in a
conformational change of the interventricular septum.

As well as good ventilator setting is fundamental, the optimal
Endotracheal Tube placement is very important: displacement in
right or left main bronchus or placement upon the Tracheal Carina,
can alter the hemodynamic parameters during diagnostic
procedure.

Spontaneous ventilation might maintain more natural intratho-
racic physiology and consequentially can result in the acquisition
of more accurate hemodynamic data.

However, oversedation during spontaneous ventilation can
cause airway obstruction, hypoventilation and subsequent
respiratory acidosis.

This increases PVR and might alter shunt physiology and alter
hemodynamic measurements.

Basically patients having even minimal sedation should have
their airway and EtCO, monitored throughout the procedure to
avoid hypercapnia, to minimize adverse events related to sedation
and ventilation.



2 Anaesthesiological Management of the Paediatric Patient... 17
2.5 Fluid Management

The intravenous fluid regimen during Cardiac Catheterisation is
guided by the age of the patient, clinical condition (fluid
overloaded or not), reason for admission in cath lab, presence of
any deficit and presence or absence of shock and/or multi-organ
failure in particular renal failure.

In congenital heart patients, intraoperative management of
intravascular fluids is a priority.

Hypovolemia might be present at the beginning of the proce-
dure, particularly in small infants and children, secondary to
dehydration occurring during prolonged periods of preoperative
fasting (NPO).

Hypovolemia is particularly important in very young, cyanotic,
erythrocytotic or shunt-dependent patients.

In these circumstances it is preferable to administer intrave-
nous (IV) isotonic fluids to maintain hydration during the fasting
period prior to catheterization.

Careful attention to blood loss is particularly important in neo-
nates who have a small blood volume and in cyanotic patients.

Blood transfusion is mandatory to mantain normal level of
haematocrit that should be 40—45% in newborn.

Cyanotic patients that experience blood loss, may require red
cell transfusions despite relative normal level of haematocrit.

In this case is highly important to asses DO, (Oxygen Delivery)
and Lactates levels to address the best fluid therapy.

Volume overload can occur during longer procedures, particu-
larly those involving multiple angiograms, and is less tolerated in
patients with congestive heart failure or shunt lesions.

Fluids restriction and diuretics administration is required in
this case.

2.6 Complications of Cardiac Catheterisation
Complications related to cardiac catheterisation include arrhyth-

mias, acute valvular regurgitation, hypotension, desaturation, ves-
sel/myocardial rupture, pericardial tamponade and cardiac arrest.
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Many of these complications are self-limiting and do not
require treatment, e.g. minor arrhythmias. In all cases, a cardiac
surgeon should be available, and for particularly difficult risky
cases on standby.

Other complications are not related with the procedure itself,
but to the positioning of the patient on the table: ulnar nerve
injury, brachial plexus injury, pressure lesions.

Staff members are responsible for the positioning of the patient.

Airway oedema with stridor (laryngeal spasm) is frequent after
prolonged catheterlaboratory procedures, and the anaesthesiologist
must consider this complication after extubation and promptly
intervene; the treatment includes the administration of intravenous
steroids, diuretics and occasionally the need for noninvasive
ventilation (CPAP—continuous positive airway pressure) for
some hours after the procedure.

Vascular thrombosis can occur after catheterisation procedures
often associated with established patient-related risk factors (i.e. new-
born, small infant); heparin or fibrinolytic therapy may be required,
and in very rare instances, vascular surgical input can be required.

Another important complication is acute renal failure (ARF)
especially in those children that undergo same day to catheter labo-
ratory procedures and surgical procedures. It is directly correlated
to the amount of iodine-containing contrast administered. If possi-
ble, surgery should be delayed following angiography (Table 2.2).

Table 2.2 Suggested Glucose 33%

emergency drugs Atropine

Epinephrine

Norepinephrine

Dopamine

Isoproterenol

Furosemide

Etacrinic acid

Diazepam

Calcium chloride or calcium
gluconate

Sodium bicarbonate
Lidocaine
Corticosteroids
Aminophylline
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The use of antibiotics in the catheterization laboratory (Cath lab),
to prevent infectious endocarditis has changed along the years.
Despite the increased number of strategies and the advancements
in diagnosis and antimicrobial therapy, surgical techniques and
management of complications, infective endocarditis (IE) still
carries high rates of mortality and morbidity. IE typically requires
prolonged courses of antibiotics and often valve or conduit
replacement. IE prophylaxis have been proposed for patients with
cardiac disease potentially at risk of IE following bacteremia dur-
ing invasive procedures.
It is important here to highlight two concepts:

(a) prophylaxis—is the administration of an antimicrobial in the
periprocedural period in the absence of clinical infection to
prevent an infectious complication.

(b) bacteremia—is the presence of the bacterial within the blood-
stream without clinical signs or symptoms of infection.

In the Cath lab, the interventions to prevent infections consist
on a primary action and an antibiotic prophylaxis.
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Primary Prevention: Consist of appropriate infection—control
measures and dedicated techniques. The most important
recommendations for sterile techniques are (a):

1. For physicians (Table 3.1).
2. Environmental catheterization of the laboratory (Table 3.2).
3. For patients (Table 3.3).

In order to protect the hemodynamic laboratory and the entire
team of workers, it is necessary to accurately study the clinical
case in advance by choosing the necessary materials, avoiding by
search materials in other rooms or other storage areas during the
procedure. All healthcare personnel should be aware that the door
must always be closed and for this reason, to prevent contamina-
tion it is also necessary:

Table 3.1 Recommendation for physicians

Hand wash | Is the most important procedure to prevent infections. The
recommendation is: hand scrub for 2-3 min containing an
antiseptic agent. For the next application, it should be better
avoid scrub and just wash with antiseptic solution to prevent
skin irritation and dermal abrasion

Body To care the patient is necessary wear caps, masks, gowns,
protection and gloves. Sterile gowns and gloves must be worn in a
sterile way

Current issue: If you are not sure or if the patient’s clinical
history of infectious disease is unknown, it is recommended
an appropriate mask to prevent droplets or by air infections,
according to WHO

Table 3.2 Environmental catheterization of the laboratory

Clothes Accuracy of clothes is necessary, specially for shoes, in

prevention | order to reduce contamination

Cleaning of | The laboratory must be cleaned in accordance with the

the room requirements

Air vents The efficiency of negative pressure chamber is mandatory
in order to maintain the required conditions. It is extremely
important to emphasize that is necessary to work with the
hemodynamics room door closed
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Table 3.3 Recommendation for patient preparation
aHair Remove hair at the access site using clipper or depilatory on
removal | the day of the procedure

Skin 2% chlorhexidine with alcohol is the most effective antiseptic

cleaning | agent, but could be substituted with povidone-iodine. Take care
in neonates and premature infants because of increased risk of
skin irritation and absorption (b)

Drapes Nonporous drapes are necessary to cover the area. It should be
large enough and must contain a small adhesive part attached
to the skin around the area involved in the intervention

— Avoid discussing the cases with the open door.
— Do not leave the hemodynamic room with the personal protec-
tive equipment.

3.1 Antibiotic Prophylaxis

Prophylactic intravenous antibiotic should be routinely adminis-
tered to high-risk patients (Table 3.4) undergoing cardiac cathe-
terization. The principles of antibiotics prophylaxis are based on:

— The choice of the antimicrobial agent.

— The timing of the first administrated dose.

— The duration of the prophylactic regimen.

— Although prophylaxis should be restricted to high-risk patients
according to the guidelines, worldwide common practice in the
cath lab is to extend preventive measures to all congenital heart
disease patients.

— Usually this guideline (Table 3.5) is used to prevent the
IE. Although most catheterizing physicians do not give antibiotic
prophylaxis for standard diagnostic catheterization. The antibiot-
ics are given in prolonged or complicated procedures. Other
clinical conditions may be cause of bacteremia. For this reason
the physician has to consider each situation in order to better
identify the most adequate indication for prophylaxis. For exam-
ple: preterms, neonates, and patients with immune compromise.
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Table 3.4 Pathology with higher risk of IE

Prosthetic cardiac valve
Prosthetic material used for cardiac valve repair
Previous infective endocarditis
Congenital heart disease
¢ Unrepaired cyanotic CHD including palliative shunt and conduits
* Completely repaired congenital heart defects with prosthetic material
or devices placed by surgery or by catheter intervention, during the
first 6 months after the procedure
* Repaired CHD with residual defects at the site or adjacent to the site
of a prosthetic patch or prosthetic devices
Cardiac transplantation recipients who developed cardiac valvulopathy

Table 3.5 Antibiotic prophylaxis—dose and regimen

Situation | Agent Adults | Children

Standard | Ampicillin or 2g 50 mg/kg—Single dose
Cefazolin or lg 30-60 min before procedure
ceftriaxone

Allergic | Clindamycina or 600 mg | 20 mg/kg—Single dose
Vancomicyn 500 mg | 30—60 min before procedure

— Prophylactic treatment in patients that carries nasal
Staphylococcus aureus is recommended prior the cardiac
surgery. Therefore, the decolonization is the indicate pre-
catheterization for patients with cardiac surgery program in
the same hospitalization or where the patient remains intu-
bated for subsequent cardiac surgery. This trick is important
to prevent the surgical site infection.

— Nasal Swab is performed within a day of admission:

(A) Nasal swab positive for staphylococcus aureus methicillin-
sensitive (MSSA):
I. Patient >12 year: intranasal mupirocin prophylaxis:
morning and night for 5 days.
II. Patient <12 year: Mupirocin off label—used with
informed consent.
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(B) Nasal swab positive for staphylococcus aureus methicil-
lin-resistant (MRSA):
Procedere come descritto sopra L. II.
III. Infusion of vancomycin 1 h before catheterization.
Duration of infusion: 1 h.
IV. Be sure to use the devices according to the regular pro-
tocols of each hospital facility for contact insulation.

3.2  Anticoagulation in Catheterization
Laboratory

The unfractionated heparin (UFH) is a commonly used antithrom-
botic drug in the cath lab for prevention of thromboembolic for-
mation; it is also important in preventing peripheral arterial and
venous thrombosis. In the most common access for cardiac cath-
eterization, femoral artery, femoral vein, although jugular vein,
brachial or radial arteries, UHF is used on some occasions. In all
interventional procedures pharmacological thromboprophylaxis
should only be considered in absence of contraindications like
active or potential bleeding or severe thrombocytopenia.

The heparin has a short half-life (about 1.5 h) and easy revers-
ibility, associated with many years of clinical experience. These
characteristics have allowed the heparin as an anticoagulant of
choice in the cath lab and in surgical operation. The major limita-
tion associated with the UFH use is the unpredictable dose—
response relationship. The dosage must be evaluated in order to
reduce excessive bleeding (Table 3.6). It can be difficult to main-
tain the therapeutic level. Due to pharmacokinetics parameters,
UHF often requires frequent monitoring and consequently requires
a dose adjustment.

It is necessary to control the serum activity of heparin through the
activated clotting time (ACT) 15 min after the bolus. Usually, the
ACT is repeated 1 h after the first heparin bolus. It can be repeated
in any doubt situation such as: bleeding or suspected thrombotic
formation. Do not forget to repeat the ACT before removing the
introducers.
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Table 3.6 Type of procedure and heparin dosage

Type of procedure Heparin dosage in bolus
Diagnostic venous catheterization 75 Ul/kg

Diagnostic arterial catheterization 100 Ul’kg

Venous and arterial diagnostic 100 Ul’kg
catheterization

Interventional catheterization 100 Ul/kg

Table 3.7 Reversal of heparin therapy

Protamine dose,

Time since last mg/100 U
Heparin dose, min Heparin
<30 1.0

30-60 0.5-0.75
60-120 0.375-0.5
>120 0.25-0.375

The protamine sulfate is used to reverse the effect of heparin
when the quantity of heparin is too high in plasma, or when the
effect is no longer required and in case of toxicity. (Table 3.7).

Maximum dose of 50 mg. Infusion rate a 10 mg/mL solution
should not exceed 5 mg/min.

Hypersensitivity reaction to protamin sulfate may occur in
patients with known hypersensibility reaction to first or those
previously exposed to protamine therapy or protamin-containing
insulin.
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The cardiac catheterization laboratory plays an important role in
the management of children with congenital heart disease by not
only enabling diagnosis but, in many cases, providing definitive
therapy. This chapter focuses on the importance of adequate plan-
ning of the study, optimizing image formation, management of
fluoroscopy and cine parameters, and basic knowledge regarding
the use of contrast media that allow the cardiologist to lower radi-
ation dose without sacrificing image quality.

4.1 Cardiac Catheterization Laboratory
Equipment Overview and Basic
Roentgenology

The X-ray tube is a glass tube containing a vacuum with a cathode
(negative terminal) and anode (positive terminal). An electric cur-
rent passes through a tungsten filament coil (cathode) and heats it,
such electrons are “boiled off”’ the filament (thermionic emis-
sion). These electrons are accelerated toward the anode within the
tube by application of a large electrical voltage, measured in kilo-
volts peak (kVp), across the cathode and the anode. This stream of
electrons is the tube current, measured in milliamperes (mA). The
kinetic energy of these high-velocity electrons, after striking the

J. L. Zunzunegui (<)
Pediatric Cardiology Unit, Gregorio Marafion Hospital, Madrid, Spain

© Springer Nature Switzerland AG 2021 29
G. Butera et al. (eds.), Cardiac Catheterization for Congenital Heart
Disease, https://doi.org/10.1007/978-3-030-69856-0_4


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-69856-0_4&domain=pdf
https://doi.org/10.1007/978-3-030-69856-0_4

30 J.L. Zunzunegui

spinning tungsten disc (anode), is transformed mostly to heat
energy and a few X-ray photons. The point at which the electrons
impact on the tungsten target is called the focal spot of the X-ray
tube. The energy carried by each X-ray photon depends on the
applied voltage (kVp), while the rate of X-ray production depends
on the tube current (mA). As the X-ray passes through the patient,
it undergoes a change. Some of the X-rays are scattered in differ-
ent directions from the original beam, while the others are
absorbed by the tissues; this latter process is known as attenua-
tion. The quantity of X-rays removed varies according to the mass
of the patient with the remaining emerging as a beam on the other
side. Scattered rays confer no imaging benefit and are a radiation
to both the patient and catheterization laboratory personnel. The
flat panel detector signal chain is described schematically in
Fig. 4.1.

X-rays that reach the target are converted into electrons once
again by interacting with the input phosphor and photocathode;

/ ) X-ray photons
- y * . Visible light photons
X-ray tube . /
> Electrons

Anatomic target

Scintillation layer

Electronic image
data

Photo diodes

Amorphous silicon

Fig.4.1 Flat panel detector signal chain; with indirect digital X-ray imaging,
an X-ray tube sends a beam of X-ray photons through a target. X-ray photons
not absorbed by the target strike, a layer of scintillating material that converts
them into visible light photons. These photons then strike an array of photo-
diodes which converts them into electrons that can activate the pixels in a
layer of amorphous silicon. The activated pixels generate electronic data that
a computer can convert into high-quality image of target, which is then dis-
played on a computer monitor
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the electrons are then focused and accelerated onto the anode
where they strike and emit visible light. The emitted light is then
focused and transmitted to a television monitor for viewing and/or
storage. An important feature of imaging chain is the automatic
exposure control (AEC) that exists to ensure relatively constant
image brightness. AEC is accomplished by a feedback mechanism
from the digital video processor to the X-ray generator; if
conditions change such that fewer X-rays exit the patient (e.g.,
table has been moved such that a more radiopaque part of the
body is now being imaged), then feedback to the X-ray generator
will increase the quantity or intensity of the X-ray in order to
maintain equal image brightness.

The catheterization laboratory is capable of several imaging
modalities. Fluoroscopy is used for real-time viewing and should
provide sufficient image quality to view small guidewires.
Fluoroscopy imaging should be set to the lowest possible radiation
with usable image quality. Nowadays, variable-rate pulsed
fluoroscopy is the standard; the X-ray beam is pulsed at 30 or 15
pulses per second or fewer (the lower the pulse frequency, the less
the radiation dose, at the expense of a “jerkier motion”). The
duration of each pulse is also known as the exposure time and is
expressed in millisecond (ms), with typical setting for pediatric
cardiac fluoroscopy ranging from 1 to 4 ms per pulse.

Images designed for permanent storage and review are usually
obtained in acquisition (cine) mode, although higher quality
modern fluoroscopic runs can usually be stored as a lower quality
but acceptable alternative in many circumstances. Cine requires
approximately 15 times more radiation per frame and should be
used sparingly. Cine is always pulsed, and rates of 15, 30, and 60
frames per second are typically available in pediatric
catheterization laboratories (whereas most adult studies are
performed at 15 frames per second). Faster frame rates are
necessary to view rapidly moving structures throughout the
cardiac cycle (e.g., prosthetic valve leaflets), or in the setting of
extremely high-flow rates through a vascular bed (e.g,
arteriovenous fistula), and particularly if the patients is tachycardic.
Any modification to the standard parameters of the X-ray beam
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(mA, kV, ms) usually does not produce any significant benefit in
image quality and tends to increase the dose of radiation [1, 2].

4.2 Tactics for Radiation Dose Reduction
and Image Quality Improvement

4.2.1 Diagnostic Information Should be Obtained
Primarily Noninvasively

Determination of important anatomic variants (e.g., systemic
venous anomalies) will help in planning of the procedure (e.g.,
site of vascular access) and will serve to minimize the number of
angiograms needed to clarify the anatomy. One should avoid
obtaining angiograms that provide redundant information already
known from noninvasive studies (echocardiography, MRI) “just
because we are there.”

4.2.2 Position Patients Properly (Isocentered
and Straight on the Table)

Having patients in the isocenter keeps the heart at the center of the
field whichever angulated views are used. Prolonged fluoroscopy
during changes in angiographic projection is therefore avoided.
Another benefit of having the patient positioned correctly straight
on the table is that cardiovascular structures can be consistently
related to skeletal and tracheobronchial landmarks (e.g., fossa
ovalis, the ductus arteriosus, etc.) with minimal trial and error or
wasted fluoroscopy.

4.2.3 Use the Lowest Acceptable Frame Rate
During Pulsed Fluoroscopy and Cine
Angiography

Always use pulsed fluoroscopy, never continuous fluoroscopy. Be
prepared to change the frame rates frequently during a case
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depending on the type of structure that is being imaged (e.g., fast-
moving vs. slow-moving; venous or arterial).

4.2.4 Do Not Use Fluoroscopy to Make Changes
to the Patient/Table Position or
Collimator/Shields

Patients should be moved first to the approximate desired loca-
tion, and then fluoroscopy should be used very brief to check the
position, followed by further adjustment. This is especially
important when patients need to be moved by an assistant during
the case (e.g., to reposition the arms).

4.2.5 Remove Unnecessary Body Part
(or Instruments) from the Field

A typical example of this is leaving the arms in the path of the
beam. Leaving the arms in the field results not only in needless
radiation exposure to the arms but also in an overall increase in
radiation exposure to all the patient’s tissues because the
radiopaque arms drive the AEC to compensate with increase
radiation output. The same can be said for the operator’s hands
and for any radiopaque instrument in the field.

4.2.6 Always Perform a Test Injection of a Small
Amount of Contrast Material Using
Fluoroscopy Prior to Acquiring
an Angiogram

Fluoroscopy of the test injection can be useful to correct the angi-
ographic projection prior to the actual angiogram, it can aid with
determining the correct magnification mode (to prevent the need
for panning if the magnification is too high), and it can be stored
and reviewed to help make these determinations.
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4.2.7 Use the Lowest Acceptable
Magnification Mode

The replay zoom features might be helpful in making measure-
ments, at no radiation cost to the patients. Electronic magnification
should be used sparingly, because of the substantial increase in the
radiation dose it requires. Remember that excessive magnification
requires panning to search for the structures of interest, leading to
a further increase in radiation dose.

4.2.8 Use Collimators and Partial-Thickness Shields

Collimators are extremely beneficial overall in reducing the vol-
ume of tissue exposed to the primary beam and in reducing scatter;
reducing scatter is, in turn, beneficial for reducing exposure to
laboratory personnel and improving image contrast. As a general
rule, the collimators should be visible within the field, and studies
should not be performed with the collimator wide open.

4.2.9 Center the Region of Interest Correctly
in the Field

The center of the field has the least amount of image distortion;
therefore, an angiography should not intentionally be performed
at the periphery of the field. Furthermore, bringing the region of
interest to the center of the field allows for tighter collimation and
less exposure of unnecessary patient tissues to X-rays.

4.2.10 Keep the Image Intensifier as Close
to the Patient as Possible (and the X-Ray
Tube as Far Away as Possible)

The farther the intensifier is from the patient, the higher the input
dose and the scatter to the laboratory personnel. A distant
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intensifier also results in geometric magnification, which intro-
duces geometric blur.

4.2.11 Use the Angiographic Projection That
Reduces Operator Exposure Whenever
Possible

For example, generally the right anterior oblique projection moves
the X-ray tube away from the operator, while the left anterior
oblique projection moves it closer.

4.2.12 Decrease Beam-On Time
Fluoroscopy must not be applied while discussing or contemplat-
ing the next maneuver. It is important to remember that if the eye

is not on the screen, the foot should not be on the fluoroscopy
pedal.

4.2.13 Remove Anti-Scatter Grids When
Catheterizing Small Children
A significant reduction in radiation dose is possible without com-
promising image quality.
4.2.14 Use X-Ray Stand Position Memory
Useful projections can be stored in the systems memory, allowing
rapid return without the need for fluoroscopy to verify position.
4.2.15 Use Biplane Fluoroscopy, Roadmap,
and Overlay Features

These features allow vessels of interest to be found with minimal
trial and error.
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4.2.16 Catheter Selection

An end-hole catheter is useful for selective, relatively small-
volume injections by hand, such as into coronary arteries,
aortopulmonary collaterals, and other small- or medium-sized
arteries. Contrast injection into the cardiac chambers, main
pulmonary trunk, or aorta should be made through a multi-side-
hole catheter. Multiple side holes facilitate high contrast flow
rates, high velocity of injection, and minimal catheter whip.

4.2.17 Contrast Delivery

In general, for anatomic definition, contrast should be delivered
through the catheter as rapidly as possible, generally in 1 or 2 s.
As a general rule, the volume of contrast recommended in each
injection could be 1-1.5 cc/kg in a cardiac chamber or the aorta
and 0.5-1 cc/kg in pulmonary branches (maximum volume of
3040 cc per injection). A high-flow rate is much important than
volume for a good anatomic definition. Viscosity of contrast
medium is inversely related to temperature; therefore, warming
the contrast medium may facilitate high-flow injection through
lower profile catheters. Most catheter laboratories keep contrast in
a warming cabinet, and injectors usually have a device to keep
warm the contrast throughout the procedure [1, 2].

4.3 Contrast Media

The remarkably high tolerance of modern contrast media has been
achieved through successive developments in chemical
pharmacological technology. Nonetheless risks associated with
contrast media (CM) have not been completely eliminated, and
adverse reactions of varying degree continue to occur.
Consequently, it is imperative that anybody administering contrast
agents is familiar with the characteristics, indications, and
potential side effects of these agents.
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All intravascular iodinated CM are based on a tri-iodinated
benzene ring. High-osmolar contrast media (HOCM) are the
oldest agents. They are relatively inexpensive, but their utility is
limited. They are monomers (single benzene ring) that ionize in
solution with a valence of —1. Their cation is either sodium or
meglumine. A major advance was the development of nonionic
compounds. They are monomers that dissolve in water but do not
dissociate in solution. Hence, with fewer particles in solution,
they are designated low-osmolar contrast media (LOCM). The
most recent class of agents are dimers that consist of a molecule
with two benzenes (again, each with 3 iodine atoms) that do not
dissociate in water (nonionic). These compounds are called iso-
osmolar contrast media (IOCM) (Fig. 4.1). The toxicity of CM
decreases as osmolality approaches that of serum. HOCM have an
osmolality of 1570 mosm/kg H,O, while IOCM have an osmolality
similar to serum at 290 mosm/kg H,O.

Since the purpose of these agents is to deliver iodine in suffi-
cient concentration for imaging, the ratio of iodine atoms to par-
ticles in solution becomes important. The ratios are as follows:
HOCM 5, LOCM 3.0, and IOCM 6.0. Currently used iodinated
agents are cleared almost completely by glomerular filtration.
With reduced renal function, there is excretion primarily in the
bile and through the bowel. Circulatory half-life is 1-2 h, assuming
normal renal function. In modern clinical practice ionic CM are
rarely used in catheterization laboratories. IOCM have the lowest
osmolality and more iodine atoms per molecule, producing the
best contrast image. However, these are very expensive so the
nonionic monomers (LOCM) remain the most widely used even
in pediatric patients (Fig. 4.2).

4.4  Contrast Reactions
4.4.1 Anaphylactoid Reactions
These are essentially anaphylactic reactions but are not initiated

by an allergen-IgE complex. Indeed the pathway by which the
mast cells become stimulated has not been clarified. The reaction
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Fig. 4.2 Chemical structure of iodinated contrast agents and examples of
contrast media

can occur even the first time contrast is administered, and the
severity is not dose related. Treatment is similar to other conven-
tional anaphylactic reactions.

Patients who are at increased risk for anaphylactoid reaction
may benefit from premedication. Such patients include those with
asthma, allergies, or a history of a prior moderate or severe
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reaction to contrast. In this situation methylprednisolone and
diphenhydramine are used.

4.4.2 Nonanaphylactoid Reactions
4.4.2.1 Chemotoxic, Organ Specific

Nephrotoxicity

Although institutional criteria vary, in general acute renal failure
is defined when serum creatinine raises 25-50% or 0.5-1 mg/
dL. Serum creatinine peaks in 3-5 days but may be elevated as
early as the first day. In young children creatinine levels may not
be sensitive enough to detect renal failure; in these patients cys-
tatin C levels or glomerular filtration values may be a more appro-
priate test. Risk factors for renal insufficiency induced by contrast
are age >05 years, diabetes, end-stage liver disease, and severe
congestive heart failure. Clinical manifestations are highly vari-
able and may range from completely absence of urine to oliguria.
Most effects are temporary and reversible. In mild cases, serum
creatinine returns to normal in 2 weeks. When severe, dialysis
may be necessary. The major preventive action against nephrotox-
icity is to ensure adequate hydration. One possible protocol would
be 0.9% saline at 100 mL/h, beginning 6-12 h before and continu-
ing 4-12 h after intravascular iodinated contrast medium adminis-
tration. Pediatric infusion rates are variable and should be based
on patient weight.

Cardiovascular Toxicity

Patients with underlying cardiac disease have an increase inci-
dence and/or severity of cardiovascular side effects. Pulmonary
angiography and intracardiac and coronary artery injections carry
the highest degree of risk. Possible reactions include hypotension,
tachycardia, and arrhythmias. More severe but uncommon
reactions include congestive heart failure, pulmonary edema, and
cardiac arrest.
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Neurotoxicity

Todinated contrast agents cause a change in the blood-brain bar-
rier due to their hypertonicity. These risks are reduced when low-
or iso-osmolar agents are used. Potential reactions include
headache, confusion, seizures, altered consciousness, visual
disturbances, and dizziness.

Thyroid Dysfunction

Iodine-based contrasts media (IBCM) exposure has been associ-
ated with increased risk of thyroid dysfunction, especially in chil-
dren, most commonly hypothyroidism. A single intravenous
IBCM bolus can contain approximately 150 times de recommended
daily amount of iodine intake for children 1-8 years old. The
thyroid gland responds to the excess iodine exposure, by
temporally reducing thyroid hormone production over 24-48 h.
At present, the incidence and duration of thyroid dysfunction in
children from IBCM exposure, as well as clinical significance of
this finding, are incompletely characterized. In all reported cases,
the infants were either premature and had serious underlying
conditions. Although iodine-induced dysfunction can occur in
any individual, it is most commonly reported in those with
predisposing conditions, such as underlying thyroid disease and
chronic or end-stage renal disease.

4.4.2.2 Vasovagal Reactions

These are characterized by bradycardia and hypotension. When a
vasovagal reaction occurs, the patient should be put into the
Trendelenburg position and atropine and IV fluid (saline or lac-
tated Ringer’s) administered if clinically necessary [3].

For most patients intravenous contrast media are well tolerated
and require no special attention for appropriate indications.
However, a standardized list of pre-imaging screening questions
can help to identify patients who require additional consideration

to optimize contrast media administration to their specific needs
(Table 4.1) [4].
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Table 4.1 Screening question for patients prior to intravenous contrast
administration and action {tems for positive screening results

1. Allergy to IV contrast media? If yes, what was the reaction? Did you
receive any treatment for it?

« If yes, ensure the appropriate precautions have been taken prior to
administration of intravenous contrast. If an appropriate premedication
regimen has not been administered, contact the referring clinician prior
to contrast administration

2. Active asthma symptoms (wheezing, shortness of breath)?

« If yes, the examination should be performed at a facility where a code
team is immediately available unless the same class of intravenous
contrast media has been previously administered without incident

3. Kidney transplant, single kidney, kidney cancer, dialysis, diabetes
mellitus, high blood pressure requiring medication, surgery within the
last 6 weeks, other kidney problems?

* Dialysis
— If anuric, proceed
— If oliguric, discuss with referring clinician prior to IBCM

« If yes to a different question, same action items as question 4

4. Acute illness (e.g., multiple episodes of vomiting/diarrhea or unable to
eat or drink for 24 h or more within the last week)?

« If yes, check recent serum creatinine and calculate eGFR (eGFR is not
helpful in the context of acute kidney injury [AKI] or dialysis)

« If AKI or CKDe, discuss with referring clinician or nephrologist prior
to contrast administration

5. IV contrast exposure in the last 48 h?

« If yes, there is a potentially increased risk of CIN when administering
additional doses. If the patient has additional risk factors for CIN (see
questions 3 and 4), discuss with referring clinician prior to repeat
contrast administration, unless the study is emergent

6. Thyroid dysfunction?

* Consider discussion of potential risk of superimposed iodine-induced

thyroid dysfunction with referring clinician
7. Thyroid cancer or Graves disease?

* Confirm that radioactive iodine nuclear medicine study or therapy is

not planned for at least 2 months following IBCM administration

AKI acute kidney injury, CIN contrast induced nephropathy, eGFR estimated
glomerular filtration rate, /ICBM iodine-based contrast media
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5.1 Radiation Exposure Today

Conventional X-ray examination represents 93% of the total of
examinations but contributes only to 5% of the collective dose;
diagnostic catheterization (41%), interventional catheterization
(43%), and CT (11%) are responsible for about 95% of total col-
lective effective dose. Both patients and working staff are at a
potential risk to radiation. Factors such as age, body size, distance
between the hands and body and X-ray generator, configuration of
the of the X-ray equipment, number of cases per day, and length
of study contribute to a relatively higher level of exposure in pedi-
atrics. The National Academies’ Biological Effects of Ionizing
Radiation 7th Report in 2006 (BEIR VII) states its research prior-
ity in infants exposed to diagnostic cardiac catheterization.
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5.2  Potential Hazards of Radiation Exposure [1]
5.2.1 Deterministic Risks

Radiation-induced skin reaction may not appear after 2-3 weeks
after exposure; threshold for mild transient skin erythema is about
2 Gy, main erythema and epilation are expected with peak skin
doses exceeding 6 Gy, 10-15 Gy may cause telangiectasis and
chronic radioderma, and 16—18 Gy causes skin ulcerations. High
doses of radiation can damage the conjunctiva, iris, sclera, and
blood vessels of the retina, but the lens is the critical site for it may
sustain irreversible damage from a relatively low dose of radiation
and formation of cataracts in the posterior pole of the lens.

5.2.2 Stochastic Risks

Malignancy is a stochastic effect of radiation [2], meaning that
there is no clear exposure threshold for development. Most
radiation-induced damage is rapidly repaired, but occasional mis-
repair of DNA breaks can result in point mutations, chromosomal
translocations, and gene fusions linked to induction of cancer.
Despite lack of a safe lower threshold, there is no question of the
carcinogenic effects of organ doses in the excess of 100 mGy.
Some organ tissues are at greater risk (such as the brain, skin, and
thyroid) than others (gonads). The incremental fatal cancer risk is
estimated at 4% per Gy unit. According to estimates of the BEIR
VIl report, the lifetime attributable risk values of cancer incidence
from a single cardiac catheterization were 2.1 and 0.8% for female
and male patients, respectively. In the typical patient dose range
related to diagnostic and interventional use of X-rays (0-50 mSv),
the associated cancer risk cannot be deduced from epidemiologi-
cal data owing to a lack of statistical power so risk estimates for
late effects have been based on a linear no-threshold model
extrapolated from high-dose data as obtained in the lifespan study
of atomic bomb survivors that support the concept that no radiation
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doses, no matter how small, can be considered safe without a
threshold safe dose. This model assumes that the DNA damage is
proportional to the dose and that cellular responses operate
equally efficient at low and high radiation doses. An attractive
approach to study the deleterious effects of low-dose X-ray expo-
sure is the use of biomarkers. DNA double-strand breaks are the
most relevant type of lesions responsible for late effects of ioniz-
ing radiation and chromosomal aberrations, and micronuclei in
peripheral blood lymphocytes are validated biomarkers of somatic
chromosomal damage and intermediate end points in carcinogen-
esis.

5.3 Special Problems of Medical Radiation
in Children [2]

For any given dose, children are three to six times more sensitive
to the induction of cancer as they have more rapidly dividing cells
and longer life expectancy than adults. Also, for a given proce-
dure, dose is larger in a small infant than in an adult, and organs
are closer resulting in more radiation dose. Children with con-
genital heart disease frequently undergo repeat imaging, with
each examination adding to the cumulative lifetime risk.

Corresponding estimated lifetime attributable risk of cancer in
the age 0—15 years is 1 in 804 (1 in 1717 for fatal cancer) for male
subjects receiving 7.1 mSv and 1 in 331 (1 in 859 for fatal cancer)
for female subjects receiving 9.4 mSv. However, risks are 1.9-2
times higher for child aged 1 year (1 in 382 for males and 1 in 156
for female patients both for fatal and nonfatal cancer) than for a
15-year-old. Cancers occur after a latency period of at least
5-10 years for most solid cancers and approximately 2 years for
leukemia. Surprisingly, only two cohort studies, one from
J. MacLaughlin and another from B. Modan, with controversial
and confronting conclusions have assessed the association
between the risk of cancer in children and radiation exposure dur-
ing pediatric catheterization.
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5.4 Terminology [1]

Total air kerma (K, Gy units) is the procedural cumulative X-ray
energy delivered to air at the interventional reference point. It is
used to monitor patient dose burden and is associated with
threshold-dependent deterministic skin effects. New laboratories
deliver radiation doses ranging from 23.4 nGy per pulse at a 25-cm
flat-panel detector field to 56.6 nGy per pulse at a 16-cm field.

The International Commission on Radiological Protection
(ICRP) recommends the use of effective dose (E) to evaluate the
effects of partial exposure and relate this to the risk of equivalent
whole-body exposure. The E characterizes stochastic cancer risk.
It takes into account both the type of radiation and the nature of
each organ being irradiated reflecting the different importance of
tissue types to the danger to the whole organism. The unit for
effective dose is the Sievert (Sv). One Sv carries a 4% chance of
developing a fatal cancer in an average adult and a 0.8% chance of
hereditary defect in future offspring. Modern cardiac interven-
tional procedures, angiography and interventions, produce effec-
tive doses of 4-21 mSv and 9-29 mSv, respectively, and are
therefore relatively high (1 mSv is the equivalent of approximately
10 chest X-rays). Published effective doses for pediatric catheter-
ization range from 2.2 to 12 mSv, but there is a wide variation
from one center to another in indications, child’s age and weight,
follow-up, etc.

Dose area product (DAP)—the standard unit is Gray square
centimeter — is defined as the absorbed dose multiplied by the
area irradiated, and it is the measure reflected in angiographic
studies indicating the total X-ray energy delivered to the patient
as a result of fluoroscopy and cine-film sequences (Fig. 5.1). It
represents the radiation dose in the air at a given distance from

Fig. 5.1 (a, b) Dosimetric doses report in two regular angiographic studies.
Total DPA dose related to cine acquisition with frame/s and projection. Radi-
ation in the cath lab is generated using two different modes: fluoroscopy or
“cine” angiography. Fluoroscopy involves 95% of the total X-ray operation
time but only causes 40% of the total radiation dose; cine represents only 5%
of the total X-ray tube operation time but 60% of the total radiation exposure
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the X-ray tube multiplied by the area of the beam at that dis-
tance. Coronary angiography and interventions produce DAPs
in the range 20-106 Gy cm? and 44-143 Gy cm?, respectively.
In order to estimate the risk of radiation-induced sequelae, the
dose area product (Gy cm?) must be converted to the effective
dose (mSv).

In computed tomography (CT), dose length product (DLP) is
the standard dose measurement reported, expressed in mGy.cm.
Important differences in doses are obtained with various CT pro-
tocols with saving algorithms, with/without cardiac gating, type
of gating (prospective/retrospective), etc. Early studies with retro-
spective gating and no dose modulations delivered doses >15 mSv.
Estimated lifetime risk of cancer is as high as 1:143 for a 20-year-
old woman if a scan was performed retrospectively with no modu-
lation (old explorations).

The scanner-derived DLP and the catheterization-derived
DAP do not allow comparisons. Effective dose (mSv) allows
cross-modality comparisons of radiation doses. In cardiac CT
scan, the most common method of estimating the effective dose
is the use of a conversion factor applied to the dose length prod-
uct (DLP); conversion factors previously used in the literature
varied between 0.014 and 0.019 mSv/mGy-cm and are based on
tissue weightings published and updated by the ICRP. There are
also PC-based programs that calculate effective doses with data
from DAP, projection angle, kV, field size, duration of exposure,
frames per second during acquisition, and patients’ height and
weight. Conversion factors for conventional invasive coronary
angiography have also been used but are based on older ICRP
tissue weightings; published conversion factors vary widely from
0.12 to 0.26 mSv/Gy cm? with 0.26 mSv/Gy cm? the most com-
mon frequently simplified to 0.20 mSv/Gy cm?®. An average car-
diac computed tomography and angiographic examination are
equivalent to almost 100 and 300 chest X-rays, respectively (a
single chest X-ray = 0.02 mSv).
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5.5 How to Manage Radiation Doses
for Invasive Cardiac Procedures [1]

5.5.1 Preprocedure

Use dosimeters and proper shielding: shields, lead curtains,
aprons, and glasses. Learn and know about radioprotection and
know your own screen dose assessment. Study on your equipment
how to store fluoro, adjust pulse, and frame rate. Plan your study.

5.5.2 Procedure

Keep in mind the current mandate and use radiation “as low as
reasonably achievable” (ALARA concept). Limit fluoro and cine.
Store fluoro when image quality is not required. Achieving an
adequate image, as opposed to the highest quality image that is
possible, is a basic principle. Image intensifier low-level modes
should be used as often as possible: try to work, both in fluoros-
copy and in acquisition modes, with the lowest frame rate.
Distance between the X-ray tube and the patient should be maxi-
mized, keeping the intensifier or flat-panel detector as close to the
patient as possible. Use the lowest degree of magnification
required for accurate interpretation. Minimize radiographic beam
time (“cine” acquisition creates 12—-20-fold higher-dose intensi-
ties than fluoroscopy mode). Acquisitions represent 60-70% of
the total DAP during a typical study. Collimation is an efficient
radiation-reducing factor, and modern systems have virtual con-
trol of collimation. There are less irradiating angulations: 20°
right anterior oblique gets the lowest patient DAP, cranial and
caudal angulations rose the doses significantly and are maximum
in left lateral angulations. The operator fatigue also raised radia-
tion exposure to 28% due to more and longer radiographic runs
after working for more than 6 h. Remember, an adequate use of
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Fig. 5.2 Pediatric patients are often very sick and need ventilator, pumps,
GE tubes, etc. Patient should be close to flat detector or intensifier; operator
should use shields, curtains, glasses, collars, and apron. All these cautions
make often impossible to achieve convenient angulations or biplane combina-
tions to allow catheter, sheaths, or wire manipulations in small children

filters, especially for small (<15 kg) and the simpler rule than dou-
bling the source to operator distance will decrease operator dose
to approximately one quarter. Operator and personnel exposure
are directly related to the dose area product: when operating in a
biplane cine-acquisition mode, scattered radiation multiplies by a
factor between 5 and 21. Pediatric cardiologists could easily
achieve a lens opacification threshold so they should wear glasses,
apron, and collars and should correctly use shields, curtains, etc.
(Fig. 5.2).

5.5.3 Postprocedure
Document radiation dose in records. Follow high-dose patients

for the next weeks and refer to appropriate consultant if skin
effects appear.
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5.6 Angiographic Projections

Structural heart procedures are focused on chambers and struc-
tures larger than the 3-mm field of coronary procedures and are at
greater risk of the limitations and artifacts of the Z-axis.
Angiography produces a two-dimensional projection, and so mul-
tiple orthogonal views to minimize the impact of the “Z-axis” on
the image are needed to understand heart and vessels in three
dimensions. In the past, X-ray systems were fixed, and oblique
and angled projections were achieved by changing the position of
the patient on the table. Fortunately today, modern C-arms can be
turned to get such projections.

The main idea is to get axial, non-overlapped, or foreshortened
profile of the various structures; many and different angulations
will be needed with great variations for the same structure or dis-
ease in different patients. Although bidimensional vascular angio-
gram will continue to lay a central role, advanced digital imaging
and detailed three-dimensional reconstructions will enable more
accurate diagnosis, minimizing contrast dye burden and radiation
to patient and operators.

Every case should be prepared in anticipation, paying special
attention to previous angiographies, CT, and MRI because in most
cases, the projection which will optimize the profile could be
anticipated looking at 3D reconstructions coming from these
studies. Imaging workstations include packages that attempt to
facilitate multimodality (fluoroscopy, ultrasound, CT, and MRI)
fusion, but there are still important limitations for their use in real
time such as the time consumed and the requirement of an exper-
tise not easy to be gained; for instance, special attention needs to
be paid to measurements as there are important differences for the
same lesion between different techniques. Do not forget that angi-
ographic images have a better temporal resolution, whereas MRI
and CT images are merged pictures of the diameters during the
whole cardiac cycle. The future will be the integration of imaging
modalities; the information gained by one technique enhances
and is incorporated in an additive manner to the information
acquired by other technique.
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Angiographic computed tomography (ACT) provides cross-
sectional CT images from a rotational angiography run using a
C-arm-mounted flat-panel detector. The volume set obtained can
be manipulated on a separate workstation in the interventional
suite to generate a 3-dimensional angiographic picture combined
with CT-quality soft tissue imaging that can be used in real time
during the procedure. ACT is useful to define the optimal camera
angles (Fig. 5.3) for a planned intervention under standard biplane
or single-plane fluoroscopic guidance allowing to choose the best

Fig. 5.3 3D reconstruction from an angiographic computed tomography
(ACT) acquired and processed during the catheterization. Best C-arm angula-
tion can be predicted upon figure movement. Aortogram from an infant with
pulmonary atresia and ventricular septal defect with multiple aortopulmonary
collaterals



5 Angiography: Radiation Exposure and Standard Projections 53

oblique angulations. There is still limited experience with this
modality that needs some extra training: images obtained are
time-averaged over the duration of 5-s arm rotation over 2107,
there are dropouts of the signal in areas of very tight stenosis or
adjacent to stented regions, images are hand manipulated by the
degree of windowing during post-processing, etc. Anyway, in
selected cases, ACT has advantages over conventional CT: images
are easily obtained in the same procedure and can be used to guide
catheter manipulations serving as a 3D overlay road mapping,
total radiation seems to be similar to length cine acquisition, and
contrast dose is less or equal to that used to CT. But we lack
enough information on the added benefits of that technique. Do
we need the additional radiation and contrast exposure to perform
preprocedural CT scans and C-arm procedural scans on some
patients?

Although there is no general agreement, biplane equipment
both reduces total contrast dose (not an insignificant problem) and
helps to figure out the area of interest but not always with a sig-
nificant total X-ray dose reduction. Projections used for angiocar-
diography include frontal, lateral, right, and left oblique, with or
without axial (craniocaudal or caudocranial) angulations. The
choice of a set of projections will depend upon the information
required, equipment capabilities, and the physical constraints to
patient access. Standard biplane configurations include RAO/
LAO and frontal or lateral projections, with additional cranial or
caudal tilt, but possible combinations are endless with many local
or personal variations.

A cookbook for every intervention in every case is not possible
and is not possible in this short chamber. There are a number of
“rules of thumb”: the first step is to achieve the correct degree of
steepness or shallowness. After that, the degree of cranial or cau-
dal tilt should be chosen (Table 5.1).

Attention should be paid not only to get fine pictures but to get
pictures that can be used. It is worthless to get an angulation such
that the image generator position will preclude to work with cath-
eters, sheaths, wires, etc. (Fig. 5.4).
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Table 5.1 Recommended projections

Projection
Conventional RAO
Frontal

Shallow LAO
Straight LAO

Steep LAO

Left lateral
Cranially tilted RAO

Cranially tilted frontal (sitting
up view)
Cranially tilted shallow LAO

Cranially tilted mid LAO (long
axis oblique)

Cranially tilted steep LAO
(hepatoclavicular view)

Caudally tilted frontal
AP and LAT
Long-axis oblique

Hepatoclavicular view

Specific lesions
Pulmonary stenosis
RVOT-MPA (sitting up)

Long axial for LPA biplane

LPA long axis
ASD

PA bifurcation and branches
Left ventricular outflow tract

obstruction
Aortic coarctation

Angles, plane A
40° RAO

0°

1-30°

31-60°

61-89°

90° left

30° RAO + 30°
cranial

30—45° cranial

25° LAO + 30°
cranial

60° LAO
+30-30° cranial
45-70° LAO
+30° cranial
45° caudal

0°

30° RAO

45° LAO + 30°
cranial

Angles, plane A
0° + 30° cranial

10° LAO + 40°
cranial

30° RAO

30° LAO + 30°
cranial

30° caudal + 10°
RAO

RAO

0°/shallow RAO/
shallow LAO

Angles, plane B

Left lateral

60° LAO +20-30°
cranial

120° LAO + 15°
cranial

Angles, plane B
Left lateral
Left lateral

60° LAO + 30°

cranial
60° + 20° cranial

20° caudal

Long-axis oblique

Left LAT/long axis
oblique
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Table 5.1 (continued)

Projection Angles, plane A | Angles, plane B
Ventricular septal defect Long-axis oblique
perimembranous

Ventricular septal defect inlet Hepatoclavicular
and muscular view

Ventricular septal defect outlet | RAO

Patent ductus arteriosus 30° RAO Left lateral/left
lateral + caudal

Mustard superior baffle 30° LAO + 30°

obstruction cranial

Mustard inferior baffle Frontal

obstruction

Surgical fistula between Shallow RAO/

supraortic arch and branch LAO

pulmonary artery

Fontan operation, tunnel/conduit | 0° Left lateral
obstruction

Fontan operation, fenestration | Shallow RAO/
LAO

5.7  Specific Lesions (In Situs Solitus with Left
Aortic Arch) [3] (Fig. 5.5)

5.7.1 Secundum Atrial Septal Defect
and Fenestrated Fontan

Secundum atrial septal defects are best profiled in the 30°
LAO + 30° cranial. If balloon sizing is performed, this projection
will elongate the axis of the balloon allowing proper measure-
ments.

5.7.2 Ventricular Septal Defect

The location of the defect should be well studied before catheter-
ization so the best projection could be chosen. For the perimem-
branous defect, the mid-cranial LAO projection at about 50-60°
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Fig. 5.4 In some cases despite the fact that tomographic views and 3D
reconstructions can help to choose a theoretically adequate C-arm angulation,
this cannot actually be achieved. In some occasions, it is mechanically unaf-
fordable and in others there are important limitations when working which
make it impractical
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Fig.5.5 (a) Mustard with severe superior vena cava stenosis, anteroposterior
projection. (b) Native aortic coarctation in lateral projection. (¢) Postopera-
tive severe supravalvular stenosis in a shallow right oblique with 30° cranial
projection, (d) severe bilateral stenosis at the origin of both pulmonary arter-
ies post arterial with operation in a shallow cranial angulation. (e) Interatrial
septum in a shallow right oblique with 30° cranial angulation, (f) aortic arch
“opened” in a deep left lateral oblique 70° with a shallow 20° cranial angula-
tion (“long axis”). (g) Multiple muscular ventricular septal defects 40° left
oblique plus 40° cranial (“four-chamber view”), (h) postGlenn patient with
no stenosis at the anastomosis studied in a shallow left oblique with a shallow
caudal angulation
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Fig. 5.5 (continued)



5 Angiography: Radiation Exposure and Standard Projections 59

LAO and as much cranial tilt as the conditions allow are the best.
Posterior defects are better outlined in a four-chamber view.
Simultaneous orthogonal RAO in biplane system will help to pro-
file the defect. RAO view will outline the high anterior and infun-
dibular (outlet) defects. Patients with muscular VSD frequently
have more than one defect, so that multiple projections are useful
to evaluate the entire septum, probably beginning with a four-
chamber view.

5.7.3 Patent Ductus Arteriosus

In most of the cases, closure can be straightly performed just with
the lateral plane. If not well defined, a simultaneous or added
shallow RAO will nicely demonstrate the ductus. In patients
where ductal arch and aortic arch are overlapped some caudal tilt
in the plane will help.

5.7.4 Surgical Fistula Between Supraortic Arch
and Branch Pulmonary Artery

Usually, the vessel profile is obscured by the aortic arch with fron-
tal projection, so depending on fistula, side shallow RAO or LAO
is needed.

5.7.5 AorticValve

In the setting of normally related great arteries with ventricular
arterial concordance diameter of the aortic valve, it is best per-
formed using biplane in the long axis and RAO projections.
Supravalvular aortic stenosis would need additional injections to
profile coronary ostia.
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5.7.6 Coarctation of the Aorta

It could be outlined in PA and LAT and shallow or steep LAO/
RAO. If working in biplane, 30° LAO and left LAT + 15° caudal
tilt minimize ductal bump or diverticulum overlapping. Be cau-
tious with the transverse aortic arch that is best studied in a left
posterior oblique, especially if a stent should be implanted near
the head and neck vessels.

5.7.7 Mustard Baffle

If looking for superior baffle obstruction, 30° LAO + 30° cranial
best outlines the lesion. Pay attention to ascending aorta as it is
really close. If looking for inferior baffle lesions, a frontal projec-
tion adequately shows obstruction profile. Leaks are more diffi-
cult to categorize because of the many spatial possibilities so start
with a frontal projection.

5.7.8 Bidirectional Cavopulmonary Connection

Caval to pulmonary connection is toward the anterior surface of
the right pulmonary artery rather than on the upper surface, and so
AP projection will overlap the anastomotic site; a 30° caudal + 10°
LAO will open the area and allows an outline to the full extent of
the right and left pulmonary arteries, and plane B in the left LAT
with or without 10° caudal angulation will profile the anterior-
posterior dimension.
Venous collaterals can be examined in AP + LAT.

5.7.9 Fontan Operation
In Fontan patients whether lateral tunnel or extracardiac connec-

tion, both superior and inferior caval veins and pulmonary circu-
lations should be studied to determine if venous pathways are
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patent and whether venous collaterals have developed.
Fenestrations are best profiled with some degree of right or left
anterior obliquity, and collaterals are best studied in AP and LAT
projections.

5.7.10 Pulmonary Valve Stenosis, Tetralogy
of Fallot, and Pulmonary Valve Atresia
with Intact Ventricular Septum

In pulmonary stenosis and right ventricular outflow tract lesions,
AP projection will foreshorten the structures. A 30° cranial with
15° LAO will open the infundibulum allowing visualization of the
pulmonary valve and main and branch pulmonary arteries. The
best definition to measure the valve is the left LAT projection with
an additional 10-15° caudal angulation of the lateral detector to
separate branch vessels (in that case, there will be foreshortening
of the outflow tract).

5.7.11 Branch Pulmonary Artery Stenosis

These represent the most difficult angiographic studies. In each
case, modifications for general rules must be made and there are
many personal preferences.

A cranial tilt frontal projection with a left LAT or RAO/LAO
projection is frequently the first injection and allows seeing prox-
imal and hilar regions. Since there is frequent overlapping, these
standard views can be modified by increasing or decreasing the
degree of RAO or LAO and adding caudal or cranial tilt.

For the right pulmonary artery, a shallow RAO projection with
a 10-15° cranial tilt separates the upper and middle lobe branches,
and a left LAT with 15° caudal tilt will open up all the anterior
vessels.

To study the posterior leftward direct left pulmonary artery, a
60° LAO with 20° cranial with a caudal tilt on the lateral detector
is recommended.
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If the main pulmonary artery is aneurysmatic and obscures the
confluence, a steep 30° caudal in plane A plus 10-20° RAO will
open the bifurcation.

5.7.12 Total Anomalous Pulmonary Venous
Connection

Inject in the main pulmonary artery or separately in each branch
if pulmonary venous hypertension is known or suspected, and
film in PA and LAT projections.
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6.1 Diagnostic Catheters

Diagnostic catheters are thin-walled tubes introduced into
patient’s vessels and the heart via the valved introducer sheaths.
Structure of the catheter, its geometry, and other characteristics
depend on the purpose it serves. There are many designs and tech-
nical solutions created by numerous manufacturers of catheteriza-
tion equipment. Catheters are named according to their shapes,
people who designed them, or the vessels they are supposed to
enter. The basic principle of catheter selection, however, is that
they must serve the purpose they are suitable for. Thus, in a
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pediatric cardiac catheterization laboratory, one often uses cathe-
ters designed for procedures other than those being performed.
Nevertheless, there are some basic catheter categories that the
operator has to be familiar with.

6.1.1 Anatomy of the Catheter

Although diagnostic catheters usually look like simple plastic
tubes, their construction is quite complex. Materials used should
be safe for the patient, assure maneuverability, respond to the
torque applied, be kink-resistant, be resistant to the pressures gen-
erated during contrast injection, and assure good visibility on
fluoroscopy.

Several properties are crucial when selecting a catheter. The
outer diameter is traditionally given in French (F), representing
outer circumference in millimeters (corresponding to about
0.3 mm of outer diameter), inner lumen diameter in decimal frac-
tion of inch (e.g., 0.035”), length in centimeters, maximal pres-
sure in pounds per square inch (psi), and maximal flow in
milliliters per second (mL/s).

There are some discrepancies in describing proximal and distal
direction of the catheter. For the purpose of this chapter, the tip of
the catheter will be called its distal end and the Luer lock adapter
its proximal end.

Catheter manipulation requires application of torque to its part
outside the patient. This torque has to be transmitted to the tip.
Besides, as mentioned before, the catheter has to be kink-resistant
and provide some support while passing through the vessels and/
or chambers. This is why shafts of the catheters are usually com-
posed of a plastic material (nylon, polyethylene, polyurethane,
PTFE) braided with thin metal meshwork. Depending on the
manufacturer, the catheter size and the distal ends of catheters can
be made of braided or unbraided material. The tip itself usually
lacks reinforcement to assure its softness and minimize the risk of
vascular wall injury. The distal tip of the catheter may have an
additional radiopaque marker to improve its visualization. Some
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of the catheters have a single end hole for injection of the contrast
medium, for pressure measurements, and for advancing guide-
wire, while other catheters such as angiographic catheters have
multiple side holes for even contrast distribution. It is recom-
mended to avoid any pressure injections of contrast through a
catheter with end hole only. Balloon-tip catheters have a CO,
inflatable balloon at their tips. This balloon is supposed to allow
free floating with the bloodstream and prevent tangling between
the chordae tendineae in the cardiac chambers. Other catheters
have hydrophilic coating that makes them slippery and facilitate
their gliding through tortuous vessels. Sizing catheters have addi-
tional radiopaque markers embedded in their shafts at known dis-
tances, for precise calibration and measurements.

6.1.2 Types of the Catheters

6.1.2.1 Angiographic Catheters

The main purpose of the angiographic catheters is the appropriate
visualization of anatomy by means of the injection of contrast
medium into blood vessels or cardiac chambers. Multiple side
holes at the end of the catheter help to distribute the contrast
evenly and deliver it efficiently during ventriculography or angi-
ography. End hole allows for over-the-wire insertion of the cath-
eter. The angiographic catheters can withstand high pressure and
flow of the contrast medium, without recoil of the catheter during
the injection.

There are angiographic catheters of various curves available in
the market. Special shapes have been designed for a variety of
purposes, e.g., pulmonary angiography. Despite their different
shapes and other features, the main principles remain the same.

Berman angiographic catheter is a balloon-tipped catheter
without the end hole (Fig. 6.1a). Thus, it cannot be advanced over
a guidewire. Since it has a straight tip, the curved wire can be
placed inside the catheter to shape it and support it when entering
the desired location. The CO, inflatable balloon helps to cross the
valves with the blood flow. Howeyver, in the presence of interatrial
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Fig.6.1 Tips of floating catheters. (a) Berman angiography balloon catheter.
(b) Pulmonary wedge balloon catheter

or interventricular communications, it can be used to catheterize
left heart structures as well. Antegrade approach to the aorta is
feasible also in patients with transposition of the great arteries,
double outlet right ventricle, or functionally univentricular hearts
or in the presence of large ventricular septal defects.

Moreover, the balloon catheter can be used to occlude the distal
parts of the vessels and perform occlusion arteriography. Balloon
occlusion descending aortography helps to force blood flow
through aortopulmonary collateral arteries in the tetralogy of Fallot
and other congenital cardiac malformations with pulmonary steno-
sis or atresia. In fenestrated Fontan patients, one can occlude the
fenestration with the balloon tip in order to evaluate changes of
blood pressure in the Fontan circulation. All these and many more
applications make the Berman angiographic catheter an especially
valuable item in the catheterization laboratory inventory.
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6.1.2.2 Pulmonary Balloon Wedge Catheters

The pulmonary balloon wedge catheter (Swan-Ganz) is a single
end-hole, balloon-tipped catheter, originally invented to measure
right heart pressures. Its balloon tip makes it float to the distal
pulmonary arteries (Fig. 6.1b). When it reaches the desired posi-
tion, the inflated balloon occludes the antegrade flow in the vessel.
Thus, the pressure in the pulmonary veins and the left atrium can
be measured. When placed in the pulmonary vein, one can mea-
sure the pressure in the pulmonary arterial bed, based on exactly
the same principle as the antegrade pulmonary wedge measure-
ment. However, in the hands of interventional cardiologist, the
pulmonary balloon wedge catheter becomes more widely used for
advancing the guidewire for interventional procedures, selective
pulmonary arteriography, simulation of vessel occlusion, and
many others. With the balloon inflated at its tip, it should cross the
tricuspid valve safely and minimize the risk of its injury during
the following interventions, such as balloon valvuloplasty, pulmo-
nary artery angioplasty, or stent placement. In case of extreme
pulmonary artery hypoplasia, injection of the contrast medium
through the catheter wedged in the peripheral pulmonary vein
with consecutive flush with saline results in retrograde visualiza-
tion of the pulmonary arterial vessels. Antegrade placement of the
Swan-Ganz catheter in the Blalock—Taussig shunt is used, after
inflation of the balloon, to simulate the shunt occlusion and mon-
itor pressure changes in the pulmonary arteries. Undoubtedly, the
pulmonary wedge catheter should always be available for use in
the catheterization laboratory shelf.

6.1.2.3 Curved Catheters

A large variety of curved catheters are designed for selective cath-
eterization of blood vessels. As mentioned before, their names
often suggest their particular application. However, the interven-
tionist searching for “right ventricular outflow tract catheter” or
“right Blalock—Taussig catheter” would be unsuccessful in find-
ing these. The operator should base selection of the most useful
equipment on personal preferences, experience of other special-
ists, knowledge of catheter properties, and the patient’s anatomy.
Most of the curved catheters have a single end hole. They can be
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Fig.6.2 Shapes of selected torque-controlled catheters (see text). (a) Pigtail
catheter, (b) Amplatz left coronary catheter, (¢) Amplatz right coronary cath-
eter, (d) internal mammary catheter, (e) Judkins left coronary catheter cathe-
ter, (f) judkins right coronary catheter, (g) multipurpose catheter

used for selective angiography, pressure measurement, and guide-
wire placement.

Selected curved catheters are presented in Fig. 6.2. Some of
these, described below, deserve some more attention.

Coronary catheters are designed to easily intubate the normal
coronary arteries. Judkins and Amplatz catheters are the most
popular (Fig. 6.2b—e). Among them, Judkins right coronary cath-
eter (JR) is one of the most widely used in the cardiac catheteriza-
tion laboratory. The distal part of the catheter is gently rotated to
find support in the ascending aorta, and the tip bends at almost a
right angle to reach the orifice of the right coronary artery.

In pediatric catheterization laboratory, this shape has proved to
be useful in the selective catheterization of Blalock—Taussig
shunts and collateral vessels, entering the right ventricle outflow
tract, and many other procedures.

Other applications of Judkins right coronary catheter include
crossing restrictive interatrial communications (especially in
hypoplastic left heart syndrome patients), crossing interventricu-
lar septal defects, and many others.

Internal mammary catheters with their C-shaped tips can be
used to enter vessels having origins at acute angles. Their applica-
tions include selective catheterization of Blalock—Taussig shunts
and collateral vessels.

Multipurpose (MP) catheters have their distal ends curved at
an obtuse angle (Fig. 6.2g). Usually there is at least one side hole
near the tip. Such catheters, in accord with their name, can serve
multiple purposes such as angiography, pressure measurement,
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and selective catheterization. They can be used to cross a tight
coarctation, enter the branches of the aortic arch, reach the left
atrium from the femoral vein and the right atrium, and place the
guidewire in the pulmonary vein before atrial septal defect device
closure.

6.1.2.4 Special Catheter Types

The Multi-Track angiographic catheter (NuMED) has a short
lumen for the guidewire at its tip. Thus, the tip can be introduced
over the wire to a desired location, while the shaft remains free
and multiple side holes remain open for use. This allows injection
of contrast medium for angiography and measurement of pres-
sures without losing the position of the guidewire.

Microcatheters are superthin catheters that can be introduced
through standard lumen (0.035”-0.038”) single end-hole cathe-
ters for selective catheterization of small-sized vessels. Once the
vessel is catheterized, one can deliver a microcoil through the
guidewire lumen to occlude it. In pediatric and congenital cardiol-
ogy practice, closure of small collateral vessels appears to be the
major indication.

Guiding catheters are single end-hole angled catheters in
shapes similar to diagnostic catheters, but with much larger
lumen, which permits advancement of interventional equipment.
They are widely used in coronary interventions to introduce rapid
exchange balloon catheters with a side hole for the guidewire. The
walls of the guiding catheters usually possess a three-laminar
structure with metal braiding in the middle layer. The size of the
guiding catheter, given in French, reflects its outer circumference
(as opposed to the introducer sheaths sized by their lumen circum-
ference). In congenital heart disease patients, application of guid-
ing catheters is limited.

6.1.3 Selection of the Catheter and Catheter
Manipulation

Every operator has own experience-based preferences.
Nevertheless, some points need to be considered. First of all, the
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goal of the procedure has to be specified. For example, in the right
heart, where catheterization for idiopathic pulmonary hyperten-
sion angiography is not a standard component, the pulmonary
wedge catheter is an obvious choice. Should right ventriculogra-
phy or pulmonary angiography be planned, the Berman floating
angiography catheter or multipurpose catheter is a reasonable
choice. Also the size of the catheter should match the objectives,
because it determines the maximum flow and contrast injection
pressure. In case the diagnostic catheterization is followed by the
intervention, one has to check if the inner lumen can accept the
appropriate guidewire or the device. Length is another parameter
worth considering. It can be really annoying when after long time
of manipulation the catheter is too short to reach its destination.

With all kinds of catheters, it is important to remember the
anatomic details, find support sites for the catheter tip and the
shaft, and consider the use of a guidewire to position a catheter or
to shape it. Wherever possible, biplane fluoroscopy should be
used during the procedure. Manipulation principles are different
for floating catheters and torque-controlled catheters. Some
guidelines and tips and tricks are presented below.

6.1.3.1 Floating Catheters

Floating catheters (Berman, Swan-Ganz) are very soft, and their
response to torque is limited. They should float freely in the direc-
tion of the blood flow. Nevertheless, especially in difficult anat-
omy or valvar insufficiency, it may be difficult to manipulate
them. Additionally, floating catheters are packaged in a curved
manner, and it may be impossible to straighten them completely.
The problem can start just after crossing the introducer sheath.
Without the balloon inflated, they can enter side branches.
Inflation of the balloon makes the catheter float to the right atrium.
Once the right atrium has been reached, it is possible to enter the
superior vena cava. Sometimes it is possible to direct the tip pos-
teriorly with a gentle torque and push the catheter up to the supe-
rior vena cava. In case of failure, insertion of a straight guidewire
may solve the problem. Without a guidewire inside and without
the balloon inflated, the catheter is likely to enter the left atrium
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via an atrial septal defect or patent foramen ovale, if present. To
enter the left pulmonary veins, the catheter should be directed
posteriorly. Otherwise, it will enter the left atrial appendage.
Inflation of the balloon of catheter placed in the left atrium, close
to the interatrial septum followed by a clockwise torque, may help
to cross the mitral valve and enter the left ventricle. If this maneu-
ver does not work, one can use the stiff end of the guidewire bent
in a U-shape to angle the distal end of the catheter. Guidewire will
also help to transmit the torque. In the left ventricle, the catheter
will float toward the apex. Again, a curved stiff end of the guide-
wire may help to bend the catheter (with the balloon inflated)
toward the interventricular septum and push it up into the aorta.
To avoid the tension onto the ventricular wall, the guidewire
should be partly withdrawn from the catheter, to permit free floa-
tation of the balloon.

In most of the cases, the catheter floats from the right atrium to
the right ventricle. If this does not happen, an angled guidewire tip
may be helpful to curve the catheter. Another solution is to find
support for the catheter tip in the atrial wall, push it further to the
atrium to make it bend, and then pull it back. The catheter should
recoil and jump into the ventricle. The third method is to create a
loop in the right atrium by pushing the catheter with some clock-
wise torque. Once the loop has been created, the catheter may
enter the right ventricle and float to the outflow tract. The atrial
loop can also be helpful to reach the right ventricular outflow
tract, when the catheter keeps floating toward the ventricular
apex. If it is stuck at the apex, a coiled guidewire can help to free
it. Shaping the catheter with a guidewire is also useful to manipu-
late into the branch pulmonary arteries.

There are some issues to be kept in mind:

1. The balloon is able to accommodate more CO, than just one
syringe; the more the balloon is inflated, the easier the floating
is, but caution is needed as the balloon can rupture with too
much CO,.

2. The catheter can be straightened or bent using the guidewire;
the guidewire helps to transmit the torque.
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3. Creating a loop can help to manipulate with the catheter; it is
better to straighten the catheter as soon as its final destination
has been reached.

4. Especially in blood vessels, the balloon can obstruct them and
alter the blood pressure; it should be deflated during measure-
ments of pressure.

5. In selected applications, obstruction of the vessel with the bal-
loon tip can help to make a selective contrast injection or per-
form an occlusion test; always remember where the hole(s)
is(are).

6. When performing balloon occlusion angiography, the vessel
occlusion time should be kept to a minimum; after inflation of
the balloon, the catheter will float downstream——pull it back to
the desired position, and deflate the balloon as soon as the
angiography has been performed.

6.1.3.2 Torque-Controlled Catheters
Most of the catheters are torque-controlled. The torque is applied
by the operator at the proximal end of the catheter.

Most of catheter tips lack braiding. That makes them soft and
susceptible to kinking. While crossing the blood vessels, angled
tips may tend to enter side branches/tributaries. If this problem
occurs, they should be introduced over a guidewire. This is man-
datory for pigtail catheters. Applications of selected catheters
have been discussed already.

The importance of selection of an appropriate catheter shape is
undisputed. Sometimes the shape has to be modified to reach a
desired location. One can use a guidewire to make the angled
catheter straight. On the other hand, the stiff end of a guidewire
can be used to apply additional curvature. Entering the right ven-
tricular outflow tract with the Judkins right coronary catheter is a
good example. The catheter introduced to the right atrium will
tend to move to the superior atrial wall, the right atrial appendage,
the superior vena cava, or the left atrium through the atrial septal
defect. One can, however, bend the catheter with an angled guide-
wire and then withdraw it to allow entry into the right ventricle.
Torque applied to the catheter will direct the tip to the outflow
tract. Should a new shape be permanent, one can reshape it by
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placing the catheter in hot water or in steam with a stiff, preshaped
guidewire inside. When the new shape is achieved, the catheter
has to be cooled in saline.

Sometimes it is relatively easy to enter an origin of the blood
vessel, but the guidewire makes the catheter recoil instead of
entering the vessel. This may happen in major aortopulmonary
collateral arteries and Blalock—Taussig shunts. If the catheter
shaft is pushed excessively, an angle between the shaft and the tip
inside the vessel may become too acute. Under such conditions,
the guidewire tip is unable to straighten the catheter tip, it pushes
the catheter further, and the tip recoils. Hence, it is better to
straighten the angle by pulling the catheter down.

6.2 Guidewires

There are plenty of guidewire types and designs used in cardiac
catheterization laboratory, produced by numerous manufacturers.
Spring guidewires are composed of inner core made of stainless
steel or nitinol, accompanied by a fine, steel safety wire and outer
fine steel winding. Most of spring wires are coated with polytetra-
fluoroethylene and sometimes heparin to prevent clotting. In the
distal part of the guidewire the core narrows or there is just a
safety wire and outer winding. It makes the tip soft and limits a
risk of injury to vascular or cardiac wall. The soft tip can adapt to
a vessel shape, cross stenotic areas, and tortuosities. Wires with
“floppy” tips can be especially useful in such setting. Tips of
guidewires are straight or curved. J-tips are the most frequently
found. The stiffer the wire is, the more support it provides to diag-
nostic or therapeutic catheters. Guidewires with a core wire
extending from the proximal to distal end can transmit the torque
1:1 or near to it, which makes them more maneuverable. Tips
commonly have platinum, gold, or tungsten elements to make
them more radiopaque. Also guidewire shafts can be coated with,
e.g., polyethylene/tungsten material, to enhance their visibility on
fluoroscopy.

Guidewires with hydrophilic coating are slippery when wet.
They glide through tortuous vessels easily. It can be difficult to
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manipulate them, so a special plastic torque device is very useful.
Hydrophilic wires have to be wet all the time, because they
become sticky when dried.

Steerable guidewires have an additional filament attached to a
proximal handle. An operator can change the shape of their tip by
moving the handle. Thanks to the nitinol core, the tip returns to its
initial shape. Such guidewires are used to navigate through tortu-
ous vessels or cross the stents without passing between the struts.

Pressure wires are equipped with a pressure transducer at their
tip. Initially, pressure wires were designed to measure pressure
gradients across stenotic coronary arteries to assess fractional
flow reserve. Gradually, other applications were developed, e.g.,
measurement of pressure gradients through stenotic valves or ves-
sels such as banded pulmonary arteries in patients after hybrid
procedures for hypoplastic left heart syndrome.

Size of a guidewire is given in fraction of inch. The length is
measured in centimeters. Especially long (260-300 cm) exchange
wires are used to exchange long catheters (Fig. 6.3). Some guide-
wires can be additionally extended using extension wires.

Guidewires are used to guide diagnostic catheters, therapeutic
catheters, guiding catheters, and introducer sheaths through the
heart or the blood vessels. Selection of the guidewire has to match
the purpose of its usage. One has to consider:

1. Diameter of the guidewire: the operator should know what size
the catheter is able to accommodate. Generally, back-bleed
ports with flush port should be used to prevent bleeding and
formation of thrombi. It becomes especially important in huge
catheter lumen/guidewire disproportion, since the bleeding
can be significant. In case a flush port is not available, one has
to remember to rinse the wire with heparinized saline fre-
quently. If the intervention is needed, the size of the wire has
to be chosen according to the lumen of interventional equip-
ment, e.g., a balloon catheter.

2. Length of the guidewire: when it is too short, it will not leave
the catheter tip or may be unable to reach a desired position. It
can also be impossible to exchange catheter over the wire. As
mentioned before, some guidewires can be extended if needed.
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Fig. 6.3 Guidewire (Cook Inc., Bloomington, IL) position before stent
placement to critical left pulmonary artery stenosis in a 3-week-old patient
with complex congenital heart defect and duct-dependent pulmonary circula-
tion after modified right Blalock-Taussig shunt. Guidewire introduced retro-
gradely from the aorta via the right Blalock-Taussig shunt, right and left
pulmonary arteries to the distal branch of the left lower lobe pulmonary
artery. Soft part of guidewire curled in the distal pulmonary artery branch for
better support for the stent implantation

3. Hydrophilic coating: it helps to cross tortuous vessels and nar-
row stenoses. In spite of softness of hydrophilic catheter tip, it
can easily perforate the heart or vessel wall, especially while
exiting the catheter. That is why rather standard guidewires
and not hydrophilic nor thin coronary wires are recommended
to cross a critically stenotic aortic valve. The latter are more
likely to perforate valvar leaflets.
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4. Length of a soft tip: long, soft tips can enter the planned loca-
tion but appear too extensive to support interventional equip-
ment. On the other hand, guidewires with short tips are more
traumatic.

5. Stiffness: it is safer and easier to advance catheters or sheaths
using a stiff wire because of the better support. Softer wires
can kink and lose their position or just make advancement of
equipment impossible.

6. Shape of a tip: J-tipped guidewires are considered to advance
more easily without entering side branches or tributaries.
Nevertheless, the vessel diameter has to be large enough to
accommodate the tip. Curved tips of some guidewires help to
manipulate with the torque to reach a chosen location. Steel-
core wire tips can be formed by an operator to get the best
shape she/he needs.

7. Torque transmission: wires with a core continuous from proxi-
mal to distal end transmit the torque better than those lacking
the core at their tips. The longer the floppy tip is, the more is
the torque transmission limited.

8. Trackability and steerability: the shaft of the wire should be
able to follow its tip through the tortuosities or narrowings in
accord with operator’s maneuvers.

As described in the section about catheter manipulation, stiff
proximal end of a guidewire can be used to bend or shape catheter
tips. One has to be cautious to not exit the catheter with a stiff end
of the wire, as it can damage or perforate vascular structures or
walls of cardiac chambers.

6.3 Introducer Sheaths

Introducer sheaths are used to assure safe vascular access, allow
the insertion of catheters and interventional equipment, and help
to guide the devices through tortuosities of the cardiovascular
system. The sheaths are usually equipped with a back-bleed valve
to prevent an excessive blood loss and a side port for flushing,
pressure measurements, and, occasionally, contrast infusion.
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The sheath is a thin-walled plastic tube composed of the mate-
rial rigid enough to prevent kinking in the blood vessels. Their
size reflects the inner diameter of the tube, i.e., the diameter of the
dilator used to allow the smooth passage through the vascular
wall. Thus, four French introducer sheaths can accommodate four
French catheters. The outer dimension of the sheath is wider and
depends on the thickness of the material the tube is made of.
Dilators have a long, tapered tip sticking out of the sheath. The
dilator and sheath locked together are introduced to a blood vessel
over the wire. Size of the dilator inner lumen should be known to
the operator, especially in case there is a need to exchange the
sheath and use the one of the other size.

Back-bleed valves and side ports can be an integral part of the
introducer sheath or be separate devices attached to the Luer lock
at the end of the sheath. Usually, the back-bleed valve incorpo-
rated into the sheath is a latex diaphragm with a hole that permits
insertion of the equipment. Resistance of such valve can signifi-
cantly influence the effectiveness of manipulation and transmis-
sion of the torque applied to catheters and wires. In case of some
introducer sheaths, the structure and rigidity of their valves make
the effective.

Short introducer sheaths are used to maintain the vascular
access and manipulate with the equipment. Their length should
match the anatomy of the vessels—the sheath should not end
opposite to a vascular wall, since it can produce complications
such as vascular wall injury and bleeding.

Long sheaths are used to straighten blood vessels and create a
smooth tunnel for diagnostic and, especially, interventional equip-
ment, such as stents, occluders, vascular plugs, biopsy forceps, or
transseptal needles. Tip of the sheath usually has a radiopaque
marker. They can be straight or curved. The curvature should be
chosen according to the delivery site and the route to be passed.
For example, 45° curvature is suitable for ASD closure and 180°
curvature is used for ADO I—type devices. Most of them can be
recurved using hot steam or air to meet the needs of particular
procedures. The curvature of steerable sheaths can be changed by
the operator during the procedure.



78 A. Kolesnik and G. Brzeziriska-Rajszys

Non-braided sheaths (e.g., Mullins sheaths) are used most fre-
quently. Occasionally, however, it is necessary to use braided
kink-resistant sheaths (e.g., Cook Flexor sheath) to cross tortuous
vessels or acute bends in the cardiac chambers. Some sheaths
have a hydrophilic coating to improve trackability.

The long sheath is delivers assembled with the dilator over the
guidewire. The wire size should exactly match the diameter of
dilator lumen. Most of the time, the sheath is introduced through
the skin directly. Nevertheless, sometimes it is better to insert it
through the short sheath. Keep in mind that the size of the sheath
reflects its inner diameter! If you want to use sheath-in-sheath
method the outer sheath should be at least two sizes bigger than
the inner one.

Transseptal sheaths are curved similar to the transseptal needle
and the lumen of the dilator follows the diameters of the needle. It
affects the size of the guidewire—in standard Brockenbrough
needle the dilator houses 0.032” guidewire.

The use of specific sheath has to be carefully planned. Not only
the kind of the device, shape of the sheath and its size have to be
considered. Even the best plan can be ruined when the long sheath
is too short for the length of the balloon catheter or pre-mounted
stent system.
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7.1 Introduction

A large variety of balloon catheters are currently available for
catheterization of patients with congenital heart disease. Balloons
are required for miscellaneous indications and types of proce-
dures.

Direct dilation of stenosed valves and vessels, with or without
balloon-expandable stent placement, remains the most important
indication for using a balloon catheter. Industries have, over the
last years, produced a wide panel of balloons, available in various
lengths and diameters and with improving balloon characteristics
that will be described in the next paragraphs. Some of those bal-
loons have specifically been designed for use in children and
adults with congenital heart lesions but several of them are pri-
marily intended for treatment of other lesions. When performing
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complex heart catheterizations and balloon dilations in patients of
different ages and weights, it is mandatory to have a broad
spectrum of balloon catheters available in the catheterization lab-
oratory, to be able to face the different clinical and technical situ-
ations.

The atrial septostomy or enlargement of a restrictive foramen
ovale (Rashkind maneuver) is usually performed with specific
balloon catheters designed for this purpose.

Balloons may be useful for the analysis of dimensions of heart
defects such as atrial septal defects, before percutaneous closure.
Sizing balloons have been specifically designed for this purpose.

Balloons may also be used for fest occlusion of a defect (fora-
men ovale, atrial septal defect, ventricular septal defect) during
hemodynamic assessment. They may be used to temporary inter-
rupt flow in a collateral vessel in order to stabilize occlusion
devices. Finally, balloons may be useful during complication man-
agement. No specific balloons are designed for those last purposes.

7.2 Direct Dilation of Valves and Vessels
7.2.1 Characteristics of Balloons

Dilation balloons are static balloons, which means that they
expand to a fixed diameter when inflated to a certain maximum
pressure (also called ‘nominal’ pressure). The diameter and nom-
inal pressure of a balloon are usually indicated by the manufac-
turer (Fig. 7.1a, b). When the pressure delivered to the balloon
increases beyond the nominal pressure, wall tension increases
proportionally and may cause balloon rupture [1]. The ‘rated burst
pressure’ indicates this level of pressure where the balloon is
likely to rupture. The maximum pressures tolerated will vary with
the material used for the fabrication of the balloon but also with
the diameter. Large-diameter balloons will have lower nominal
and burst pressures than smaller balloons made of the same fabric.
Indeed, wall tension is for a same pressure level, higher in larger-
diameter balloons (Laplace’s law: pressure = tension/radius)
(Fig. 7.1¢) [1]. This also means that, in large balloons, lower pres-
sure is needed when compared to small balloons, to generate
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Diameter | Length | Nominal* | RBPt
(mm) | (cm) (ATM) (atm)
2 6 18
12 4 6 18
6 6 18
2 6 18
14 4 6 18
6 6 18
2 6 18
16 4 6 18
6 6 16
2 6 16
18 4 6 16
6 6 16 3
2 6 16 -
20 ¥ . -
) 6 16
2 4 14 e = - e
22
4 4 14 -

Fig. 7.1 Balloon characteristics: diameter, pressure and compliance. (a)
Each balloon will come with a pressure table, indicating nominal and rate
burst pressure for each diameter. (b) Rated burst pressure is often labeled on
the balloon catheter itself, for easy access. (¢) Schematic representation of
Laplace’s Law solved for wall tension. (d) Superposition image of a noncom-
pliant balloon at nominal and rated burst pressure. Note the absent increase in
diameter and disappearance of the waist. (e) Superposition image of a com-
pliant balloon at nominal and rated burst pressure. Note the overall increase
in diameter while retaining a small waist

identical wall tension and, as a correlate, clinical efficacy. Four
categories of balloons, according to pressure characteristics, are
currently available in pediatric and congenital heart catheterization:
low-pressure, medium-pressure, high-pressure, and ultrahigh-
pressure balloons. They will be further described below.
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Compliance of the balloon is an important characteristic [2, 3].
Completely noncompliant balloons will have a fixed diameter all
along the balloon; at nominal pressure and even if pressure is
increased above nominal pressure (Fig. 7.1d). In compliant bal-
loons, the diameter may increase, especially in the areas of the
balloon facing less resistance from the surrounding structures
(Fig. 7.1e). This is important to know as this may be source of
complications. Indeed, if a compliant balloon larger than the ves-
sel is used to dilate a resistant stenosis, an increase in pressure
may tear the ‘normal’ vessel adjacent to the stenosis.

The morphology of a balloon is characterized by the diameter,
the length and the ‘shoulders’ of the balloon. The shoulders are
the end-parts of the balloon, where the diameter reduces to the
shaft’s diameter (Fig. 7.2). Most balloons have radio-opaque
markers to indicate where the working part of the balloon ends
and where the shoulders start. Short shoulders are usually pre-
ferred in pediatric heart catheterizations as the shoulders tend to
increase the length of the rigid part of the total balloon catheter.
This can make manipulation in small heart and vessels more dif-
ficult and dangerous with worse hemodynamic tolerance [2, 3].

The profile of the balloon catheter is determinant especially in
small children who will undergo multiple heart catheterizations
and in whom vessel patency is crucial. The profile will depend on
the balloon characteristics and the shaft of the catheter. High-
pressure noncompliant balloons are often made of thick material
that will require larger introducers. Larger balloons have a higher
profile. The catheter shaft contains the balloon lumen and the wire
lumen. If a balloon catheter accepts a 0.035” wire, the profile will
be increased as compared to a catheter accepting only a 0.014”
wire. A large enough balloon lumen is needed to be able to inflate
and deflate rapidly the balloon but will increase the profile.

Most balloons for dilation in pediatric and adult congenital
heart lesions are ‘over-the-wire’ balloons meaning that the whole
catheter will track over the wire. This is different from most coro-
nary angioplasty balloons where the wire tracking is limited to the
distal part of the catheter shaft. The MULTI-TRACK™ balloon
dilatation catheter (NUMED Inc., NY, USA) designed for mitral



7 Balloons 83

Fig.7.2 Balloon characteristics: morphology. (a) Picture of a Tyshak I1® bal-
loon (lower balloon) and an Atlas® balloon (upper balloon), displaying bal-
loon usable length between two radiopaque markers (marked *), and
shoulders (dashed lines). Angiographic images of the same balloons (respec-
tively b and c). Note the marked difference in shoulder size compared to
balloon usable length

valve dilation has also a limited section (1 cm) at the distal tip of
the catheter for wire tracking.

Other characteristics of balloon catheters include flexibility,
kink resistance, pushability, stretchability, and indeflation time
that all differ between balloons. The advantages and disadvan-
tages of one balloon will have to be put in balance with advan-
tages and disadvantages of another one as no ideal ‘multi-use’
balloon exists. It is important to have several balloons available in
the catheterization laboratory but having the whole range of
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commercially available balloons is impossible and unnecessary.
Based on his own experience, the interventional cardiologist will
have to select a few balloons with different and complementary
characteristics to be able to cover all the clinical uses.

7.2.2 Low-Pressure, Medium-Pressure, High-
Pressure, and Ultrahigh-Pressure Balloons

Balloons can be divided in categories according to the maximal
pressure they can sustain: low-pressure, medium-pressure, high-
pressure, and ultrahigh-pressure balloons. The limit between the
medium- and high-pressure balloons is not well defined, and for
this reason, they are here described in the same group. Table 7.1
summarizes some of the characteristics of currently available
balloon.

Low-pressure balloons are characterized by their high compli-
ance with low nominal and burst pressure rates (less than 10 atm).
They come in various lengths and diameters and usually have
small profiles and flexible shafts. They are very useful for bal-
loon dilation of pulmonary and aortic valves in neonates, infants
and children and may be used for dilation of aortic coarctation or
vein stenosis in the young child. The low pressure they sustain
and their high compliance make them unsuitable for dilation of
‘pressure-resistant’ stenosis in pulmonary arteries and for stent
placement. When low-pressure dilation fails to open sustainably
a stenosis, the analysis of how the balloon behaves during infla-
tion and deflation with the low-pressure balloon remains very
useful to understand the lesion. It will be possible to differentiate
a long segment stenosis from a localized stenosis or a pressure-
resistant lesion from a compliant lesion that recoils after balloon
deflation. This will guide subsequent intervention. Low-pressure
balloons are most of the time hand inflated by the operators. The
use of an indeflator remains however recommended to avoid bal-
loon rupture.

The second category includes the medium- and high-pressure
balloons with burst pressure rates between 10 and 20 atm for most
of them. The shaft is often stiffer and the profile higher than for
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the balloon catheters of the first category. They are very useful for
pressure-resistant lesions (not responding to the ‘low-pressure’
balloons) especially in pulmonary arteries or calcified conduits
and are indicated for stent insertion. They must be inflated with an
indeflator to control the inflation pressure. A large panel of bal-
loons is currently available in this category (Table 7.1).

The ultrahigh-pressure balloons are more recent in the pediat-
ric cardiology field. They are completely noncompliant balloons,
made of ultrahigh molecular weight polyethylene (UHMWPE).
This very resistant fabric supports very high pressures, often up to
30 atm or more. They are useful for treating in-stent stenosis or
stenosis adjacent to stents, often by rupturing the previously
inserted restrictive stent. They may also be helpful to rupture stent
cells when stents cover side branches or to dilate very resistant
non-stent-related stenosis. Some of those balloons, originally for
vascular use, have particularly long shoulders, and this has to be
taken into account when choosing the appropriate balloon length,
especially in small children. The ultrahigh-pressure balloons need
to be inflated with special ‘high-pressure’ indeflators.

7.2.3 Cutting Balloons

The Boston Scientific Cutting Balloon® (Boston Scientific, MA,
USA) is made of a noncompliant balloon with 4 sharp steel blades
embedded longitudinally on its surface (Fig. 7.3a). Other bladed
balloons are on the market but their experience in pediatric or
congenital interventions is scarce. The rationale is to create 4 con-
trolled tears in a thickened intima and media, without over-dilating
the vessel, avoiding by there a noncontrolled deeper tear which
puts the vessel at risk for aneurismal dilation or rupture (Fig. 7.3b).
The bladed and cutting balloons were initially designed in the
1990s to dilate resistant coronary stenosis. Since the late 1990s,
they are also used to dilate pressure-resistant stenosis in pulmo-
nary arteries, in-stent stenosis and restrictive atrial septal defects
(Fig. 7.3¢c-1) [2, 3].

The Boston Scientific Cutting Balloon® comes in diameters
between 2 and 8 mm and has a burst pressure of 8§ atm. The
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Fig. 7.3 Cutting Balloons: (a) Expanded cutting balloon, displaying blades.
(b) Schematic section of a cutting balloon (CB) and vessel, showing mecha-
nism of action. (¢) Pulmonary angiogram from a patient with PA VSD with
unifocalized MAPCA to the lower right lobe, displaying anastomotic steno-
sis. (d) A compliant balloon shows multiple resistant lesions. (e) Balloon
dilation with a cutting balloon. (f) Final angiography showing marked
enlargement of the lumen
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maximal diameter limits its use to small vessels. The use of a long
sheath to advance and retrieve the balloon is highly recommended
in order to avoid damage to cardiac and vascular structures with
the sharp blades. Inflation and deflation must be very slow, with
the help of an in deflator, in order to allow proper opening and
refolding of the blades. Balloon dilation with a cutting balloon
may be followed by angioplasty with a standard compliant bal-
loon or by stent insertion.

7.2.4 Coronary Balloons

Coronary balloons with our without premounted stents must be
available when performing congenital heart catheterization. They
can be used for various interventions such as pulmonary valve
dilation after radiofrequency perforation of pulmonary atresia,
branch pulmonary artery dilation, ductal stenting or sometimes
coronary interventions.

Coronary balloons come in various diameters, usually ranging
between 1.5 and 5 mm and various lengths (8 to 40 mm). They
can be compliant or noncompliant, and are usually of the ‘mono-
rail’ type (not ‘over the wire’), with a low profile. Nominal and
burst pressure with maximal diameters may vary but are always
clearly mentioned.

7.2.5 Other Special Balloon Dilation Catheters

The NuMED balloon in balloon (BIB®) catheter (NuMED Inc.,
NY, USA) is a triaxial catheter. One lumen is for tracking over a
guide wire, while the 2 others are to inflate 2 balloons (Fig. 7.4a).
A small balloon (inner balloon) is inside a larger balloon (outer
balloon) (Fig. 7.4b). The inner balloon inflates to half the diame-
ter of the outer balloon and is 1 cm shorter. The rated burst pres-
sure is different for each size. The double-balloon catheter allows
incremental inflation which is very helpful for stent placement in
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Fig. 7.4 Balloon-in-balloon (BIB): (a) Triaxial catheter: 1 lumen (green) is
for tracking over a guide wire, 1 lumen (indigo) is for dilation of the small
inner balloon, 1 lumen (orange) is for inflation of the larger outer balloon. (b)
The inner balloon (inflated in indigo dye) is completely inside the outer bal-
loon (inflated in orange dye), inflates to half of its diameter and is 1 cm
shorter. (¢) Stent inflated over the inner balloon alone, allowing repositioning.
(d) Incremental inflation of the outer balloon, safely securing the stent against
the vessel wall

large vessels. The inner balloon provides initial expansion of the
stent and acts as a tool to hold the stent in place while the outer
balloon is inflated. The outer balloon is then inflated securing the
stent against the vessel wall (Fig. 7.4c, d).

The Nucleus™, Nucleus-X ™ balloon catheter (NUMED Inc.,
NY, USA) and the Inoue-Balloon catheter (Toray Industries, Inc.,
Houston, TX, USA) have a ‘dumbbell’ shape and are specifically
designed for valve dilation. Inoue balloons are more intended for
mitral valve dilation as the Nucleus balloon may be used for aortic
or mitral valve dilation. The smaller central part has to be located
at the level of the valve annulus. The larger external parts will help
to stabilize the balloon (Fig. 7.5).
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Fig.7.5 Dumbbell-shaped balloon: images of a Nucleus™ balloon (Numed)
used for aortic valve dilation. (a) The balloon is incompletely inflated and has
the dumbbell morphology; the narrowest part is at the level of the aortic annu-
lus (red arrow). (b) The balloon is completely inflated with loss of the dumb-
bell shape

7.3  Septostomy Balloons

Septostomy balloon catheters are specifically designed to cross
the foramen ovale and to perform the Rashkind atrial septostomy
maneuver (Fig. 7.6a, b). The balloons are round and noncompli-
ant.

The Edwards SF atrioseptostomy catheter (Edwards
Lifesciences Corporation, CA, USA used to be largely used but
has been recently made unavailable. The Edwards 5 F balloon
catheter had a single lumen for inflation of the balloon. The cath-
eter was rather stiff and has a curve at the end to facilitate crossing
of the foramen ovale. The balloon took larger volumes of contrast
(4 cc) than the other atrioseptostomy balloons which was useful
when a large atrial septal defect was needed.

The NuMED Z-5™ atrioseptostomy catheter (NuMED Inc.,
NY, USA) is a good alternative dual-lumen balloon catheter. The
catheter is soft and easily progresses over a wire, which is helpful
when crossing of the restrictive foramen ovale is difficult. The
balloon catheter exists in 2 sizes (1 cc balloon, 4 F catheter and
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Fig. 7.6 Septostomy Balloons. (a, b) Specifically designed to cross the fora-
men ovale, to perform the depicted Rashkind atrial septostomy maneuver. (c)
Distal tip of a Numed Z-5™ atrioseptostomy catheter (open red arrow) and a
Medtronic Rashkind balloon septostomy catheter (full red arrow). Note the
capacity of the former to travel over the wire, while the latter has a more stiff
and curved tip to tackle de foramen ovale directly. (d) Proximal tip of a
Numed Z-5™ atrioseptostomy catheter (open red arrow) and a Medtronic
Rashkind balloon septostomy catheter (full red arrow). Note the double
lumen of the former. (e) Fully inflated Medtronic Rashkind balloon septos-
tomy catheter
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2 cc balloon, 5 F catheter), the smallest being particularly useful
in small preterm babies. This catheter is normally designed for
septostomy under fluoroscopic guidance (with use of a wire). It
can still be used for atrioseptostomy at the bedside, under echo-
cardiographic guidance. The shaft is softer than the Edward’s one
but can be stiffened, if needed, by inserting a wire up to the end of
the catheter. Figure 7.6c—e show the differences with the Edwards
catheter.

The Medtronic 6F, 50 cm Rashkind Balloon Septostomy
Catheter (Medtronic Inc., MA, USA) was another alternative but
has been recently withdrawn. It has only one lumen for balloon
dilation, like the Edwards balloon, and only takes 2 cc of liquid.
The catheter shaft is also slightly softer than the Edwards catheter.

7.4  Sizing Balloons

Sizing balloons have been introduced for measurement of atrial
septal defects during percutaneous atrial septal closure. Two types
of sizing balloon exist based on the method used for sizing.

The first method is the ‘pull-through’ technique (Fig. 7.7a).
The balloon used is a soft, compliant and spherical balloon
(Equalizer™, Boston Scientific, MA, USA) that is inflated in the
left atrium. While deflating slowly, the balloon is pulled across the
septal defect. The diameter of the balloon when it crosses the

Fig. 7.7 Sizing Balloons. (a) ‘Pull-through’ technique. (b) ‘Static’ tech-
nique
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defect will be considered as the stretched ‘atrial septal defect
diameter’.

The other method is the ‘static’ method (Fig. 7.7b), during
which a soft, compliant, low-pressure and elongated balloon
(Amplatzer™ Sizing Balloon II (St. Jude Medical Inc., MN,
USA), PTS® and PTS-X™ (NuMED Inc., NY, USA)), is inflated
across the atrial septal defect until a waist is seen on the balloon.
The diameter of the waist will inform on the atrial septal defect
diameter.

7.5 How to Use Balloons
7.5.1 Preparation, Introduction and Inflation

There are different ways to prepare a balloon. A dilution of con-
trast with normal saline is needed. The ratio of 1 unit of contrast
and 3—4 units of saline is often preferred but may vary according
to the type of balloon used, the purpose and operator’s habits. Two
syringes (in case of hand inflation) or 1 syringe and a pressure
indeflator have to be filled with this diluted contract and con-
nected to a three-way stopcock. The size of the syringes depends
on the size of the balloon used. The whole system (syringe, inde-
flator and stopcock) has to be thoroughly de-aired before connect-
ing to the balloon. Once this is done, the system will be connected
to the balloon, with the balloon in line with the pressure indefla-
tor. De-airing of the balloon can be performed by gently inflating
the balloon at no pressure and removing the air bubbles subse-
quently. However, this technique has the disadvantage of unfold-
ing the balloon which will then lose its ‘profile’. Refolding the
balloon is sometimes possible but time-consuming. The usual
way of de-airing is the ‘negative prep’ technique [3]. A strong
negative pressure is applied to the balloon with the indeflator or
with the syringe, and this negative pressure is maintained by
blocking the indeflator or syringe. The three-way stopcock is then
turned to connect the balloon with the other syringe which will
then allow the balloon catheter to passively fill with the contrast.



7 Balloons 95

This maneuver is repeated a few times to allow full replacement
of air by contrast. At the end, negative pressure is again applied to
the balloon while entering the balloon catheter into the sheath and
lesion. The wire lumen of the balloon catheter needs to be flushed
before introduction.

Almost all balloons are currently introduced into the vascular
system through vascular sheaths. In the early years of balloon
dilation, the profile and deflation characteristics of the balloon
catheters were such that direct introduction over the wire, with-
out a sheath, was preferred to the use of very large sheaths.
Direct introduction of a balloon catheter in a vein carries how-
ever a high risk of vessel trauma and use of a sheath lessens this
risk. With the current characteristics of balloons and sheaths, the
use of a sheath has to be the standard and direct introduction
should be avoided [3].

Easy advancement of the balloon catheter requires a good and
stable wire position. The wire should be as stiff as possible and
the diameter should match the diameter of the balloon wire lumen.
Good positioning of the balloon often requires gentle pushing and
pulling maneuvers with the wire and balloon. Once good posi-
tioning is obtained, the balloon will be inflated under fluoroscopic
control. The use of a pressure indeflator is recommended for all
dilations, but in some conditions and with some balloons, a gentle
hand inflation may be authorized. When dilating a valve or main
vessel, several short dilations with rapid inflation and deflation
have to be performed to avoid significant hemodynamic interfer-
ence. In a distal pulmonary vessel, a slower and more sustained
dilation may be performed [2, 3].

7.5.2 Deflation and Withdrawal

Once the dilation is finished, negative pressure should be
applied in order to empty the balloon completely before leaving
the dilated lesion. It is important to check on fluoroscopy that
the balloon is completely emptied. If during this negative pres-
sure maneuver blood comes back, this means that the balloon
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has ruptured (see below). Negative pressure is usually main-
tained while leaving the heart and vessels. However, occasion-
ally, in stiff balloons, this can augment the stiffness of the
balloon folds and increase trauma to the vessel and heart. Extra
care has to be taken when pulling the balloon back to groin, and
in case of resistance, one should avoid to pull harder but try
with gentle re-advancements and rotations, and sometimes
small re-inflations and deflations, to extract the balloon cathe-
ter. Withdrawal into the sheath is sometimes difficult. In those
cases, gentle re-inflation followed by deflation with negative
pressure may improve balloon folding and make withdrawal
easier. If only the distal part of the balloon refuses to enter the
sheath, the sheath might have to be taken out together with the
balloon catheter, leaving the wire in place [3].

7.6 Double-Balloon Technique

Insertion of two balloons to dilate valves may be useful when the
valve annulus is too large for the available balloons. This may be
the case for pulmonary or mitral valve in adult patients (Fig. 7.8a,
b). Using two balloons may also be useful in smaller patients, to
reduce the sheath size. Insertion of two smaller balloons in two
separate veins will require smaller sheaths than one large balloon
through one access vein. Additional benefit may be the hemody-
namic tolerance. Large balloons need a long time to inflate and
deflate. Two smaller balloons will more rapidly inflate and deflate
and in addition, with the double-balloon technique, even at full
inflation, there will still be some residual flow between the bal-
loons which may improve hemodynamic tolerance [3]. There are
several formulas to calculate the effective diameter of the 2 bal-
loons inflated together. According to the formula used and the
combination of balloons, the calculated effective diameter will be
approximately 15-30% smaller than the sum of the 2 diameters
(Fig. 7.8¢) [2].
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Fig.7.8 Double-Balloon technique. (a) Double-balloon technique for mitral
valve dilation. Here the balloons are not fully inflated and the waists are still
visible. (b) Full inflation of the balloons, causing the waists to disappear. (c¢)
Schematic representation of the obtained diameter

7.7  Complications

Balloon rupture is the most frequently encountered complication.
Different types of balloon rupture have to be distinguished as they
may have different consequences in particular for balloon
retrieval.

A balloon may be punctured by an adjacent stent strut, espe-
cially when the stent is fractured. Calcified vessel walls may also
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puncture a balloon. The puncture may be recognized on fluoros-
copy when contrast extravasates out of the balloon in a localized
area. It is however often noticed while applying the negative pres-
sure to deflate the balloon: blood flows back together with the
contrast. The contrast leakage prevents appropriate pressure
increase inside the balloon which may limit vessel or stent
expansion and complicate balloon retrieval. Connecting the bal-
loon to the dye injector and injecting dye under high pressure may
be a way to improve balloon and stent expansion which will then
allow safe retrieval of the balloon.

The balloon can also tear over a long distance. This is usually
the result of balloon inflation with an excessive pressure or in case
of dilation of a very calcified lesion (such as a conduit). On fluo-
roscopy this is noticed as sudden disappearance of the contrast.
Most often, the tear is longitudinal and there will be no problems
to retrieve the balloon entirely (Fig. 7.9a). Less frequently bal-
loons can tear circumferentially which is a more serious compli-
cation as the distal part may fold over the tip of the balloon
catheter (Fig. 7.9b—d). Excessive traction on the balloon catheter
has to be avoided as the distal balloon end may come loose and
will then be free-floating in the lumen. It is crucial to maintain
stable wire position as the distal balloon end remains over the
wire. The use of a snare will usually be needed to stabilize and
retrieve the balloon. Figure 7.10 details a useful technique to
retrieve circumferentially burst balloons.

Inability to deflate a balloon may happen and is usually the
sign of a localized rupture or puncture of the balloon at the proxi-
mal end, with the proximal deflated end of the balloon obstructing
the communication between the balloon and the balloon catheter
lumen. In these cases, when hemodynamic instability occurs, it
may be preferable to burst the balloon.

Fracture of the shaft of the balloon is very rare and unlikely
with single-used balloons but may happen with reused and re-
sterilized balloons.
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Fig. 7.9 Balloon Rupture: Types of tears. (a) Longitudinal tear. The blue
paper clip shows the balloon shaft exposed by the longitudinal tear (courtesy
Dr. Joseph De Giovanni, Birmingham, UK). (b) Circumferential tear. (cour-
tesy Dr. Joseph De Giovanni, Birmingham, UK). (¢, d) Circumferential bal-
loon rupture associated with a shaft rupture. The distal part remained on the
internal shaft (d), the proximal part on the external shaft (c). (Courtesy Prof
R. Berger, Groningen, Netherlands)

7.8 Basic Requirements

When starting a pediatric and congenital catheterization activity,
the large number of different procedures that the interventionalist
may encounter, as well as the broad range of patient’s ages and
sizes makes it difficult to figure out what material is mandatory on
the shelf. Table 7.2 summarizes what to our opinion is the
‘minimum balloon set-up’ to be able to start and cover most fre-
quent pediatric and adult congenital interventions.
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lliac vein

Inguinal —>
crease A

Burst balloon
(Distal end)

Skin entry site

Burst balloon
(Proximal end)

Amplatz snare

Cut balloon shaft

Multipurpose
catheter

Pointed distal end
" easily pulled through

Exchange wire

Amplatz snare

Fig.7.10 Technique for retrieval of circumferentially burst balloons. (a) Wire
position has to be conserved. (b) The wire is snared distally, using the contra-
lateral vein. The proximal part of the balloon will be taken out of the body and
the balloon shaft will be cut. A multipurpose catheter will be advanced on the
wire to push the distal end of the catheter and balloon toward the contra-lateral
vein. (¢) The distal end of the balloon will easily be pulled through the contra-
lateral sheath. (Courtesy Dr. Jo De Giovanni, Birmingham, UK)
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Table 7.2 Basic Setup

Indication
Balloon Atrial
septostomy

Valvuloplasty

Vessel
treatment

Stent delivery

Sizing

Stock

Septostomy balloon—keep at
least 2 in stock

Low-pressure balloon (such as
Tyshak II)—keep one of each
diameter 5-9/20 mm for
neonatal lesions

Low-pressure balloons kept for
valvuloplasty may be useful for
vessel treatment in infants and
small children

Keep a small range of medium-
pressure balloons (such as
Powerflex Pro) for lesions in
older children (6, 8, 10, and

12 mm, for example)
High-pressure balloons (such as
Atlas Gold) are useful for
resistant lesions in adolescents
and adults. Keep a small range
of diameters (12-24 mm),
usually the most useful length is
4 cm

Match to locally available stents
Max LD 16, 26 and 26 mm—
BIB 25, 30 and 40 mm.
CPstent 28, 34 and 39 mm—
BIB 30, 35 and 40 mm
Consider diameters 12, 14, 15,
16, 18, 20 mm (large vessel
treatment)

22, 24 mm (landing zone for
melody valve)

ASD closure: keep 25, 30, and
40 mm/30 mm sizing balloons
for sizing of large defects or
those with floppy or irregular
rims

101

Additional

Stock up if need
anticipated

May order a range of 2
or 3 balloons for older
patients

Coronary balloons may
be useful after valve
perforation in PA IVS

Longer low-pressure
balloons (i.e., 30 mm)
are usually more stable
for vessel treatment.
Shorter high-pressure
balloons (2 cm) may be
more effective in
resistant lesions.
Coronary noncompliant
balloons perform well
for very small lesions
Consider a cutting
balloon for resistant
pulmonary peripheral
lesions

Consider keeping short
high-pressure balloon
(i.e., Atlas Gold 2 cm)
for resistant stenosis or
stent flaring

RVOT sizing: keep a
25/40 mm low-pressure
balloon (such as Tyshak
II) for testing dilated
RVOT for valve
implantation
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8.1 Introduction

Stent implantation in congenital heart disease became available in
the late 1980s with a rapid uptake in the 1990s. While standard
balloon dilatation was a successful approach to the treatment of
stenotic lesions, limitations were apparent. Fibrotic stenotic
lesions allowed controlled dissection with remoulding of the ves-
sel wall during the healing phase but more elastic lesions, long-
segment stenoses, hypoplastic vessels, stenoses related to kinking
or tension on a vessel rarely responded well often with immediate
vessel recoil. Balloon oversizing in this setting could lead to ves-
sel tearing with dissection flaps, vessel rupture with haemody-
namic collapse and late aneurysm formation.
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Stent implantation prevented the immediate elastic recoil,
allowed the vessel to be dilated only to the required diameter and
sealed small intimal flaps to the vessel wall. Stenosis relief was
superior both acutely and in the long term with a lower risk of
acute vessel complications. By not overdilating the vessel, stent
implantation could be used early after cardiac surgery.

Issues unique to the paediatric population include small
patients’ size limiting vessel access and difficulty in advancing
the rigid stent through a tortuous vascular route. After somatic
growth, stent redilation is needed until the patient is adult size.
Stents unable to be dilated to adult size result in a fixed stenosis
after growth.

8.2 Indications

Initially limited to patients big enough to accommodate an
appropriate sheath and stent that would not need redilatation, the
encouraging early results and improvements in stent, balloon
and delivery sheath design widened the indications (Table 8.1)
[1-3]. Stents are implanted as a bridge in neonates and infants
with elective surgical removal during the next stage of treat-
ment. Indeed, stents that are eventually dilatable to adult size
can now be introduced through 6 F sheaths. A hybrid surgical
approach further expanded the benefits with cooperation
between surgeons and interventionalists. Covered stents can seal
native aneurysms and fistulae and those resulting from surgery,
balloon dilation or bare-metal stents (Fig. 8.1). Coronary artery
interventions are increasing.

8.3 Stent Features

Given the diversity of lesions and patient size range, a single type
of stent does not suit all situations. Stent implantation is an art of
choosing the best device for a specific patient and condition. It is
better to be experienced with a limited range of stents (Table 8.2)
rather than trying to master all.
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Table 8.1 Indications for stent implantation in congenital heart defects

1. Branch and peripheral pulmonary artery stenosis

(a) Postsurgical
(b) Native
2. Pulmonary vein stenosis
(a) Postsurgical repair of TAPVD
(b) Native
. Aorta and branches

(98]

(a) Native coarctation

(b) Re-coarctation

(i) Surgery

(ii) Balloon dilation

(c) Aneurysms

(d) Abdominal coarctation

4. Right ventricle outflow tract

(a) Pulmonary atresia after perforation
(b) Tetralogy of Fallot
(c) Conduits
(i) Standalone
(ii) Preparation for percutaneous valve implantation

5. Arterial duct in duct-dependent

(a) Pulmonary circulation

(b) Systemic circulation

6. Surgically created shunts

(a) Blalock—Taussig
(b) Central
(c) Sano

7. Systemic vein stenosis

(a) Postsurgical (Fontan, Senning, Mustard)

(b) Pacemaker electrodes, central lines

oo

. Major aorto-pulmonary collateral arteries (MAPCAs)

9. Intracardiac communications

(a) Atrial septum
(b) Atrial fenestration
10. Sealing of fistula or communication with covered stent

(a) Patent arterial duct
(b) AV fistula
(c) Fontan fenestration

11. Coronary artery stenosis
(a) Kawasaki
(b) Post arterial switch
(c) Left internal mammary bypass
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RN
-4
-

-

Fig. 8.1 Covered stent (Premounted Cheatham Platinum on a balloon-in-
balloon) implantation into a lateral tunnel of an 8-year-old boy with exercise-
induced cyanosis and protein-losing enteropathy. Angiogram in (a) shows a
tunnel stenosis before the branch pulmonary arteries and a patent fenestra-
tion. After passing a long sheath over a stiff guide wire placed in the SVC, the
stent is advanced (b). Angiography via the long sheath is used to position the
stent (¢, d). The inner balloon is inflated with angiography confirming posi-
tion in the stenosis and continued flow across the fenestration (e) followed by
the outer balloon (f). Final angiogram shows the fenestration to be occluded
(g) and the stenosis dilated. Note the position and shortening of the stent
between (d) and (f) so that the final position does not obstruct the right pul-
monary artery. RSVC right superior vena cava, RPA right pulmonary artery,
LPA left pulmonary artery, FEN fenestration, /VC inferior vena cava
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Attributes of an ideal stent include:

Safe delivery to the target lesion.

— Low profile allowing use of a small sheath and crossing of
tight stenoses.

— Flexibility and easy trackability through tortuous pathways.

— Premounting to ease introduction and passage through the
sheath and vascular system.

— Highly radio-opaque for precise positioning.

Performance at the site of implantation.

— Expansion without shortening.

— High radial force.

— Conformation to vessel curvature.

— Smooth edges that do not damage the balloon or vessel
wall.

— Side-branch flow that is not compromised.

— Minimal neointimal proliferation and non-thrombogenic.

— Capacity to redilate to adult size.

— Retrievability if malpositioned.

Additional features.

— Covering for aneurysms and fistulae (not compatible with
side-branch patency—unless perforated and stented through
side branch struts!)

— MRI compatibility for follow-up.

— Drug delivery to prevent restenosis.

Types of stent (Fig. 8.2):

Closed-cell design: The original traditional closed-cell design
consists of regular cells that do not have direct communication
with each other. With expansion the cell changes configuration
but all have the same shape—becoming shorter but wider with
a high radial force at all diameters. They are inflexible and
straighten a vessel rather than conform to its shape.

Open-cell design: A lack of a bridging connection between
some adjacent cells allows them to merge into larger areas dur-
ing stent expansion. This gives greater access to side branches
allowing balloon dilation through the cells to improve flow
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Fig. 8.2 Large balloon-expandable stent in (a) expanded closed-cell
(Cheatham Platinum) stent and (b) expanded and unexpanded hybrid cell
(Andramed) stent. Medium-sized balloon-expandable stents in (c) closed cell
(Palmaz) above and open cell (Valeo) below. Medium-sized self-expanding
stents in (d) Zilver upper and Sinus-Superflex lower

(Fig. 8.3). They are more flexible, can pass around tighter
curves and conform to the vessel shape. They do not crimp as
well onto a balloon but the irregular outer surface anchors it to
the target lesion reducing the risk of stent migration. They
shorten less especially when expanded sequentially but lack
radial strength at large diameters. Restenosis may occur due to
neointimal hyperplasia through the larger open cells.

* Hybrid design: Some stents are designed with an association of
open and closed elements in order to keep together radial force,
flexibility and anchoring properties.

* Premouted stents: Open or closed cells are available in a range
of diameters and lengths and can be manufactured in custom
lengths and larger diameters. They are quick to prepare and can
be advanced safely without a long sheath as they adhere firmly
to the balloon catheter.

» Self-expanding stents: These are not used as often in congeni-
tal heart disease as they have a much lower radial force than
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Fig. 8.3 Premounted Visi-Pro stent implantation into a native common left
pulmonary vein stenosis after two previous cutting balloon dilations in a
15-month-old boy. Tight stenosis in (a) shown by pulmonary artery wedge
injection. Long sheath advanced over two guide wires into upper lobe branch
and stent uncovered guided by pulmonary artery wedge injection (b, ¢). After
stent implantation the inferior pulmonary vein is jailed (d) and the origin eas-
ily dilated with a coronary balloon (e) due to the open-cell design with open-
ing of the ostium (circle in f). CT angiogram 18 months later confirms patency
of upper and lower veins into the stent (g)
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Fig. 8.3 (continued)

balloon-expandable stents but conform well to the vessel
shape.

* Covered stents: Increasing role in native coarctation and pul-
monary conduits allowing full dilation with a reduced risk of
vessel damage compared to bare stents. More recently for clo-
sure of sinus venosus ASDs.
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e Coronary stents: A huge range is available for use in coronary
arteries as well as other lesions in neonates and infants.

* Growth and biodegradable stents: Metals or polymers that are
absorbed by the body or stents with weakened joints that allow
easy balloon disruption and a new larger stent to be implanted
have been tested but are yet to reach commercial release.

e Stent grafts: These are used for aneurysms and dissections of
the aorta and beyond the scope of this review.

8.4  StentImplantation

The basic principles of stent implantation are common to most
lesions (Table. 8.1). Meticulous attention to detail and a struc-
tured approach are critical to success without complications:

* Pre-procedure imaging: Echocardiography, MRI and CT scan-
ning allow the lesion (length, diameter, side branches, adjacent
vessel diameters, extrinsic structures (bronchus, coronary
artery), aneurysms) and access vessels to be evaluated which
when put into the clinical context ensure that:

— Appropriate stents, sheaths, guide wires, etc. are available.

— Vascular access is tailored to the lesion (jugular, brachial,
carotid, transhepatic, trans-septal, double access, hybrid).

— Angiographic planes are chosen to reduce contrast and radi-
ation during the procedure.

— Special measures arranged (transoesophageal echocardiog-
raphy for atrial septal stenting; radiofrequency perforation
for aortic atresia; bronchoscopy, coronary angiography,
coils and plugs for hepatic access; surgical standby or
ECMO for high-risk patients or lesions).

e Procedure

Most stenting procedures are performed under general
anaesthesia with strict aseptic technique.

e Access

This depends on the lesion, patient’s size and the available
vessels. Usually a direct course is preferred if possible. In very
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small children or when access is limited or the course is tortu-
ous, a carotid or iliac cutdown or hybrid approach may be
needed. For large-bore arterial access, a vascular preclosure
suture may be appropriate.
Angiography

Good quality images profiling the stenosis (ideally two
orthogonal planes) with measurements of the lesion and adja-
cent vasculature are essential for the final choice of stent size
and length and serve as a reference for stent placement.
Alternatively, three-dimensional rotational angiography
(3DRA) or fusion of computed tomography (Fig. 8.4) or mag-
netic resonance imaging may be used for guidance of stent
implantation [4]. This will be described in details in Chap. 61.
Predilation

Balloon dilatation of tight stenoses/subatretic is occasion-
ally needed to introduce the sheath and balloon/stent assembly.
Predilation to the planned stent diameter is generally avoided
except in special situations. If balloon inflation abolished the
stenosis, in distensible lesions, the stent might be insecure after
placement and be displaced on balloon withdrawal. In
potentially non-compliant lesions (branch pulmonary artery
stenosis), predilation testing is important as the stent may
obstruct or fracture (Figs. 8.5) if the lesion cannot be dilated;
initial high-pressure or cutting balloon dilation may allow sub-
sequent stenting. Balloon inflation can mimic the effects of the
stent on adjacent structures (coronary arteries during RVOT
stenting, left main bronchus after Norwood surgery (Fig. 8.6)).
Stent choice

Many factors influence the stent choice for a particular
patient and lesion—not least an operator’s experience and
preferences (Table 8.2). One important determinant is the cur-
rent and final size of the target vessel.
Guide wire and sheath placement

Different catheters and guide wires are used to cross the
lesion to as distal and stable a position as possible—the time
spent at this stage is essential to ensure a smooth procedure.
The guide wire to carry the stent balloon assembly is then
passed into position. The thickness is dictated by the lumen of
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Fig. 8.4 Coarctation of the aorta (CoA) stenting with fusion of computed
tomography. A raw computed tomography dataset was manually segmented
to expose the narrowing and highlight the nearby vessels (a). Stored fluoros-
copy in anterior-posterior and left lateral projections with vertebral bodies
(white stars) of the mid and lower thoracic spine served as a reference for
matching the 3D reconstruction with the fluoroscopy (b). A Cheatham Plati-
num stent was positioned with guidance of the 3D overlay (c). A three-
dimensional rotational angiography was preformed to evaluate the final
outcome (d). Images with permission from Géreczny S et al. 3D image fusion
for live guidance of stent implantation in aortic coarctation—magnetic reso-
nance imaging and computed tomography image overlay enhances interven-
tional technique. Postepy Kardiol Interwencyjnej. 2017;13:269-272

the balloon catheter that the stent is mounted on and is usually
as stiff as possible.

In most instances a long sheath is advanced across the lesion
(Figs. 8.1 and 8.3). It facilitates safe stent placement without
displacing the stent when negotiating a tortuous course, tight
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Fig. 8.5 Examples of complications after stent implantation. Proximal LPA
& RPA stenoses were previously treated with two stents Isthums and Valeo,
respectively (a, b). The stent (black star) in the LPA embolized distally sev-
eral months after the procedure. During implantation of a new stent (LD Max,
arrow) into the LPA, the previously implanted stent (white star) in the RPA
was compressed (white dashed circle). A guidewire placed electively across
the RPA stent allowed subsequent redilation of the proximal end. A frame in
antero-posterior projection from routine fluoroscopy of Melody valve (after
presenting with a Cheatham Platinum stent) shows several insignificant frac-
tures (white dashed rectangle) without fragmentation (c¢). An image in caudal
projection reveals compression of the right anterior wall of the valve and stent
(d). A Cheatham Platinum stent fracture (white dashed circle) late after re-
coarctation stenting in a patient after surgical treatment of interrupted aortic
arch (e, f). Due to stable position of the fractured struts and close proximity
of head vessels originating from the arch through a single trunk, the stent was
redilated without implantation of another stent. Left pulmonary artery Palmaz
Genesis stent facture in patient after Glenn shunt (g). Fractured parts of the
stent were reconnected with implantation of a Cheatham Platinum stent (h).
LPA left pulmonary artery, RPA right pulmonary artery
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Fig. 8.5 (continued)

bends and stenoses. It allows angiography for proper stent
positioning and pressure monitoring. After stent implantation
it allows safe balloon withdrawal and placement of a larger
balloon if needed and gives control in the event of complica-
tions. In small patients, advancing a long sheath over a stiff
wire can cause significant tricuspid regurgitation and hypoten-
sion. Positioning the tip of the sheath in the right atrium and
using the balloon/stent assembly as the sheath “dilator” during
advancement can shorten the period of haemodynamic com-
promise and avoid sheath kinking on dilator removal.
Hydrophilic and kink-resistant sheaths also facilitate the pro-
cedure. The alternative is to use a short sheath with a pre-
mounted stent (a less rigid system)—stent positioning relying
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Fig. 8.6 Stent implantation into left pulmonary artery after stage III Nor-
wood procedure in a 17-year-old boy (a). MRI scanning raised concerns of
proximity of both the left main bronchus and native aorta to the stenosed
segment confirmed on angiography in AP and lateral projections with the
guide wire in position (b, ¢). Trial balloon inflation to the stent diameter was
performed with simultaneous native aorta angiography and bronchoscopy
without compromising either structure (d, e). A Cheatham Platinum stent was
implanted (f, g)
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Fig. 8.6 (continued)

on previously acquired landmarks or a separate angiographic
catheter.
* Mounting

Unmounted stents are centred and manually crimped onto
the balloon. A stiff guide wire in the balloon prevents compro-
mise of the lumen. Gradually increasing manual force is used
symmetrically around the circumference and along the length
of the stent. Poor stent adherence can be overcome by applica-
tion of contrast to the balloon to act as temporary “glue”;
umbilical tape wrapped tightly around the stent enhances the
crimping; partial balloon inflation allows the stent to grip bet-
ter. It is important to match the length of the stent and the bal-
loon. Too short a balloon results in the ends not inflating—a
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risk for stent displacement when the balloon is withdrawn. If
too long a balloon is used, the distal end may “milk” back from
a small distal vessel causing deployment too proximally. The
balloon should therefore ideally be only a few mm longer than
the stent itself.
* Stent introduction
Premounted stents pass easily through the valve of the
sheaths. With hand-mounted and covered stents, the stent or
covering may be displaced off the balloon or stent if passed
directly through the valve. A plastic or metal introducer pro-
vided in the stent packet or a short section of another sheath
protects the stent during introduction through the valve. Before
deploying the stent, it is important to confirm that the stent has
not slipped off the balloon—else withdrawal and remounting
may be necessary.
e Stent positioning
At the target site, the long sheath is withdrawn leaving the
stent in place. Multiple contrast injections through the sheath
(or additional angiographic catheter) are used to fine-tune the
position (Fig. 8.1). Still frames with landmarks (bones, tra-
chea, temperature probe), image overlay and roadmapping can
be used to help in the final stent positioning. Reliance on these
alone may be compromised by distortion of the anatomy by the
stiff guide wire/stent balloon assembly. The whole balloon as
well as the stent must be uncovered or the proximal part of the
balloon may not inflate.
* Stent deployment
The balloon is inflated with an indeflator up to the recom-
mended pressure to avoid balloon rupture. The primary opera-
tor controls the stent balloon assembly and guide wire to
reposition the stent if it moves, e.g. if the balloon only inflates
proximally pushing the stent distally. The rate of inflation var-
ies—some operators prefer a slow inflation; others a rapid
inflation (that gives less scope for repositioning). A balloon-in-
balloon results in less stent shortening and an opportunity to
reposition the partially expanded stent before full inflation
(Fig. 8.1). Rapid ventricular pacing-induced hypotension helps
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to maintain the position of coarctation and transverse arch
stents.

After deployment the balloon is deflated and angiography
used to confirm the stent position. It is important to fully deflate
the balloon as withdrawal of a partially inflated balloon may
displace the stent. A long sheath can be advanced over the
deflated balloon and into the stent to reduce the risk of dis-
placement and allow repeat angiography and placement of a
larger/higher pressure balloon if necessary.

8.5 Complications

The larger sheaths and stiffer guide wires used may increase the
frequency and severity of complications associated with cardiac
catheterisation though they are in general low. Acute stent-related
complications can largely be prevented by meticulous attention to
detail. When they occur, however, it is vital to maintain guide
wire position for remedial action with the stent and vessel still
accessible.

* Stent malposition or migration
Minor malposition is dealt with by recapturing the stent
with the same / larger balloon and “repositioning” it. If this is
not possible, then an overlapping stent is placed to complete
treatment of the lesion. If the stent is free floating, recapturing
and repositioning may be possible if the stent is still on the
guide wire—an alternative is to deploy it in a “safe” position
that does not compromise other vessels or will not become ste-
notic with growth (IVC or descending aorta). If the stent can-
not be repositioned with other vascular tools (snares,
bioptomes, tip deflectors) and its position causes haemody-
namic compromise or is free floating, then surgery is required.
Withdrawal of a partially deployed stent to the access site may
allow a minor surgical cutdown to remove it.
* Stent embolization
In rare occasion a stent may embolize after initially suc-
cessful implantation. For free floating stent a similar approach
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as described for stent malposition and migration might be
used. If the stent is stable in a distal branch another stent might
be implanted proximally to cover the stenosis (Fig. 8.5). If
blood flow to the side branche(s) is compromised balloon dila-
tion of struts might be necessary.
Balloon rupture

Balloon rupture before the stent is fully expanded is dealt
with by rapid contrast injections either by hand or a power
injector. If this fails it may be possible to withdraw the balloon
from the stent (stabilising the stent with the long sheath or
snaring the stent from another access may help) and replace
with a new one.
Side-branch compromise

Uncovered stents only rarely obstruct a side branch to a
hemodynamically significant degree, though late endotheliali-
sation may further compromise flow. Compression of a side
branch that exits acutely close to the stenosis may also occur.
Open-cell stents can be opened into the side branch to improve
flow (Fig. 8.3), but if compression is a concern, then a second
guide wire +/— balloon into the side branch can help preserve
it during stent deployment. Covered stents over a major side
branch need perforating if there is insufficient collateral flow.
Vessel dissection and rupture

Minor dissections tend to heal. Excessive dilation of very
tight stenoses, dilation much above the diameter of the normal
adjacent vessel and sharp edges of some stents can lead to acute
dissection and even rupture. Management involves balloon tam-
ponade followed by covered stent implantation across the area.
If this is not possible, emergency surgery may be needed. While
it is tempting to implant oversized stents to eliminate or reduce
the need for further redilatation, significant overdilation that is
tolerated initially may lead to aneurysm formation.
Stent fracture

Stent fracture may occur immediately after implantation but
more frequently is detected weeks later. Fracture of a single or
a few struts usually has no clinical significance, whereas com-
plete fracture with stent separation leads to recurrence of the
stenosis. Very tight stenoses, sharply angled lesions, muscular
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structures and external compression (e.g. the sternum) all
increase the risk. Balloon inflation to redilate the stent is rarely
successful and risks the free-standing wires puncturing the
balloon. Usually a second stronger stent (+/— covered) is
implanted to bridge the gap and relieve the stenosis (Fig. 8.5).
Restenosis

Restenosis caused by the patient’s growth relative to the
fixed diameter of the stent is managed by stent redilation.
Neointimal proliferation to a degree that compromises the
lumen occurs infrequently and unpredictably. It too responds
to further dilation of the stent +/— addition of a further stent
inside the first (bare or covered). Dilatation beyond the manu-
facturer’s maximum has been described with many stents
although each has a limit and may cause a fixed stenosis after
growth. Surgical removal or incision and patching the lesion
may be needed unless an ultra-high-pressure balloon is able to
disrupt the stent—simultaneously deploying a new larger (cov-
ered) stent inside the first.
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Transcatheter valve implantation has revolutionized therapy for
cardiac valve disease, particularly dysfunction of the aortic and
pulmonary valves, and for failure of surgical bioprostheses in all
valve positions. There is ongoing development of new devices and
transcatheter therapies for atrioventricular valve dysfunction and
to meet currently unserved indications for aortic and pulmonary
valve disease. In patients with congenital heart disease, transcath-
eter valve devices have been used primarily for pulmonary out-
flow obstruction or regurgitation, secondarily for replacement of
dysfunctional tricuspid valve prostheses, and occasionally for
left-sided or native tricuspid valve disease. The purpose of this
chapter is to provide an overview of transcatheter valve devices
used to treat patients with congenital heart disease, as well as con-

D. B. McElhinney (D<)

Departments of Cardiothoracic Surgery and Pediatrics (Cardiology),
Stanford University School of Medicine, Lucile Packard Children’s
Hospital, Stanford, CA, USA

© Springer Nature Switzerland AG 2021 125
G. Butera et al. (eds.), Cardiac Catheterization for Congenital Heart
Disease, https://doi.org/10.1007/978-3-030-69856-0_9


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-69856-0_9&domain=pdf
https://doi.org/10.1007/978-3-030-69856-0_9

126 D. B. McElhinney

genital heart disease-focused valve devices undergoing clinical
trials.

9.1 Balloon-Expandable Valves

The first approved devices for transcatheter pulmonary valve
replacement are balloon-expandable prostheses consisting of a
valve mounted within a balloon-expandable stent frame. The pri-
mary application of balloon-expandable valves is treatment of
stenotic and/or regurgitant surgical conduits or bioprosthetic
valves [1-7], although the availability of larger balloon-
expandable valves has led to more frequent placement within
patched or native right ventricular outflow tract anatomies [8—10].

9.1.1 Medtronic Melody Valve

The Melody valve (Medtronic Inc., Minneapolis, MN) comprises
a valved segment of bovine jugular vein mounted within a
platinum-iridium balloon-expandable stent, and was developed
specifically for treatment of dysfunctional right ventricle-to-
pulmonary artery conduits (transcatheter pulmonary valve
replacement) (Fig. 9.1). The entire length of the stent is covered
by the walls of the jugular vein segment, which is sewn to the
stent along both ends and at each node. The Melody valve is pro-
duced in 2 sizes, which utilize the same stent frame but contain
different sized jugular vein valves. The original valve (PB1810) is
prepared at 18 mm inner diameter and recommended for expan-
sion on 18, 20, or 22 mm balloons, and the PB1610 has a working
range that is 2 mm smaller. However, the Melody valve has been
shown to maintain competence at much smaller diameters, and up
to expanded diameters of 24-25 mm. The platinum-iridium stent
frame is essentially identical to the CP stent (NuMed Inc). There
is extensive clinical literature on outcomes after Melody valve
implant [1-5, 8].
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Fig.9.1 Photographs of the Melody valve viewed from the outflow (left) and
inflow (right) perspectives

9.1.2 Edwards Sapien XT and Sapien 3 Valves

The Sapien XT and Sapien 3 transcatheter heart valves (Edwards
Lifesciences, Irvine, CA) are second- and third-generation itera-
tions of the original Cribier valve and the first-generation Sapien
valve, which were developed primarily for transcatheter aortic
valve replacement (Fig. 9.2). Both of these valves comprise a
trileaflet bovine pericardial valve that is mounted within a balloon-
expandable cobalt-chromium stent frame. The stent is only par-
tially covered, by a polyethylene terephthalate (PET) fabric skirt,
which is sewn to the frame and to which the leaflets are sewn
separately. The major structural differences between the Sapien
XT and Sapien 3 are a cuff at the base of the device to help reduce
paravalvar regurgitation in the aortic position, and a greater over-
all device height. The geometry of the stent frame is also different,
but the material (cobalt-chromium) and structural characteristics
are similar. The clinical literature on transcatheter pulmonary
valve replacement with the Sapien valve is limited but growing
[6,7,9,10].
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Fig.9.2 Photographs of
the Sapien XT (top) and
Sapien 3 (bottom)
valves, with leaflets in
the open position

9.2  Self-Expanding Valve Replacement
Devices

9.2.1 Medtronic Harmony Valve

The Harmony valve (Medtronic Inc., Minneapolis, MN), which is
currently available in 2 different sizes, comprises a self-expanding
nitinol stent frame, with 6 independent zigs, and an internal fabric
covering that is sutured to the frame along the length of each zig.
The ends of the device are flared to secure it within the right ven-
tricular outflow tract, and the smaller central portion houses a
trileaflet porcine pericardial tissue valve. The image below depicts
the smaller of 2 Harmony valve sizes, which has a 22 mm valve,
measures 34 mm fully expanded at the outflow end, 42 mm at the
inflow end, and in its unconstrained form is approximately 55 mm
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long. The Harmony valve received premarket approval from the
U.S. Food and Drug administration in March 2021, and although
there is limited clinical experience, the preliminary results are
generally encouraging [11, 12] (Fig. 9.3).

Fig. 9.3 Photographs of the Harmony valve: (Top) the 22 mm size device,
viewed from the side (left) and from the inflow (right) aspects; (Bottom) the
25 mm device, viewed from the side
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9.2.2 Edwards Alterra Adaptive Prestent

The Alterra adaptive prestent (Edwards Lifesciences, Irvine, CA)
is unique among the devices described in this chapter, insofar as it
comprises a docking station only, which is designed as a landing
zone for the previously discussed Sapien 3 valve. The concept of
the “adaptive present” derives from the prototypical infundibular
reducer devices described by Boudjemline et al. in 2004 [13]. The
Alterra prestent is composed of a 48-mm-long laser-cut nitinol
frame covered internally with polymer fabric that is sutured to the
frame. The central portion of the frame is designed as the landing
zone for the 29 mm Sapien 3 valve, and the outflow and inflow
segments are symmetrically flared to a larger diameter (47 mm).
The distal cell is uncovered, and the tips of the distal-most and
proximal-most rows of the device bend outward to protrude into
the wall of the RVOT and PA. Early results in the 15 patients were
encouraging [14] (Fig. 9.4).

N\ ' X ) AW {
NN s
- - i .‘ -‘-‘1‘\ D
H E ) L e \} NP
< p;
< <<
) / N
A Y N ——
{ ;’* \ ':i N 1? ’;\\ . J \
\/ pa f‘_-"/= . ‘ b‘ 5
/ v N\ ViIN
I 1 A § v -

Fig.9.4 Photographs of the Alterra prestent from the side (left), and from the
outflow perspective with a Sapien valve implanted (right)
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9.2.3 Venus P Valve

The Venus P Valve (Venus Medtech, Shanghai, China) comprises
a laser-cut self-expanding nitinol frame that is covered internally
with porcine pericardial tissue and houses a trileaflet porcine peri-
cardial valve. The valve-containing central portion is either 20 or
30 mm in length, and ranges in diameter from 20 to 32 mm in
2 mm increments. The frame is secured within the right ventricu-
lar outflow tract by flared proximal and distal segments, which
7 mm and 10 mm wider than the central portion, respectively, and
each 10-14 mm in length. Radiopaque markers indicate the distal
extent of covering and the level of the valve. The device is manu-
factured in a variety of diameters) and lengths (20 and 30 mm
straight sections lengths. Several multicenter studies on the Venus
valve have been published [15-18] (Fig. 9.5).

Fig.9.5 Photograph of
the Venus P valve from
the side perspective
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9.2.4 Taewong Pulsta Valve

The Pulsta Valve (TaeWoong Medical Co, Gyeonggi-do, South
Korea) is comprised of a treated porcine pericardial valve that is
mounted within a self-expanding frame of knitted double-stranded
nitinol wire that is partially covered internally by porcine pericar-
dium. The valve ranges in diameter from 18 to 28 mm and is
hand-sewn to the central portion of the nitinol frame, which has
uncovered sections in the inflow and outflow that flare to diame-
ters 4 mm larger than the valve. The length varies in accordance
with diameter, from 28 to 38 mm. The first human implant of the
Pulsta valve was reported in 2017 [19], and procedural and
6-month follow-up results were reported for a 10-patient feasibil-
ity trial in 2018 [20] (Fig. 9.6).

9.2.5 Med-Zenith PT-Valve

The Med-Zenith PT-Valve (Beijing Med-Zenith, Beijing, China)
is comprised of a porcine pericardial valve that is mounted within
a self-expanding nitinol frame that is covered internally by por-
cine pericardium (Fig. 9.7). The frame has a cylindrical central
segment that supports the valve, with symmetric outward flaring
of the inflow and outflow portions. The valve diameter is manu-
factured in three sizes (20, 23, and 26 mm) and the size of the
frame ranges in largest diameter from 28—44 mm and in length
from 38-54 mm. The initial human experience with the PT-Valve
was reported in 2019, with successful implantation in 4 patients
with severe PR [21].
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Fig. 9.6 Photographs of the Pulsta valve viewed from the side (left) and
showing the valve leaflets from the outflow end (right)

Fig. 9.7 Photographs depicting the PT-valve from the side (left) and show-
ing the valve from the outflow end (right)
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Aphrodite Tzifa and Charalambos Kavvouras

10.1 Equipment
10.1.1 Cardiac Catheters

Appropriate catheter selection is an important decision, since the
best choice of guide catheters makes the procedure simpler with-
out exposing the patient to any unnecessary risks or unnecessary
screening time. The operator should have good knowledge of the
different types of catheters available and should know which one
to use and when.

Catheter lengths used are 80 to 110 cm depending on the ana-
tomic characteristics and the access site. Catheter selection
depends on the approach (radial or femoral), the height of the
patient, and the aortic diameter and curvature. Guide catheters are
available in diameter sizes from 5 to 8 F with each F being equiv-
alent to 0.33 mm with inner lumen diameters (ILD) between
0.056 and 0.091 in.
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An operator has a big variety of catheters to choose from, such
as the Multipurpose, NIH, Judkins coronary catheters, the
Amplatz, Pigtail, Cobra catheters, etc. During the early years of
interventional cardiology, catheters were large, stiffer and diffi-
cult to handle with higher rates of catheter-associated complica-
tions. As technology evolved catheters became thinner with lower
profile and today small sized guide catheters can be used, even for
the most complex interventions in pediatrics, without risk. The
shape of the catheter chosen depends on the target lesion for
which intervention is being planned, taking into consideration ori-
gin characteristics, such as acute takeoff and its distal course.

Right heart catheterization is often performed with a wedge
(arrow) catheter. In order to cross the tricuspid valve, it is sug-
gested that the balloon tip is inflated to avoid going through chor-
dae of the tricuspid valve subvalvar apparatus, which may result
in chordal rupture when the catheter is exchanged for a long
sheath over a wire. In patients with severe pulmonary hyperten-
sion due to severe dilation of the right heart chambers or due to
severe tricuspid valve regurgitation, advancing the Swan—Ganz
catheter to the pulmonary artery and PA wedge position may be
challenging, hence a Berman Catheter can be used instead. The
Berman catheter does not have an end-hole and cannot be used
over a guide wire, however a wire can be placed inside the cathe-
ter to shape it and support it when entering the desired location.
Besides the above-mentioned catheters, special shape catheters
used in adult interventional radiology or cardiology, such as the
RIM catheter, the LIMA catheter, etc. are also occasionally used
in pediatrics, in order to reach vessels with acute angulations, ori-
gin and course.

Guide catheters of 5-9 Fr, routinely used for coronary inter-
ventions in adults, can be utilized in the congenital lab to deliver
ductal devices and vascular plugs for embolization of anomalous
vessels (arterial ducts, aortopulmonary collaterals, coronary
artery fistulas, etc.) and for closure of paravalvular leaks. Guide
catheters can also be used for delivery of small diameter stents or
coronary stents for branch pulmonary artery stenting, arterial duct
stent implantation, RVOT stenting, etc.



10 “Adult” Tools Relevant for Congenital Heart Disease 139
10.1.2 Coronary Wires

Coronary wires of 0.014” are frequently used in congenital inter-
ventions across all age groups but are particularly helpful in facil-
itating neonatal and infantile procedures, as indicated below.

Indications for coronary guidewire use:

(a) Crossing the aortic or the pulmonary valve for balloon dila-
tion in neonatal and infantile aortic and pulmonary stenosis.

(b) Crossing and stenting of a patent ductus arteriosus (PDA).

(c) Palliative stenting of aortic coarctation or transverse arch in
neonates and infants, when surgery is contraindicated.

(d) Stenting of severely stenosed branch pulmonary arteries or
recanalization of occluded pulmonary arteries.

(e) Perforation of an atretic pulmonary valve: When an RF perfo-
ration system is not available, the stiff end of a coronary
guidewire has been employed to perforate the valve with care.
In these cases, the back end of a BMW universal guide wire
(Abbot) or one of the stiffer coronary wires, used for total
chronic coronary occlusions, such as the Conquest Pro wire
(Asahi Intecc Co. Ltd. 3—100 Akatsuki-cho, Seto, Aichi 489—
0071, Japan) have been tried successfully.

(f) Recanalization of severely stenosed or chronically occluded
small vessels, such as femoral vessels.

10.1.2.1 Types of Coronary Guidewires

The most commonly used coronary guidewires in pediatrics are
the Luge guidewire (Abbott), the Choice PT Extra Support
(Boston Scientific, USA), the BMW universal guidewire (Abbott)
and the Conquest Pro wire (Asahi Intecc Co. Ltd., Japan). It is
also worth mentioning the Safesept wire, commonly used for
transseptal punctures in adults. Its use can be expanded to
Pediatrics, in order to perforate the septum in small children, but
it has also been used to perforate atretic pulmonary valves when
an RF perforation system is not available. Once it has gone
through the os created, its distal tip curls up to form a *“j,” thereby
preventing cardiac or vascular trauma.
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10.1.3 Coronary Balloons

Coronary balloons have been routinely used over the past few
decades for congenital cardiac interventions. They are available in
diameters of 2-5 mm. Over-the-wire balloons are more prefera-
ble, as they have better torquability and pushability. However,
monorail balloons are also used, when the over-the-wire options
are not available.

Of late, drug-eluting balloons have also been added in the
Pediatric Cardiologists’ armamentum for lesions that commonly
develop intimal proliferation, such as the pulmonary veins, in
cases of idiopathic pulmonary venous stenosis or in patients with
Williams syndrome, whose vessels present significant intimal
thickening and proliferation.

Indications for use of coronary balloons in congenital heart

disease:

¢ Fetal cardiac interventions: balloon dilation of fetal valves or
atrial septum.

e Pre-dilation of nearly atretic vessels, such as branch pulmo-
nary arteries or nearly atretic isthmus, prior to further, larger
size ballooning and stenting (Fig. 10.1).

e Pre-dilation of atretic or nearly atretic valves. When the pas-
sage through the valve is a pinhole, pre-dilation using a
coronary balloon (diameter 2.5-3 mm; length 15-20 mm) may
be needed.

» Balloon dilation of stenosed femoral vessels.

* Balloon dilation of Blalock—Taussig shunts.

¢ Balloon dilation of PDA.

» Balloon dilation of neonatal SVC/carotids/MAPCAs.

» Dilation of stent struts to create an orifice for a branch pulmo-
nary artery.

10.1.3.1 Types of Coronary Balloons

Coronary balloons include standard balloons and non-compliant
balloons (NC) that can reach higher atmospheres without burst-
ing. Different types of coronary balloons most frequently used in
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Fig. 10.1 PA/IVS neonate: Pulmonary valve perforation and initial dilation
with coronary balloon 2.5 mm up to final size § mm

congenital heart disease include, but are not limited, to the follow-
ing. Their characteristics are given in Table 10.1.

* Apex balloon (Boston Scientific). They are available in a wide
array of diameters from 1.5 mm to 5.0 mm and lengths ranging
from 8 mm to 40 mm. The OptiLEAP balloon material pro-
vides sizing flexibility. All sizes are available in Monorail and
Over-the-Wire Catheter platforms. Boston Scientific state that
the APEX Balloon Catheter is 35% more pushable than the
MAVERICK™ Balloon Catheter.

¢ Maverick balloons (Boston Scientific). The Maverick Over-
The-Wire Balloon Catheter has excellent crossability, flexible
TrakTip Design for navigating through tight lesions and tortu-
ous anatomy. The Maverick XL Monorail Balloon Catheter is
available in wider (up to 6.0 mm diameters). In specific, the
Maverick XL balloon diameters include: 4.0, 4.5, 5.0, 5.5, and
6.0 mm.
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¢ NC Quantum Apex catheter (Boston Scientific). The com-
pany state that this is the best balloon in this category with
27% better distal end flex, 26% improved tip flexibility, 23%
less tip catch and 23% improvement in recross, excellent vis-
ibility via platinum iridium marker bands. Rated burst pres-
sure is 20 ATM (18 ATM RBP for 4.5 mm and 5.0 mm
diameters). They are available in Monorail™ or Over-the-
Wire Designs.

¢ NC Trek (Abbott). Available from 2 mm to 5.0 mm balloon
sizes. Indicated for balloon dilatation of the stenotic portion of
a coronary-artery or bypass graft stenosis or coronary-artery
occlusion and also for balloon dilatation of a stent after implan-
tation. In Pediatrics it can be used to dilate tight small lesions,
shunts and also implanted coronary stents in non-coronary
lesions. Abbott have tested post-deployment stent expansion
with the MULTI-LINK VISION and MULTI-LINK ULTRA
stents.

e NC Euphora (Medtronic) noncompliant balloons. They are
available in up to 5 mm in diameter. They have been bench
tested vs. NC Trek and NC Quantum Apex balloons. They have
high RBP up to 20 atm, excellent recross in difficult cases and
can be re-inflated up to 20 times to RBP without bursting. They
are very useful in dilating postoperative scar lesions in the pul-
monary arteries.

e NC Sprinter (Medtronic). Available in sizes 2.00-5.00 mm
and lengths: 6, 9, 12, 15, 21, 27 mm. Nominal pressure is
10 Atm and rated burst pressure 18 Atm.

 Cutting balloons (Boston Scientific Cutting Balloon®, Boston
Scientific, MA, USA). They are used to dilate pressure-
resistant stenosis in pulmonary arteries and veins, by creating
four controlled tears in thickened intima and media, as well as
relieve in-stent stenosis when severe intimal proliferation has
developed. They come in diameters of 2-8 mm and have a
burst pressure of 8 Atm. Care should be taken to deliver and
withdraw them in a long sheath, Slow inflation allows for the
wings to expand evenly exposing the blades. Deflation should
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also be slow in order to refold the wings adequately and cover
the blades before withdrawal into the sheath. This will ensure
avoidance of peel off and detachment of a blade.

10.1.4 Coronary Stents

Coronary stents have been used in pediatric interventional cardi-
ology for the past few decades. Initially they were utilized to per-
form ductal stenting. They now have a wide range of applications,
mostly in the neonatal and pediatric population. Published studies
have shown excellent medium and long-term results in maintain-
ing vascular patency and deferring surgical procedures in high-
risk patients.

Indications for implantation of coronary stents in congenital

heart disease:

* Hybrid procedures—PDA stent implantation (Fig. 10.2).

* Ductal stenting for duct-dependent pulmonary or systemic cir-
culation (Fig. 10.3).

» Stent implantation of Blalock—Taussig shunts, either for shunt
recanalization (Fig. 10.4) or shunt size upgrade.

» Stent implantation of stenosed MAPCAs.

» Stent implantation for stenosed pulmonary veins.

e RVOT stent (in pulmonary atresia after valve perforation or in
severely cyanotic Tetralogy of Fallot as an alternative to
Blalock—-Taussig shunt).

 Palliative procedures of stent implantation in the neonatal arch
(Fig. 10.5) or branch pulmonary arteries in inoperable or high-
risk cases (Fig. 10.6).

» Stenting of the atrial septum. Coronary stents may be used to
ensure a patent interatrial communication in patients with
HLHS, either during fetal or neonatal life. In addition, in neo-
nates placed on ECMO, atrial septal stenting with coronary
stents up to 5 mm may be performed, although larger diameter
stents are most commonly used to stent the atrial septum post-
natally.
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Fig. 10.2 Hybrid procedure for HLHS. PDA stent implantation

Fig. 10.3 10-day-old symptomatic neonate with non-confluent branch pul-
monary arteries and RPA from a restricted right sided duct: Ductal opening
with implantation of 2 overlapping coronary stents of 3.5 mm in diameter
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Fig. 10.4 6-month-old with blocked BT shunt: Emergency recanalization
with 2 overlapping coronary stents of 4 mm in diameter

10.1.4.1 Types of Coronary Stents Most Frequently
Used in Congenital Heart Disease

Coronary stents come in diameters of 2.25-5 mm and varying

lengths. The most commonly used stents in pediatric cardiac

interventions are given below and also in Table 10.2:

¢ VeriFLEX TM bare metal stent (ex-Liberte Bare metal stent,
Boston Scientific). It is a stainless steel stent premounted on an
Over-The-Wire or Monorail Balloon Catheter. It has two radi-
opaque markers which aid in the accurate placement of the
stent and is available in diameters of 2.75 to 5.0 mm. It has
been very frequently used in PDA stenting as a single stent or
>1 overlapping stents.

* Rebel bare metal stent (Boston Scientific). It is a platinum
chromium stent, available in diameters of 2.25 to 4.5 mm.

» Integrity stent (Medtronic Co). It is a cobalt-chromium stent,
available in diameters of 2.25 to 4.0 mm and varying lengths.
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Fig. 10.5 18-month-old Williams patient with multiple recurrencies of aor-
tic recoarctation: Implantation of a drug-eluting Resolute onyx stent of 5 mm
diameter

¢ Vision (Abbott). Cobalt-chromium stent, available in diame-
ters of 2.75 to 5.0 mm and varying lengths.

* PTFE covered stents of small diameters: The most frequently
used stent in this group is the GRAFTMASTER® (previously
JoGraft; Jomed, and now GRAFTMASTER; Abbott Vascular,
Santa Clara, CA, USA), which is constructed using a sandwich
technique, whereby a layer of ePTFE is placed between two
316 L stainless steel stents. A similar technology is applied in
the Direct-Stent® (InSitu Technologies Inc., St. Paul, MN,
USA), while the BeGraft coronary stent graft system (Bentley
Innomed GmbH, Hechingen, Germany) combines a single
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Fig. 10.6 1-year-old with severe failure to thrive, disconnected branch pul-
monary arteries with RPA from Rt sided duct with distal severe stenosis and
desaturation of 50%: Implantation of 2 overlapping coronary stents of 4.5 mm
in diameter within the duct and origin of right pulmonary artery

layer cobalt-chromium stent platform with an ePTFE mem-
brane clamped at the stent ends.

* Drug-eluting stents (i.e., Resolute Onyx stent, Medtronic) for
use in the pulmonary veins for idiopathic pulmonary vein ste-
nosis and also aortas of small syndromic patients, such as in
Williams syndrome.

In addition, it should be mentioned that growth and biodegrad-
able stents (metals or polymers that are absorbed by the body or
stents with weakened joints that allow easy balloon disruption and
a new larger stent to be implanted) have been tested but are yet to
reach commercial release.

10.1.5 Delivery Sheaths

* The Agilis NxT introducer (Abbott) is designed to replace a
fixed curve introducer. It helps reaching difficult areas of the
heart, by providing a stable platform for improved catheter
manipulation and contact. The introducer’s steerable sheath tip
can be adjusted to aid various anatomic approaches with just
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one introducer. The steerable sheath is offering outstanding
agility, stability and versatility. The atraumatic tip reduces the
likelihood for injury during transseptal punctures. Its inner
lumen is 8.5 Fr, hence it can accommodate telescopic passage
of another long sheath of 6 Fr and below, or passage of a wide
variety of catheters. The Agilis sheath is commonly used for
closure of mitral valve paravalvular leaks (particularly helpful
in septal/ medial location of PVLs) or other mitral valve
interventions, such as balloon dilation of stenotic rheumatic
mitral valves, as well as in electrophysiology procedures.

¢ The GORE Dry Seal sheath (Gore) combines enhanced
flexibility, kink resistance, and a hydrophilic coating, facil-
itating access to challenging anatomies and branch vessels,
such as through the common iliac arteries, and into tortu-
ous anatomies, such as the RVOT and the branch pulmo-
nary arteries. It is available in 12 to 26 Fr diameters, in 1Fr
increments, and has a working length of 28 cm. The Gore Dry
Seal sheath adapts to a large number of different devices and is
pressurized to create a seal, hence no manipulation is required
to maintain hemostasis, decreasing procedural blood loss and
reducing the potential need for transfusion. It is frequently
used for delivery of transcatheter valves into the right heart, as
well as complex branch pulmonary artery stenting procedures.

e The Medtronic Flexcath Advance steerable sheath is a uni-
directional, deflectable sheath used to help position mostly
ablation catheters. It offers 135 degrees of deflection and it
may facilitate better access to inferior pulmonary veins. It is
fitted with a valve to allow for introduction, withdrawal, and
exchanging of catheters and wires.

¢ The DIREX™ Steerable Sheath (Boston Scientific) is a low
profile, bidirectional steerable sheath that provides agility and
stability through excellent catheter access and support.
Bidirectional steering allows dual deflection for maximum
maneuverability. The steerable sheath facilitates access to
hard-to-reach sites. Its braided shaft provides exceptional
torqueability, pushability, and kink resistance. It is compatible
with guidewires up to 0.038”/0.97 mm. It facilitates passage of
a wide variety of catheters.
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10.2 Transcatheter Imaging Tools
10.2.1 Fractional Flow Reserve

Fractional flow reserve (FFR) utilizes a specialized guide wire to
measure blood pressure within a coronary artery. Large random-
ized studies have shown that FFR is superior to angiographic
assessment for the detection of hemodynamically important
coronary-artery stenoses and that use of FFR to guide coronary
revascularization improves clinical outcomes. The instantaneous
wave-free ratio (iFR) is a recently developed physiological index
used to assess the severity of stenosis. The iFR is calculated by
measuring the resting pressure gradient across a coronary lesion
during diastole when microvascular resistance is low and stable.
The benefit of iFR includes the ability to obtain an instantaneous
lesion assessment without the need to administer a hyperemic
agent, such as adenosine.

According to the American College of Cardiology (ACC)
guidelines on coronary revascularization, FFR is reasonable for
the assessment of angiographic intermediate coronary lesions
(50-70% diameter stenosis) and can be useful for guiding revas-
cularization decisions in patients with CAD (Class Ila, Level A).
A recent consensus document on the use of FFR has suggested to
expand its use in coronary stenoses up to 90%, given that up to
20% of lesions between 70 and 90% stenosis are not hemody-
namically significant if FFR demonstrates the absence of hemo-
dynamic relevance, the risk of future events associated with a
stenosis is low, and cannot be further reduced by PCI with mod-
ern stents.

This micromanometer pressure wire can also be used as an
alternative device for rapid and safe determinations of pulmonary
artery pressures in children e.g., with aortopulmonary artery
shunts, thus avoiding the passage of a catheter through a small
shunt. In addition, FFR is occasionally a useful tool for assess-
ment of the functional severity of coronary fistulas.
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10.2.2 Intracardiac Echocardiography

Intracardiac echocardiography (ICE) allows for real-time assess-
ment of cardiac anatomy during interventional procedures and
guides catheter manipulation in relation to the different anatomic
structures. In contrast to transesophageal echocardiography
(TEE), ICE can be performed by the primary operator under con-
scious sedation, without the need for endotracheal intubation. It
also reduces fluoroscopy exposure to both the patient and the
operator by shortening the procedure time and facilitates early
recognition of complications such as thrombus formation or peri-
cardial effusion.

In the current era, two different ICE technologies exist, namely
the radial or rotational ICE which uses a single piezoelectric crys-
tal mounted at the tip of a 6- to 10-French catheter. A rotating
transducer provides cross-sectional images in a 360-degree radial
plane perpendicular to the long axis of the catheter. Rotational
ICE operates at imaging frequencies of 9 to 12 MHz, which is
useful for near-field imaging of up to 6 to 8 cm but limited for far-
field imaging. The phased-array ICE consists of a 64-element
transducer mounted on the distal end of an 8- or 10-French steer-
able catheter that can be deflected in 4 directions (anterior, poste-
rior, right, and left). This catheter produces a wedge-shaped image
that is displayed on a conventional ultrasound workstation.
Phased-array ICE has several advantages over the mechanical
rotational systems, including greater depth of penetration (up to
15 cm), greater maneuverability, and the ability to acquire Doppler
and color flow imaging. Because of these advantages, phased-
array ICE is preferred in the majority of interventional cardiology
procedures, and the remainder of this article will focus exclu-
sively on this ICE modality.

ICE provides comprehensive assessment of the atrial septal
defects and the surrounding tissue rims. It can therefore be uti-
lized for various interventional procedures such as ASD or PFO
closure, VSD device closure, mitral valvuloplasty, and many elec-
trophysiological procedures, such as transseptal puncture.
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Insertion and withdrawal of the phased-array ICE probe will
result in imaging more superiorly and inferiorly. Axial rotation
allows for sweeping of the image through multiple planes. Three-
dimensional ICE has recently become commercially available but
limited data exist regarding the role of 3D ICE in percutaneous
transcatheter procedures at present. The use of 3D ICE offers the
potential to provide greater anatomic information during struc-
tural interventions but requires additional investigation to fully
define its role.
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11.1 Hemodynamic Assessment

Hemodynamics, a word derived from the Greek meaning blood
power, is the study of the physical properties of the circulation of
blood, including cardiac function and peripheral vascular physiol-
ogy and the physical laws that control blood flow. These elements
can be monitored in the catheterization laboratory and provide
insights into cardiac performance in healthy individuals and
insight to cardiac performance in patients with congenital or
acquired heart disease. Invasive measurements during cardiac
catheterization can document systemic and pulmonary arterial
pressures, vascular resistances, and cardiac output. Such informa-
tion can be used to guide clinical decision making and define the
treatment strategies for patient care.
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11.2 Pressure Evaluation and Waveforms
(Table 11.1)

The graphical representations of pressure waveforms play an
important role in understanding the hemodynamic assessment.
Accurate acquisition and interpretation allows diagnosis of car-
diac function (or dysfunction) based on the interrelated events
within the cardiac cycle, while inaccurate measurements can lead
to misinterpretation and potential harm.

Pressure changes within the cardiac chambers and vessels are
generally recorded through membrane transducers transforming
the pressure signal to an electrical signal, which is filtered, ampli-
fied, and displayed as a change in pressure over time. The trans-
ducer may be located at the tip of a catheter, as a high-fidelity
pressure sensor that provides high-fidelity representations of the
pressure changes. A major disadvantage of such systems is cost
and difficulty in multiple reuses, limiting their application to
research. More commonly the pressure transducer is outside of
the body, and the pressure waveform is transmitted from the intra-
vascular catheter to the transducer through a column of fluid.

Table 11.1 Tips for accurate pressure evaluation

Step 1

Check setup (transducer leveling, zeroing, and calibration)

Select appropriate fluid-filled catheter (short, large bore, stiff, with side
holes, or end hole)

Assure there are tight connections between catheter(s) and transducer(s),
avoid fluid leakage

Remove all air bubbles in the circuit

Step 2

Perform assessment of wave configuration with close correlation to the
ECG

Check for artifacts that can distort waveform tracing (e.g., over- or
under-damping)

Check an arterial blood gas to confirm normocapnia and rule out
respiratory pathology

Measure at end expiration

Obtain pressure waveform data before injecting contrast
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Common to all catheter-based hemodynamic acquisitions and
critical for data accuracy is the transducer pressure setup, which
requires special attention to check that transducers are leveled,
zeroed, and calibrated. For transducers that are fixed to the table,
the mounting should be at the phlebostatic axis which is located at
the fourth intercostal space and 1/2 the anterior-posterior diameter
of the chest, the midaxillary line, which approximates the location
of the right atrium. The next step is zeroing the transducer which
refers to the establishment of a reference point for subsequent
pressure measurements. The stopcock to the transducer mem-
brane is opened to air (atmospheric pressure) and electronically
the signal set as zero by the hemodynamic system. Calibration of
the system is performed by the physiological recorder to set the
appropriate scale factor. Once this is complete, the transducer is
ready to display accurate pressure measurements. If the trans-
ducer is placed above the true zero position, pressure measure-
ments will be lower than the actual pressure and the opposite is
true if placed below the true zero position. As such, it is important
to pay close attention to this portion of the procedure, as small
pressure changes may lead to errors in diagnosis and perhaps
inappropriate therapies. Some transducer configurations are not
fixed to the table and incorporated into a manifold which connects
the catheter to the transducer and fluid flushes. In this case, the
manifold can be placed anywhere on the table, but the transducer
zeroed to the midaxillary line with a fluid-filled tube. When
obtaining measurements in this configuration, the manifold must
be placed at the same location as when zeroed. The pressure sig-
nal may suffer distortions as pressure wave oscillates through the
fluid-filled system. In this regard, the fidelity of the pressure sig-
nal depends on the physical characteristics of the measuring sys-
tem, i.e., the length of the tubing to transducer, the compliance
characteristics of the catheter (tubing) wall, the size of the cathe-
ter lumen, and the viscosity of the fluid within the catheter. If the
oscillations are muffled and far apart, the system is referred to as
over-damped. This will underestimate systolic pressures and
overestimate diastolic pressures. An example may be seen when
catheters are kinked or in the case of a loose connection between
within the lines. An under-damped system occurs when the
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oscillations are too pronounced, the pressures are magnified, and
systolic pressures are overestimated and diastolic pressures under-
estimated. As such these effects can be modified to some extent
by changing the viscosity of the fluid, for example, mixing con-
trast or blood within the catheter. Air bubbles may also be inad-
vertently introduced anywhere from the tip of the catheter to the
transducer membrane. Any amount of air results in damping, by
lowering the natural frequency of the measuring system and
allows high-frequency components of the signal to oscillate, pro-
ducing pressure wave form overshoots (commonly seen at the
systolic and diastolic inflection of a ventricular trace). Flushing
the measurement system restores its natural frequency response
and the fidelity of the signal.

11.3 The Pressures
11.3.1 The Right Atrium

Normal right atrial (RA) pressure is 2-8 mmHg. It is determined
by atrial and ventricular compliance, atrioventricular valve func-
tion, and central venous pressure (CVP). The latter can be influ-
enced by several dynamic factors such as cardiac output,
respiratory activity, skeletal muscle contraction, sympathetic
venous tone, and hydrostatic forces, components which can mod-
ify the pressure in the RA.

When the tip of the catheter is placed on the right atrium, the
resulting waveform has two major positive waves (a and v) and
two negative descents (x and y) (Fig. 11.1). The a wave is gener-
ated from the pressure rise following atrial contraction and occurs
following the P wave on the ECG by approximately 80 ms and
normally is the dominant wave. As such, an a wave is absent in
patients with atrial fibrillation. Increased a waves can occur in
restricted atrial emptying into the ventricle such as atrioventricu-
lar valve stenosis or noncompliant ventricular chambers.
Following atrial contraction, pressure decline is represented by
the x descent, due to atrial relaxation and the downward motion of
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Fig. 11.1 Upper panel: venous pressure tracing from the right atrium denot-
ing timing of the various wave components. The a wave is generated from the
pressure rise following atrial contraction and occurs following the P wave on
the ECG. The positive deflection following the nadir of the x descent is the v
wave and is generated by passive venous filling of the atrium while the tricus-
pid valve is closed. Lower panel: the ECG

the atrioventricular junction during the early phase of ventricular
systole. Occasionally, a third wave (c wave) may be observed as a
small positive deflection during early ventricular systole when the
atrioventricular valve is closed and bulges into the right atrium. If
present, the ¢ wave interrupts the x descent and follows the a wave
by the same time as the PR interval on the ECG. Accordingly,
patients with first-degree AV block may have increased ¢ waves.
As atrial relaxation continues, the x descent is now termed x” and
is present as pressure declines. The positive deflection following
the nadir of the x descent is termed the v wave and is generated by
passive venous filling of the atrium while the tricuspid valve is
closed, the peak of the wave occurring at the end of ventricular
systole, which corresponds to the end of the T wave in the
ECG. Finally, the y descent reflects the fall in RA pressure when
the atrioventricular valve opens and rapid emptying into the ven-
tricle occurs. During inspiration the chest expands and pressure
inside the chest becomes negative. The negative pressure is trans-
mitted to the RA, and right atrial pressure falls during inspiration.
In patients with congestive heart failure, poorly compliant peri-
cardium or myocardium or cardiac tamponade right atrial pres-
sure fails to fall or rise during inspiration. This abnormal finding
often given the name of Kussmaul’s sign and is clinically charac-
terized as a paradoxical rise in the jugular venous pulse during
inspiration and associated with an exaggerated y descent.
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11.3.2 The Right Ventricle

Normal right ventricular systolic pressure is 20-30 mmHg and
2-8 mmHg at the end of diastole. It is important to remember
that in normal physiologic circumstances, the right ventricle
(RV) pumps the same stroke volume as the left ventricle (LV)
but with considerable less amount of stroke work (~25%)
because of the lower resistance of the pulmonary circulation.
Once ventricular contraction begins, pressure increases in the
RV forcing the closure of the atrioventricular valve, and in this
early and extremely brief period, the pulmonary valve is closed
allowing pressure to increase with no corresponding volume
change (isovolumetric contraction). When the pressure exceeds
that in the pulmonary artery (PA), the pulmonary valve opens
with blood exiting the chamber. This is characterized as a rapid
but sloped upstroke in the RV waveform (different from that of
the LV) and occurs in most instances immediately after the onset
of the QRS complex on the ECG. When repolarization occurs
triggering the beginning of ventricular relaxation, pressure
begins to fall, and when ventricular pressure falls below PA
pressure, the pulmonary valve closes. Similarly, during this brief
period, both the pulmonary valve and atrioventricular valve are
closed, and pressure falls without change in volume (isovolu-
metric relaxation) until the diastolic pressure is lower than that
of the RA, rendering the atrioventricular valve to open

Fig. 11.2 Upper panel: typical appearance of the pressure wave generated
by the right ventricle. Note the contour contrasted to that of the right ventricle
in the presence of valvar stenosis as shown in Fig. 11.3. Lower panel: the
ECG
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(Fig. 11.2). End diastole is generally measured at the nadir of
the RV pressure trace before the subsequent ejection. During
early and late ventricular filling, pressure in the RV increases
slowly, and when atrial contraction occurs, an a wave may
appear on the ventricular waveform at end diastole. Under nor-
mal circumstances, the RV absorbs atrial contraction without
any significant rise in pressure. In situations where the RV is
noncompliant, the pressure may be transmitted through the
chamber to open prematurely the pulmonary valve. An a wave
may also be present under other pathological situations such as
volume or pressure overload (i.e., pulmonary hypertension). The
contour of the RV pressure trace can also indicate the form of
pathology present. For example, in pulmonary valve stenosis
with an intact ventricular septum, the systolic trace is triangular
in shape, while in the setting of a ventricular septal defect (such
as Fallot’s tetralogy), the RV trace has the same contours as that
of the LV, with a systolic plateau.

11.3.3 The Pulmonary Artery

Normal PA systolic pressure is 17-32 mmHg, and diastolic
pressure 4—13 mmHg with mean pulmonary pressure ranging
from 12 to 16 mmHg, reflecting the large cross-sectional area
of the pulmonary circulation and low vascular resistance.
Normally there is no systolic pressure gradient between the PA
and RV unless there is valve, subvalve, or supravalve outflow
obstruction (Fig. 11.3). An anacrotic notch is rarely seen in the
upstroke of the pulmonary artery trace, while a dicrotic notch
can be seen as pulmonary artery pressure drops, and the pulmo-
nary valve closes and continues to fall until it reaches diastolic
pressure. Elevated pulmonary pressures can be present in high-
flow states with normal pulmonary vascular resistance (i.e.,
hypervolemia, large patent ductus arteriosus, or a ventricular
septal defect) or high-resistance states (i.e., pulmonary vascular
disease) or downstream obstruction (i.e., pulmonary vein or
mitral stenosis).
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Fig. 11.3 A right ventricular trace in the presence of pulmonary valve steno-
sis. Note the triangular appearance contrasted to that in Fig. 11.2. Pressure
transfer to the pulmonary artery is delayed and lower than that of the right
ventricle due to the restricted outlet

11.3.4 Pulmonary Capillary Wedge Pressure

Pulmonary capillary wedge pressure (PCWP) is obtained during a
right heart catheterization and is used as an estimate of left atrial
pressure, and in the absence of pulmonary venous obstruction or
mitral valve disease is a reflection of diastolic LV pressure (LVEDP).
Normal mean PCWP values are between 2 and 12 mmHg. To mea-
sure the PCWP, a balloon-tipped end-hole catheter is maneuvered
into a distal pulmonary artery and, with balloon inflation, occludes
flow. This creates a static column of blood between the wedged bal-
loon and the left atrium which reflects the pressure waveform of the
left atrium. PCWP wave morphology resembles the left atrial wave-
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form with positive a and v waves and negative x and y descents. The
pressure tracing appears slightly damped and delayed (40140 ms)
relative to the left atrial waveform as the pressure wave must travel
through the pulmonary capillaries. When assessing the PCWP, the
operator should be careful and avoid balloon overinflation. This can
occur with over-wedging which presents a false PCWP without rec-
ognizable a and v waves or can lead to pulmonary artery rupture
which can be life-threatening. The PCWP measurement varies with
the respiratory cycle where intrathoracic pressures vary with respi-
ration and are transmitted to the pulmonary vasculature.
Accordingly, the end-expiratory wedge pressure is often used when
measuring the PCWP.

11.3.5 The Left Atrium

The left atrial (LA) pressure waveform has essentially the same
shape as described for the right atrial pressure waveform, but the
pressure is slightly higher with a dominant v wave. Normal mean
pressures range between 5 and 12 mmHg. While LA pressure can
typically be assessed indirectly by measuring the PCWP, direct
measurement can be achieved in patients with an open communi-
cation at the atrial level (i.e., patent oval foramen or atrial septal
defect) or by a transseptal atrial approach with a conventional
transseptal needle or one having a radiofrequency tip. Such proce-
dures can be guided by intracardiac echocardiography. An elevated
a waves may be present in mitral stenosis or poor LV compliance.
Great v waves may be seen in mitral regurgitation. The waveform
will take the contour of an RV waveform in the presence of an
atrial defect, with normalization of mean pressures.

11.3.6 The Left Ventricle

In adults, normal LV pressure is between 90-140 mmHg during
systole and 5-12 mmHg at end diastole. In children, systolic and
diastolic LV pressure varies with age. The same physiological
events detailed for the RV apply to the left ventricle. However, the



164 J.P.S.Jones and L. N. Benson

waveform is morphologically different from the RV with a
squared off configuration, due in part to the higher vascular resis-
tance and time course of pressure decay (Fig. 11.4). When the
mitral valve closes, there is a rapid upstroke during early isovolu-
metric contraction. Once pressure exceeds the pressure in the
aorta, the aortic valve opens and blood is ejected into the systemic
circulation, often with a prominent anacrotic notch. Ventricular
pressure continues to rise during the ejection phase of systole and
equals aortic pressure. As pressure in the LV begins to fall during
relaxation, the aortic valve closes once pressure in the aorta
exceeds LV pressure, marked by a dicrotic notch, which denotes
the end of systole. As the pressure drops during isovolumetric
relaxation, to below that of the left atrium, the mitral valve opens
and diastole filling begins. Similar to what has been described for
the RV, early and late filling phases of the LV show a slow gradual
increase in pressure with atrial contraction contributing the
remaining 10-25% of ventricular filling, where LVEDP is reached
just before the abrupt rise in systolic pressure. End-diastolic pres-
sure is measured coincident with the R wave of the ECG or post a
wave and should be labeled as a post “a” wave measurement of
LVEDP, distinct from the nadir of LV pressure at the end of iso-
volumetric relaxation (early filling). If an increased a wave (atrial
contraction) is present before the LVEDP, poor compliance of the
LV may be suspected. Additionally an elevated LVDEP is consid-
ered a marker of reduced diastolic performance and heart failure.

Fig. 11.4 Upper panel: typical left ventricular trace, note the trajectory com-
pared to that of the right ventricle in Fig. 11.3. The arrow defines the post A
wave end-diastolic pressure. Lower panel: the ECG
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11.3.7 The Aorta

Normal aortic systolic pressure is 90-140 mmHg and diastolic
pressure 60—90 mmHg in adults. Normal systolic and diastolic
values vary in children according to age and height percentile.
The waveform has a rapid upstroke and an anacrotic notch (a
presystolic rise in pressure just before the aortic valve opens).
Peak aortic pressure and a clear dicrotic notch due to closure of
the aortic valve occur as pressure decays (Fig. 11.5). Under nor-
mal conditions, peak LV and aortic pressure are equal, and if a
gradient of pressure is found between both structures, obstruc-
tion to the left ventricular outflow should be suspected (i.e., sub-
valvar, valvar, or supravalvular). In older patients, increased
systolic pressure results from stiffness in the aorta and large
arteries, whereas increased stroke volume plays a more impor-
tant role in children and adolescents. A decreased diastolic pres-
sure can result from a reduction in aortic blood volume at the
onset of diastole and is generally age related in adults due to
decrease in aortic elasticity. In children, a wide pulse pressure
(systolic minus the diastolic pressure) may be seen in patients
with patent arterial duct, aortic regurgitation, or surgical shunts
(e.g., Blalock-Taussig shunt). Finally, a low or narrow pulse
pressure is generally due to diminished left ventricular stroke
volume and can be seen in the setting of aortic stenosis, conges-
tive heart failure, or cardiac tamponade.

Fig. 11.5 A normal aortic pressure trace obtained from the ascending aorta.
The waveform has a rapid upstroke and a clear dicrotic notch due to closure
of the aortic valve as pressure decays (arrow)
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11.4 Assessment of Cardiac Output

Measurement of cardiac output can be performed in the catheter-
ization laboratory and offers insights to the patient’s hemody-
namic status. Cardiac output refers to the volume of blood pumped
by the heart in 1 min, expressed in liters per minute, and often
normalized for patient size by dividing by the body surface area
(BSA) to obtain the so-called cardiac index (CI) measured in
liters per minute per square meter (L/min/m?). The normal value
is 5-8 L/min in adults at rest or a cardiac index of >2.4 L/min/m?.
Different techniques are available for calculating cardiac output,
and it is important to bear in mind the strengths and weaknesses
intrinsic to each.

11.4.1 The Fick Method

In 1870, Adolph Eugen Fick developed a method to measure
cardiac output. Fick’s principle is fairly simple, observing that
flow is proportional to the difference in concentration of some
indicator (in this case, oxygen) in the blood as it enters and
leaves an organ (in this case, the lungs) during steady state.
The cardiac output can be determined from the difference in
oxygen concentration in blood before it enters and after it
leaves the lungs and from the rate at which the oxygen is con-
sumed and is widely used for cardiac flow assessment in the
catheterization laboratory. It assumes there is no intracardiac
shunting and that pulmonary blood flow equals systemic blood
flow. Measurement of blood arterial and venous oxygen con-
tent is obtained from sampling of blood from the pulmonary
artery (low oxygen content) and from the pulmonary vein (high
oxygen content). Sampling of peripheral arterial blood is often
used as a surrogate for pulmonary venous blood. Determination
of the oxygen consumption is more complex, but directly mea-
sured values preferred to assumed oxygen consumption from
existing tables.
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The Fick equation relates cardiac output to oxygen consump-
tion and blood oxygen content and can be expressed as follows:

Q(1/min) = VO, (mlO, / min)/ arterialO,content
—venousO,content (mlO, /1)

where Q is cardiac output expressed in liters per minute (I/min)
and VO, is the oxygen consumption in ml O,/min. The denomina-
tor of the Fick equation is the arteriovenous oxygen content dif-
ference (AV O,) and is expressed as ml O,/ of blood. This
difference is calculated from the arterial (C,0O,) and venous oxy-
gen (C,0,) contents. The calculation of arterial and venous oxy-
gen content (ml O,/1) is straightforward, by calculating the oxygen
capacity. A major calculation error is incorrect units, so one
should take care to assure that the units (ml/l or ml/dl) are consis-
tent throughout the equation. The oxygen capacity is the maxi-
mum amount of oxygen that sample (either arterial or venous) can
bind. At normal oxygen tensions (i.e., room air), almost all oxy-
gen in the blood is bound to the iron in the hemoglobin molecule
and very little dissolved in the plasma. When breathing enriched
oxygen, this fraction becomes more significant and must be taken
into account; otherwise, the flow calculation will be in error (see
below). As each gram of hemoglobin can carry 1.39 ml of O,
(alternative values of 1.34 and 1.36 have also been used), the max-
imal amount of oxygen that can be carried (either venous or arte-
rial) in 1 liter is

Oxygen capacity (rnlO2 /1) = Hgb(g / l)x 1.39(m102 /gHgb)
The oxygen content of the blood is the amount of oxygen in

that specific sample (either arterial or venous) and can be esti-
mated by the following formula:

C,0, (mlO, /1) =Oxygen capacity (mlO, /1)
x arterial oxygen saturation (%)
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C,0,(mlO, /1) = Oxygen capacity (mlO, /1)
X venous oxygen saturation (%)

For example, if the Hgb was 140 g/l, venous saturation 70%,
the oxygen capacity would be 140 g/l x 1.39 = 194.6 ml Oy/1. The
oxygen content would be 0.70 x 194.6 = 136.22 ml O/1.

If the patient is breathing enriched oxygen (F,O, > 30%), the
amount of dissolved oxygen becomes significant and must be
accounted for in the flow equation. At body temperature, there is
0.000032 ml of O, per 1 ml of plasma at a partial pressure of oxy-
gen of 1 mmHg. Thus, the solubility coefficient of oxygen in
plasma is 0.00003 O, ml/ml plasma/mmHg O, tension. Therefore,
the amount of dissolved oxygen in 1 1 of plasma is 0.032 per P,O,
of the sample and has to be added to the equation above as

C,0, =oxygen capacity xarterial oxygen saturation (%)
+ 0.032xP O, (mmHg)

C,0, =oxygen capacity x venous oxygen saturation (%)
+0.032xP,0, (mmHg)

Note carefully the units of the samples; if Hgb is measured as
g/dl (not g/1), then it is multiplied by 10 to convert the units (deci-
liters to liters).

Ideally, the blood samples should be obtained simultaneously;
the arterial blood obtained from the pulmonary vein and/or left
atrium, although this is not always technically feasible. In this
case, either the aortic, femoral, or radial artery can be used to
determine arterial oxygen saturation. Similarly, a mixed venous
saturation to calculate C,0, should be obtained from the pulmo-
nary artery in the absence of an intracardiac shunt. In the ideal
setting, oxygen consumption should be measured rather than
assumed [1]. It requires in most instances the use of a tight fitting
hood that extracts all exhaled gas and passes it through a mixing
system before measuring the concentration of oxygen. The differ-
ence between inhaled (room air oxygen concentration) and
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exhaled oxygen concentration, with the known rate of flow main-
tained by the sampling pump, allows estimation of oxygen con-
sumption [2]. This method is uncomplicated, but requires
experienced personnel familiar with the methodology. More
sophisticated equipment to allow measurement in an intubated
patient is also available (spectrophotometer) but requires dedi-
cated personnel for calibration and safe operation, and not readily
available in most catheterization laboratories. Most frequently,
oxygen consumption is assumed based on the patient’s age, gen-
der, and body surface area. The table provided by LaFarge and
Miettinen [3] has been widely used to estimate oxygen consump-
tion, albeit studies have shown those estimated values do not cor-
relate well with measured data, particularly in small children [4,
5] (see appendix). Potential sources of errors that will interfere
with accurate cardiac output when using the Fick method should
be noted. The method assumes that the patient is in a steady state,
stable and without alternating hemodynamics. If the blood sam-
ples are contaminated by an air bubble and not immediately ana-
lyzed, this may introduce error in the measurement. Finally when
VO, is assumed, that estimation was obtained from healthy indi-
viduals, and extrapolating these values to pathologic conditions is
uncertain, but it is widely used, and probably adequate for most
situations, and do the calculations at the upper and lower ranges.
In pediatric practice, absolute flows are of less value than
indexed flows. For example, if the VO, was 240 ml/min, and the
BSA was 2 m?, the indexed value would be 120 ml/min/m?. As
such, the VO, in infant <3 months is ~130 ml/min/m?, 2-5 years
~150-200 ml/min/m?, adolescents ~120-180 ml/min/m?, adult
females ~100 ml/min/m?, and adult males ~110-120 ml/min/m>.

11.4.2 Indicator-Dilution Method

Dye dilution measurement of cardiac output (which is seldom
used today) involves the injection of a known amount of an indi-
cator (an inert, non-metabolized, slow excreted dye) into the
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circulation, which is then diluted in the blood. The blood is then
sampled at a distant location from the injection site and the
concentration of the indicator measured continuously, using a
cuvette, during its first pass through the circulation, producing a
dye concentration time curve. Flow is calculated as the amount of
dye injected divided by the mean concentration of dye and the
time over which it was sampled. The Stewart-Hamilton formula
describes this relationship:

0 =(Ix60)/(C, xt)

where Q is the cardiac output; / the amount of dye injected (mg),
60 s/min (as a conversion from seconds top minutes); C,, the mean
indicator concentration (mg/1); and ¢ the total curve duration (sec).
The method is accurate but requires complex equipment to per-
form, and other simpler methods are presently available for the
clinical setting. Additionally, the calculation of flow from the
time-concentration curve is only accurate in the absence of shunt-
ing, where the curve will become contaminated by early recircu-
lation of dye. This can, however, be used to calculate shunt flow
ratios from the contour of the curve, but requires several assump-
tions, the details of which are beyond the scope of this section.

11.4.3 Thermodilution Method

Thermodilution is a widely used method to measure cardiac out-
put and is relatively simple to perform. It is a variation of the
indicator-dilution technique using blood temperature as the indi-
cator. A special balloon-tipped floatation catheter is placed in the
pulmonary artery which has a thermistor mounted on its distal end
and a proximal port opening into the right atrium. A small amount
(5-10 cc) of a saline or dextrose solution, usually room tempera-
ture, is injected rapidly into the right atrium. A chamber (in this
case the RV) is required to be present between the injection site
and sampling site to allow complete mixing of the injectate. The
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solution mixes with blood in the circulation, and the change in
blood temperature is recorded by the thermistor. This change in
temperature over time is inversely proportional to the blood flow.
The procedure should be repeated two or three times and averaged
values reported. There should be less than a 10% variance between
samples. As in the dye method, thermodilution is inaccurate in the
presence of intracardiac shunts, and results may be unreliable in
low cardiac output states, severe tricuspid regurgitation, rhythm
disturbances, and significant respiratory variations.

11.4.4 Angiographic Method

This method, once helpful in cardiac output assessment, is seldom
used to in contemporary catheterization today. It estimates cardiac
output from the stroke volume (SV) obtained from a left ventricu-
logram. The stroke volume is measured as the end-diastolic vol-
ume minus the end-systolic volume, and the output is calculated
by multiplying by the heart rate (HR): O = SV x HR. The main
limitation of this method is the requirement to correct for magni-
fication, the projection used, and some assumptions regarding
anatomy to apply the appropriate offset equations. In patients with
rhythm disturbances and/or valvular insufficiency, and the com-
plex anatomy common in congenital lesions, the method can be
very inaccurate.

11.5 Assessment of Flows and the Q,:Q, Ratio

Flow calculations are based on Fick’s principle and can be applied
to both pulmonary (Q,) and systemic blood flows (Q,). O, can be
estimated by the following equation:

pulmonary venous O, content j

Qp=VOZ/(

—pulmonary arterial O, content
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Similarly Q, is estimated as

Q§=V02/£

systemic arterial O, content)

—mixed venous O, content

Finally, effective pulmonary blood flow (Q.,) is the amount of
deoxygenated blood that is pumped to the lungs.

szvoz/(

pulmonary venous O, contentj

—mixed venous O, content

In a biventricular heart with no shunting, it is equivalent to Q,,.
However, in complex cyanotic disease, oxygenated blood may be
pumped to the lungs and is ineffective pulmonary blood flow. As
such, the total pulmonary blood flow will be greater than normal
and explains how a child can have an increased total blood flow
and be cyanotic due to low effective pulmonary blood flows.

A fair assumption is to consider pulmonary venous O, content
(PVO,) as 95 or 98% if obtaining a sample from the pulmonary
vein or the left atrium is not possible. A mixed venous oxygen
saturation is needed to calculate C,0O, and best obtained from the
most distal right heart chamber or site where there is no left-to-
right shunt. A common practice is to obtain mixed venous satura-
tion in the superior vena cava (SVC) and the inferior vena cava
(IVC) applying the following formula:

Mixed venous saturation = (3><SVC sat +IVC sat)/ 4 or
=SVC sat—(SVC sat—IVC sat)/4

The fact that mixed venous saturation more closely approxi-
mates the SVC has encouraged some clinicians to disregard con-
tribution from the IVC completely as it is prone to sampling errors
(i.e., the renal venous blood has a higher oxygen saturation than
does hepatic venous blood). The same applies when samples are
drawn from the RA where saturation could be low if collected
near the coronary sinus. In the absence of a shunt, pulmonary and
systemic flows are equal (Q, = Q,); however, the concept of a
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single cardiac output calculation is invalid when shunting is pres-
ent [6]. Calculation of the pulmonary to systemic flow ratio
(Q,:0y) can estimate the magnitude of shunts using the following
equation:

Qp 10, :(Ao sat—MV sat)/(PV sat—PA sat)

where Ao is the aortic saturation, MV the mixed venous satura-
tion, and PV and PA saturations of the pulmonary vein and artery,
respectively.

A Q,:0, between 1 and < 1.5 is considered a small left-to-right
shunt and of relatively small clinical consequence. A Q,:0, > 1.8:1
indicates a large left-to-right shunt, while a O ,;:0, < 1 indicates a
net right-to-left shunt. The same limitations of the Fick method
apply to Q,:0Q; calculations. The child must be in a steady state,
the samples must be representative of the chamber of vessel, and
the sample cannot be contaminated by the distal chamber (i.e.,
atrioventricular valve regurgitation). Small shunts are poorly
detected, and in high-flow situations, the mixed venous sample
may be high reducing the detection sensitivity. When taking the
sample, do not let it equilibrate with room air; remember, oxime-
ters are not accurate for saturation measurements if the Hgb is
>200 g/1, where you will have to then do a blood gas. Sampling
sites for the SVC are generally above the azygous vein, in the
mid-lateral wall for an RA sample, and above the diaphragm for
the IVC away from renal vein flow, which can contaminate the
sample.

In addition to the above flow calculations, assessment of the
efficiency of the heart to deliver oxygen to the tissues can be
determined. Global oxygen delivery (DO,), also known as sys-
temic oxygen transport (SOT), is the amount of oxygen delivered
to the whole body from the lungs. It is the product of total blood
flow or cardiac output (Q,) and the oxygen content of arterial
blood (C,0,) and is expressed in ml/min: DO, = Q; x C,0,. The
oxygen extraction ratio (O,ER) is the ratio of VO, to DO, and
represents the fraction of oxygen delivered to the microcirculation
that is taken up by the tissues, O,ER = VO,/DO,. The normal
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O,ER is 0.2-0.3, indicating that only 20-30% of the delivered
oxygen is utilized. This spare capacity enables the body to cope
with a fall in DO, without early compromise in aerobic respiration.

11.6 Resistance

Resistance in the vascular circuit is the difference in pressure
between the two ends of the circuit divided by the flow. In the
body, circulation is influenced by the resistance imposed to the
heart by the vascular bed. For the right heart, the pulmonary vas-
cular bed will determine pulmonary vascular resistance and can
be calculated by the following equation:

PVR = (mPAP-mLAP)/Qp

where PVR is pulmonary vascular resistance, mPAP is mean pul-
monary artery pressure, mLA, is mean left atrial pressure (alter-
natively, pulmonary vein or PCWP may be used), and Q, is
pulmonary blood flow. Similarly, systemic vascular resistance can
be calculated as follows:

SVR = (onP . mRAP) /Qs

where SVR is systemic vascular resistance, mAo, is mean arterial
pressure, mRA, is mean right atrial pressure, and Q; is systemic
blood flow. Resistance units are commonly expressed as mmHg/l/
min referred as Wood units, the term most commonly used by pedi-
atric cardiologists. Resistance units can also be expressed as
dyne-sec-cm™. To convert Wood units to dyne.sec.cm, multiply by
80. When Q, and Q; are indexed for body surface area, resistance
should also be indexed and expressed as Wood units - m?. Note
should be taken that to correct for body BSA, the PVR is multiplied
by the BSA. For example, if the BSA is 0.5 m?, Q, = 2 l/min,
mPAP = 20 mmHg, mLAP = 8§ mmHg, the PVR = (20-8)/2 = 6
Wood units, and PVRI = ((20-8)/2) x 0.5 = 3 Wood units - m.
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11.7 Pulmonary Vascular Reactivity Testing

The assessment of pulmonary vascular reactivity plays an impor-
tant role in the management and assessment of pulmonary hyper-
tension. Following baseline hemodynamic assessment, the patient
is exposed to 100% oxygen (for a minimum of 10 min) and repeat
saturations and pressure measurements. When enriched oxygen is
administered (F,O, > 30%), the dissolved oxygen must be
accounted for in the calculation. Failure to do so will underesti-
mate of PVR. Situations that can increase PVR include hypoxia,
hypercapnia, erythrocytosis, increased sympathetic tone pulmo-
nary emboli, precapillary pulmonary edema, lung compression
(pleural effusion), mechanical ventilation, and positive intratho-
racic pressure. Common errors in PVR assessment include
hypoventilation and acidosis producing pulmonary vasoconstric-
tion, failure to calculate dissolved O,, and underestimate AV O,
difference which overestimates pulmonary blood flow and under-
estimates PVR, and in the setting of a septal defect assuming that
no fall in PAP means no fall in PVR.

For example, a child with a VSD, Hgb = 100 g/1 and
VO, = 150 ml/min/m?. In room air, Ao sat = 95%, PA sat = 80%,
mLA, = 6 mmHg, and mPAP = 60 mmHg.

The Q,:Q, will be 95-72.5/95-80 = 1.5:1.

The PVRI in room air will be calculated first by calculating the
oxygen capacity as

Oxygen capacity = Hgb (g / 1)>< 1.39x100 =139 mlO, /1

Oxygen content for the PA and PV can then be calculated as

PA =139%x80% =111.2 ml O, /1

PV =139%x95% =132.05 ml O, /1
And the pulmonary AV O, difference:

PV -PA =132.05-111.20 =20.85 mlO, /1
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The pulmonary blood flow would be VO,/pulmonary AV O,
difference = 150 ml/min/m?%20.85 ml O,/1 = 7.19 1/min/m?. The
PVRI (because the VO, was already indexed) would be
60-8/7.19 = 7.23 Wood units - m>.

Now the child is given 100% oxygen to breath, and the values
measured are mPAP = 60 mmHg, mLA, = 8 mmHg, PA sat is
95%, and PaO, 95 mmHg, and Ao sat 100% with a PaO, of
600 mmHg. Now if you do not take into account the dissolved
oxygen, the A — VO, difference would be 6.95 ml O,/1, pulmo-
nary blood flow 21.53 1/min/m?, and PVRI 2.4 Wood units - m?
When the dissolved oxygen is taken into account (as it should be),
the A — VO, difference is 22.1 ml O,/1, and the pulmonary blood
flow is 6.78 1/min/m2. The PVRI then is 7.66 Wood units - m?,
showing no vasoreactivity.

In addition to an oxygen challenge, studies can include admin-
istration of nitric oxide (usually 40 ppm) and oral sildenafil. In
those circumstances, a washout period between drugs should be
allowed and measurements at return to baseline before the next
drug challenge.
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12.1 Introduction

There are important indications that children with congenital
heart disease could encounter additional challenges when it comes
to behavioral, emotional, and neuropsychological spheres, in
comparison to their healthy peers [1-3] and that these challenges
are also present during adulthood [4].

In this chapter, the psychological functioning of patients with
congenital heart disease from childhood to adulthood and their
families will be explored with specific reference to patients’
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empowerment. Practical advice will be provided when it comes to
communicating with these patients and their families.

12.2 The Importance of Communication
in the Relationship Between
the Cardiologist and the Patients
in the Prenatal and Neonatal Phase

Numerous studies have shown that most patients, and in the case
of children their parents, want to be informed about their health
conditions (type and diagnosis of the disease) and life expectancy
(prognosis, treatments and their side effects) [5].

The diagnosis communication in the prenatal phase represents
a fundamental moment and has been shown to have a positive
impact on postnatal outcome with respect to morbidity, mortality,
or quality of outcome [6].

In this phase of life, the communication of a prenatal diagnosis
of CHD is of paramount importance. Often this diagnosis could
lead parents to make the decision to terminate pregnancy. In this
phase the opportunity to provide information to families before
the baby’s birth is invaluable, it is then relevant to establish a col-
laborative communication between the health care team and the
family in order to offer anticipatory guidance, education, informa-
tion on financial resources, and facilitate links to other parents [7].

The factors influencing the decision to terminate pregnancy
have been identified both from cardiologists and parents. From
the cardiologists’ perspective, these factors are quality of life of
the child, potential for neurodevelopmental delay, survival into
adulthood, and severity of the CHD. For the parents the most
important factors are quality of life of the child, moral/religious
beliefs, and survival into birth and adulthood [8]. This shows
that there are also different factors influencing the decision pro-
cess in parents and physicians when deciding to terminate a
pregnancy [9].

When discussing about this issue, the use of illustrations as a
complement to oral information, is recommended, as it increases
comprehension and satisfaction with obtained information. In
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the current technologically developed environment, the over-
whelming amount of information on the internet calls for com-
pilation of easily accessible and reliable information sources via
the internet [10].

Studies show that parents often experience anxiety. For this
reason, it is advisable to provide families with supporting teach-
ing materials about postoperative care. Health care professionals
are able to provide a lot of information to empower those who are
living on a daily basis with children with a heart defect such as
other parents who underwent the same problem. In fact, very
often the family is paired with one or two families with children
sharing the same perspective [7].

Parents faced with their child’s CHD diagnosis often have
little time to make decisions. It is critical, therefore, that parents
receive and understand information upon which to make
informed choices regarding treatment options, where to have
treatment, and whether or not to continue a pregnancy in the
case of a prenatal diagnosis [11].

12.3 Congenital Heart Disease: Impact
on Quality of Life and Psychosocial
Aspects for Children and Adolescents

Despite the advances in cardiac treatment and an early correct
diagnosis that could increase the survival of children with con-
genital heart disease, this condition influences the quality of life
of children, adolescents and their parents. Being aware of the pos-
sible impact on quality of life of these patients and their families
could help healthcare professionals, nurses in particular, provid-
ing suited care to the needs of these families, establishing priori-
ties in their interventions, sensing predictors of a poor quality of
life, promoting adherence to treatment and boosting compliance
with treatment, and fostering greater satisfaction for these chil-
dren, adolescents, and their parents [12].

In a study on this population, the Pediatric Quality of Life
Inventory revealed that the perception of overall quality of life in
adolescents with CHD was pretty low, especially when related to
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physical, psychosocial, and school functioning, with the greatest
difference in the domain of school functioning. Psychosocial fac-
tors included feeling angry and being worried about the future,
and these were unrelated to the severity of the cardiac defect [13].

Structured psychosocial screening and mental health assess-
ment using validated tools is recommended as part of standard
care to facilitate early detection of risk and resilience factors and
proactively engage with psychosocial services [14].

There is a growing interest in characterizing the neurodevelop-
mental outcomes of school-age survivors of cardiac surgery. In
this cohort of children with complex congenital heart disease, a
significant proportion of the children were at risk for inattention
and hyperactivity, and nearly half were using remedial school ser-
vices [15].

Children with coronary heart disease have greater difficulties
when it comes to behavioral, emotional and neuropsychological
aspects, compared to their healthy peers [1-3]. In some cases, this
can generate parental overprotection, although this behavior has
not been reported to be indicative of everyone or even most par-
ents [16—18].

Even if the intelligence (I.Q.) is not severely impaired, these
patients are at increased risk of speech and language impairments
(including pragmatic skills), visual-spatial skills, executive func-
tions, attention, and motor skills. Most of these patients achieve
good psychosocial outcomes, although, according to parents and
teachers’ ratings, a substantial percentage of them is exposed to
an increased risk [1].

Several factors play a role in adjustment to congenital heart
disease, either improving the perception of quality of life or wors-
ening it. Some buffer variables on congenital heart disease, as for
example social support, play a role in increasing the perception of
quality of life of patients during their lifetime. Social support has
an impact on increasing resilience, promoting adjustment to ill-
ness [19].

Parents of children with chronic medical needs report increased
parenting challenges, poor sleep, and maladjustment. The impact
of parenting stress on both sleep and adjustment has yet to be
evaluated for parents of infants and young children with congeni-
tal heart disease [20].
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12.4 Psychological Functioning in Adults
with Congenital Heart Disease

Behavioral cardiology and psycho-cardiology has come a long
way in identifying the bio-behavioral pathways leading from
chronic psychological stressors and perceived psychological dis-
tress, respectively, to hard cardiovascular disease end points [21]
and we are now exploring also these mechanisms in congenital
heart disease.

The continuous improvement in survival rates of patients with
congenital heart disease (CHD) has led to a growing number of
adults with CHD, especially those with complex heart defects
[22]. These patients have been reported to be at an increased risk
of psychological distress, neurocognitive deficits and social chal-
lenges [4].

In qualitative studies conducted on adults, it has been reported
that having this cardiac condition can lead to feeling different,
followed by attempts and difficulties to feel normal and to be per-
ceived as normal by others [23-26].

Adults with congenital heart disease have made lifelong psy-
chosocial adaptations on the basis of their congenital defects, with
respect to physical as well as mental aspects and consider their
situation as normal [27]. Patients over 30 years of age show a
more negative perception of the disease compared to the other age
groups [28].

The main psychological concerns reported by patients with
ACHD in a recent study were generalized anxiety, health/heart
related anxiety, depressed mood and difficulty in coping with a
general medical condition [29].

When it comes to peers, adults with congenital heart disease
very often experience difficulty in relationship and employment.
This mainly occurs in adolescent and young adulthood due to a
delay in the maturation progress and the inability to cope with
different tasks at the same time [30].

Often there is a poor and incomplete understanding, of the
patients and their families by the health care professionals, about
the difficulties that they are experiencing due to the cardiac dis-
ease [31].
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Most of the studies available reported that the psychological
functioning in this population is more related to medical variables
such as diagnosis and physical status. The major variables indi-
cated as being predictors of psychological distress are [32]:

— Loneliness.

Fear of negative evaluation.
Imposed limits.

Low capacity for physical exercise.
Perceived health status.

For this reason, being part of an associations of reason can be
very useful, since it offers an opportunity for patients and families
to have a point of reference and also to participate in aggregative
activities [33].

12.5 How to Help Families and Patients:
Clinical Psychology Service, Patient
Associations and Peer-to-Peer Programs

It has been reported by the patients with CHD and their families
that there is a need for psychosocial care. These families and
patients have to deal with many issues which might have an
impact on how developmental tasks are dealt with.

There is a need for screening children with CHD about devel-
opmental, neuropsychological, and emotional problems. This was
also has been recommended by the American Heart Association
[3]. Preventive assessment enables the possibility of avoiding psy-
chological problems later on in life.

Patients with congenital heart disease often cause feelings of
alienation, isolation, marginalization, dehumanization and disem-
powerment. All this can have an impact on the body image,
self-esteem and can lead to other psychological problems.
Families and patients know the disease very well based on their
experience and the desire to monitor their health, hence generat-
ing a good sense of empowerment [34].
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Based on this, it is advisable multidisciplinary approach in the
medical contexts, such as pediatric cardiology and adult congeni-
tal cardiology units, so as to involve the family. There is an emerg-
ing need of including psychologists, social workers and clinical
nurse specialists to care for patients with congenital heart disease
(CHD) and their families, who have specific training on these
issues by the health care specialists [35].

According to the World Health Organization (WHO), peer-to-
peer support represents an occasion to bolster patient resources,
promote empowerment and to decrease the sense of isolation.
Mutual aid is seen as a strategy to promote health in terms of
strengthening social relations [36].

When it comes to peer-to-peer support, specifically for CHD,
the American Heart Association has developed a very well struc-
tured program aimed at providing peer support, supervision and
indications on when a referral to a psychologist is necessary [37].
Peer-to-peer support is very much indicated when it comes to
loneliness and social problems issues [38].

In a recent perspective article, an integrated model for psycho-
logical care was presented and it shows how psychological care
can make a difference in congenital heart health [39]. Clinical
psychology service and support is beneficial for the patients with
a high level of psychological stress, while peer-to-peer support is
more appropriate when it comes to loneliness and social nature
problems.

All CHD patients who are hospitalized prior to an intervention
(both for cardiac surgery and for cardiac catheterization) it is rec-
ommended to perform a psychosocial evaluation through a struc-
tured psychological and psychometric assessment. This includes
acquiring data about patients’ family and working situation, pre-
vious psychological and psychiatric visits, lifestyle, and psycho-
logical functioning (anxiety and depression). The presence of the
psychologist at the multidisciplinary medical meetings is also rec-
ommended [38].

Both clinical psychological services and peer-to-peer support
have proven to be very effective in the case of dealing with a
chronic disease condition, such as in the case of patients with
ACHD. The use of an integrated approach has the advantage to
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provide peer-to-peer support and social assistance. At the same
time it allows to refer to a mental health professional in case of
increased psychological distress [38].

12.6 Conclusions

In conclusion, it is important that cardiologists and health care
professionals invest time and resources in understanding patients
and parents’ level of information needed in order to be able to
understand their psychological needs and provide an adequate
support.

Providing the desired level of information is key to the patients
and parents’ empowerment in order to fully involve them in the
care process. An integrated approach is desirable to cope with the
disease in a multidisciplinary way in order to offer to the patients
and their families a humanized multilevel care.
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The most frequent access for routine cardiac catheterisation is
through the femoral artery and vein. Almost every position within
the heard can be reached over these two vessels. The only excep-
tion is the pulmonary position in children with partial bidirec-
tional cavo-pulmonary anastomosis. Therefore, access through
one of the major veins of the upper part of body is needed, either
the jugular or the subclavian veins.

The routine technique to introduce a sheath is the Seldinger
technique, named after a Swedish radiologist Dr. Sven-Ivar
Seldinger (1921-1998).

Accurate vessel puncture requires either orientation on the sur-
face anatomy or direct visualization of the target vessel by ultra-
sound. Routine use of real-time ultrasound guidance reduces the
number of attempts, time to access, and risk of vascular complica-
tions [1].
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Several transducers can be used for the ultrasound-guided
puncture. The most appropriate is the one with the highest possi-
ble frequency and a small contact face (a hockey stick ora 12 MHz
for newborns and small children, and a 6 MHz or linear trans-
ducer for adults).

Local anaesthesia effectively diminishes pain and reduces
complications related to patient movement. Gradually injection of
small volumes is preferable than an excess of volume that cause
more pain and distorts the anatomy.

To minimize vascular access complications consider using a
micropuncture kit (i.e. Cook Medical, Bloomington, IN) that
allows access with a small 21-gauge needle, especially in small
patients.

In general, forcing the guidewire almost never results in suc-
cess [2].

13.1 Femoral Venous and Arterial Access

13.1.1 Positioning and Anatomic Landmark
Guidance

Especially in small children a rolled towel under the buttock may
facilitate access of the femoral vessels. The legs should be fixed in
a slightly outward rotated position.

The landmark to be sought is the inguinal ligament, which runs
between the superior iliac spine and the pubic tubercle (Fig. 13.1).
This is not to be confused with the inguinal skin crease. The fem-
oral artery crosses the inguinal ligament at approximately its mid-
point and should be palpated there. The femoral vein runs closely
medial.

Usually the vein is punctured first. As vessel diameter increases
with age the point for cutaneous puncture for the vein is located
more medial in the adult compared to the newborn.

The needle should be introduced at the level of the inguinal
skin crease, or just below.

The angle between needle and skin also varies with age. It can
be flat in the newborn (10°-20°) and ascends steeply in the adult
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Fig. 13.1 Landmarks of femoral artery and vein access. (From Bergersen
[3], with permission)

(45°-60°). In general, the more subcutaneous tissue is present the
steeper the angle should be.

For femoral artery puncture, the needle should be directed
towards the umbilicus. The direction of the vessel can also be
checked by simultaneous palpation of the pulse with two or three
fingers. The vein runs parallel to the artery.

For venous puncture it is helpful to advance the needle with a
syringe attached under continuous suction. Once blood can be
sucked easily, the syringe should be removed, while the needle is
stabilized. Some operators prefer to puncture the artery without a
syringe attached. Free pulsatile flow might be easily identifiable.

The guidewire should be introduced gently and should pass
with minimal resistance. Once the guidewire is positioned, the
needle should be removed and the sheath-dilator assembly
advanced with a rotatory motion.
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If the guidewire cannot be advanced gently but a backflow of
blood still visible it is probable that the vessel was not hit appro-
priately. Than a slightly change of the direction or the angle of the
needle might facilitate the advancement of the guidewire. If this is
still not possible needle and guidewire should be removed and a
new attempt performed.

13.1.2 Ultrasound-Guided Puncture

Real-time ultrasound guidance can be performed either in a long-
axis or a short-axis approach. Especially in small children visual-
ization of the vessels in the long axis might be advantageous
because needle and vessel can be visualized at the same time. In
adults, when vessel access should be performed steeper, the short-
axis approach is an alternative.

For long-axis approach, the entire course of vessels should be
visualized (Fig. 13.2). This gives information about the direction
and the depth how far the needle should be advanced to penetrate
the vessel wall.

The vein is compressible and located medial to the artery. But
colour flow or Doppler imaging can distinguish the vessels, too.

Maximizing the transducer frequency, the sector field focus
and adjusting the gain setting, able to detect low velocity flow,
should optimize the image quality.

The transducer and the cord should be inserted into a sterile
sheath (Fig. 13.3).

Once the entire course of the target vessel is visualized posi-
tion of the transducer should not be changed.

The needle should be introduced closely to the contact face of
the transducer and advanced in the same direction until it pene-
trates the wall of the vessel.

If the vessel and needle cannot be visualized at the same time,
it is mostly because the tip of the needle is outside the ultrasound
beam of the array. Changing the position of the transducer to pick
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Fig. 13.2 Ultrasound-guided puncture. The transducer should be aligned to
the course of the vessel—red plane in a and b. If the needle is advanced in the
same plane—blue plane in a—the tip and distal parts of the needle become
visible (¢). Notice aliasing in the colour flow image in ¢, as the tip of the
needle penetrates the vessel wall. In b the plane in which the needle is intro-
duced—blue plane—is not aligned to the red plane of the transducer and the
vessel. The vessel cannot be hit appropriately. In the corresponding ultra-
sound image (d) just mid parts of the needle are visible. The tip of the needle
is near the vessel—as the vessel course is distorted—but not visible

up the needle is mostly not helpful. It is better to adjust the needle
to the long axis of the transducer.

Introduction of the guidewire and of the sheath-dilator assem-
bly are performed in the same manner as for anatomic landmark
guidance.
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Fig. 13.3 The ultrasound transducer is placed inside a sterile sheath

13.2 Internal Jugular Vein Access

13.2.1 Positioning and Anatomic Landmark
Guidance

The patient should be positioned supine with a rolled towel under
the shoulders and the head turned to the contralateral side of the
puncture. A slight Trendelenburg position of approximately 10°—
15° would facilitate vessel access because it increases diameter of
the vein. In contrary an overextension or overrotation of the head
would inadvertently compress the jugular vein.

The essential surface anatomy is a triangle comprised of the
sternal and clavicular heads of the sternocleidomastoid muscle
medially and laterally and the medial third of the clavicle inferi-
orly, named the Sedillot’s triangle. The internal jugular vein lies
underneath this triangle and is located laterally to the carotid
artery (Fig. 13.4).

The right internal jugular vein is preferred over the left one
since:
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Fig. 13.4 Landmarks of the internal jugular vein access using the anterior
approach. (from Bergersen [3], with permission)

— The apex of the lung is lower on the right side.
— The path to the atrium is more direct.
— There is less risk of damaging the thoracic duct.

There are three different approaches to the internal jugular
vein.

For the anterior approach the needle is introduced at the medial
margin of the sternocleidomastoid muscle approximately at the
level of the thyroid cartilage and directed towards the ipsilateral
nipple (Fig. 13.5).

For the middle route the needle enters the apex of the triangle
formed by the both heads of the sternocleidomastoid muscle and
the clavicle and also directed towards the ipsilateral nipple.
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Fig. 13.5 Three approaches to the internal jugular vein. The blue line repre-
sents the course of the clavicle. The red lines show both heads of the sterno-
cleidomastoid muscle. Star—suprasternal notch. Triangle—thyroid cartilage.
(A) anterior approach; (B) middle approach; (C) posterior approach

In the posterior route the needle should be introduced along the
lateral margin of the sternocleidomastoid muscle cephalad to the
apex of the Sedillot’s triangle. In this case it should be directed
towards the suprasternal notch.

13.2.2 Ultrasound-Guided Puncture

For ultrasound-guided puncture of the internal jugular vein (IJV)
the anterior approach is the most appropriate. Mostly the II'V lays
antero-lateral to the carotid artery but anatomic variations with a
complete anterior or lateral position are possible. A gentle probe
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pressure will compress the vein and will help to avoid arterial
puncture according to the close relationship of both vessels. But
both vessels can be differentiated sufficiently either by pulsation
of the artery or by colour flow Doppler.

The short axis will visualize both vessels at the same time,
helping to distinguish them, while the long axis will help to rule
out the direction in which the needle has to be advanced.

Puncturing technique is the same as for femoral vessel cannu-
lation.

13.3 Subclavian Vein Access

Because of attachments of the subclavian vein to surrounding tis-
sues the vein remains patent even in hypovolemic patients. A
slight Trendelenburg position of the patient will not increase
diameter of the vessel but will avoid complications of air embo-
lism. The head should be kept neutral, as an excessive rotation to
the contralateral side will increase the angle between the internal
jugular and the subclavian vein therefore facilitating advance of
the guidewire into the IJV than into the superior vena cava.

The subclavian vein lays between the first rib and the clavicu-
lar bone and is bordered posterior by the subclavian artery and
brachial plexus (Fig. 13.6).

The anatomic landmark is the junction of the medial one third
and lateral two thirds of clavicular bone. From medial this corre-
sponds to the first slope of the bone when the anterior convexity
goes on to the anterior concavity. The cutaneous puncture should
be inferiorly and laterally to this point. The needle should be
advanced parallel to the floor targeting the suprasternal notch.

Puncturing too close to the clavicle is disadvantageous because
the needle has then to be directed posteriorly to negotiate with the
clavicle. This increases the risk for pneumothorax.

The vein can be located by ultrasound, but because of the ana-
tomic position between the clavicle and first rib real-time ultra-
sound localization during puncture is difficult. Thus, ultrasound
localization without real-time ultrasound guidance does not offer
advantages.
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Fig. 13.6 Landmarks of the subclavian vein access. (from Bergersen [3],
with permission)

13.4 Umbilical Venous Access

Catheterization of the umbilical vessels (two arteries and one
vein) is well described in neonatal text books and is a standard
procedure in the neonatal care.

The catheterization of the vessels is performed with a 3.5 or
5 F umbilical catheter. The 3.5 F catheter takes a 0.021” and the
5 F catheter a 0.025” guidewire.

If these catheters are in place, they can be cut with a scalpel
short above the umbilicus and the sheath needed can be inserted
over a guidewire.

13.4.1 Problems

Umbilical vein
e The guidewire and catheter are difficult to manoeuvre into the
ductus venosus due to entering the portal vein.
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Withdraw the catheter into the umbilical vein and give a small
injection of contrast to delineate the course of the ductus venosus
into the IVC.

Umbilical artery

e It might be difficult to advance the guidewire into the aorta
due to the tight curves of the umbilical artery entering the iliac
arty. A normal straight guide may be more suitable than a
torque guidewire.

13.5 Radial Artery Access

13.5.1 Positioning and Landmarks

— The arm is abducted 90° and positioned on an arm support.

— Slight elevation of the wrist by a cotton swab and fixation of
the hand.

— The landmarks are the distal ends of the radial and ulnar bone
and the radial pulse.

13.5.2 Technique

Needle entry superficially with a 30° angle. No syringe attached.

Advance until jerks of pulsating blood will flow.

13.6 Axillary Artery Access

In some patients access of the axillary artery provides an optimal

approach for stenting of the patent duct in newborns with duct-
dependent pulmonary circulation.
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13.6.1 Positioning and Landmarks

— The arm is positioned over the head.
— Position a rolled towel under the shoulder—this should elevate
the axillary region.

13.6.2 Technique

Palpation of the axillar artery is mostly possible. The clavicular
bone indicates the further curse of the axillar artery.

An ultrasound-guided puncture is the most appropriate and
helps to minimalize complications. The artery can be identified by
a slightly pulsation. Advance the needle under real-time ultra-
sound control. Once free pulsatile flow is visible, advance the
guidewire and insert the sheath using the Seldinger technique. A
4F sheath is usually well tolerated by a newborn.
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14.1 Introduction

Vascular malformation, stenosis, or thrombosis of commonly
used central arteries or veins (e.g., femoral or jugular, subclavian)
gives rise to the need for alternative vascular access routes.
Vascular access can be extremely difficult, especially in patients
who have undergone multiple catheterization procedures at a
young age or following placement of central lines in the afore-
mentioned vessels. Preventing vessel stenosis, especially in very
young patients, is a major challenge. The guidelines on cardiac
catheterization recommend using the smallest possible sheath,
especially for arterial access. Furthermore, the use of compres-
sion dressings after removal of the sheath and hemostasis may
lead to vessel thrombosis or impairment of blood flow. Therefore,
they should be avoided especially in small children. To prevent
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trauma to vessels caused by multiple puncture attempts in patients
with complicated or unusual vascular access, the use of ultra-
sound-guided puncture may be preferential.

14.2 Ultrasound-Guided Puncture

Ultrasound-guided punctures increase safety and efficacy in
patients with difficult vascular status, when access to small ves-
sels is required, or for catheterization in preterm, hypotrophic, or
newborn infants. It is also useful in patients with pulsatile or non-
pulsatile assist devices, given that vascular access in patients who
are fully anticoagulated or with reduced or absent pulse can be
very difficult or cause serious bleeding [1]. In such cases, the use
of a high-frequency ultrasound probe (10-12 Hz) with the option
of color Doppler imaging is mandatory. Sterility can be ensured
by using a single-use sterile probe tip. A 20G Abbocath radi-
opaque IV cannula (Hospira Inc., Lake Forest, USA) or
20G/50 mm length one-piece angiographic needle (Cordis,
Johnson & Johnson, USA) and a short 0.018 in. wire may be used
for vascular access in small children and in patients with a body
weight of up to 20 kg. An example of an unusual access route
(axillary artery) is illustrated in Fig. 14.1.

Ultrasound-guided puncture may also be used for uncommon
vascular approaches such as transhepatic access.

14.3 Transhepatic Vascular Access

In patients with caval thrombosis or vascular malformation
(absent SVC, IVC, or azygos continuation), those central vessels
(caval veins or atrium) may not be accessible via conventional
approaches. If the femoral or jugular access routes are obstructed
or missing, a transhepatic approach may allow diagnostic or ther-
apeutic catheterization or placement of a central venous line [2].
Transhepatic puncture is performed using the ultrasound-guided
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Fig. 14.1 Ultrasound-guided puncture: Right axillary arterial access with
ultrasound-guided puncture for ductal stenting of a complex ductus-dependent
defect in a 3-day-old infant with a BW of 2.9 kg. A 4.5-11.5 MHz ultrasound
probe (GE Healthcare, Wauwatosa, USA) was used to visualize the axillary
artery, and percutaneous puncture was performed with a 20G Abbocath. After
vessel puncture and wire placement, a 3 French sheath (Balt, Montmorency,
France) was introduced percutaneously and stent implantation (Coroflex
blue) was performed

approach after sonographic visualization of the liver structure and
especially liver veins [1]. We perform percutaneous puncture
from the lateral or medial position after visualization of the con-
comitant structures and vessels. After passing the liver paren-
chyma, the liver veins should be reachable with the proximal part
of the needle and aspiration should be attempted. If a withdrawal
of blood is possible, correct position may be checked again by
ultrasound and the introduction wire may be advanced into the
atrium of the heart. Thereafter, the sheath or central catheter may
be placed with or without pre-dilatation. The presence of hema-
toma can be excluded sonographically and liver enzymes checked,
if a central line remains in place (Fig. 14.2).
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Fig. 14.2 Transhepatic central venous line placement: ultrasound-guided
puncture by a left paravertebral and median percutaneous approach due to
inverse abdominal situs with dextrocardia in a patient with caval thrombosis.
(a) Sonographic picture after transhepatic placement of the central venous
line. Visualization of liver veins and liver tissue is essential for percutaneous
approach. (b) Fluoroscopic picture of central venous line with a transhepatic
approach

14.4 Paravertebral Access

The vertebral-azygous—hemiazygous pathway may exhibit sig-
nificantly enlarged collateral vessels in patients after corrective
surgery of congenital heart disease, especially in those with
modified Glenn or TCPC/Fontan operations or with obstructions
or thrombosis of the superior caval vein. In these patients, the col-
lateral pathways may connect to the pulmonary veins via the
bronchial vascular system, potentially giving rise to a significant
right-to-left shunt and, in some cases, cyanosis. With connection
to the paravertebral veins, the vessels are often located extremely
posterior, making retrograde access from the systemic or pulmo-
nary veins difficult or impossible. In some cases, the proximal
region may already have been occluded, but collateral flow still
exists. MRI or computed tomographic visualization of the azy-
gous or hemiazygous veins and their collateral vessels with CT-
guided access through the paravertebral veins makes it technically
possible to reach the vessel and applies a transcatheter occlusive
strategy (see Fig. 14.4). Despite the direct proximity to the pleura,
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access to the paravertebral veins may only be possible with a high
degree of precision under real-time CT-based navigation. Thus,
this approach can be recommended whenever access to the para-
vertebral veins is deemed mandatory.

Recently we reported a case of paravertebral access with the
use of a CT scan [3]. Vascular access was performed and identi-
fied via a 4 mm paravertebral vein at the level of the 4th-5th
thoracic vertebra as a small feeding vessel. Under real-time CT
guidance, this vessel was punctured using a 4 Fr. Micropuncture
introducer set (COOK Medical Inc., Bloomington, IN) and a 4 Fr.
sheath (COOK Medical Inc.) were placed using the Seldinger
technique (Figs. 14.3 and 14.4).

Fig. 14.3 (a) CT scan of the initial paravertebral approach (patient in prone
position), with the needle passing through the paravertebral space. (b) Punc-
ture of the paravertebral vein with a needle on the right side. (¢) Introduction
of a guide wire into the vertebral vein. (d) Insertion of a 4 Fr. introducer
sheath over the wire into the paravertebral vein and application of contrast
medium (#) to verify correct position of the sheath (From Schubert et al. [3])
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Fig. 14.4 Angiogram in lateral projection without contrast medium: two
Amplatzer vascular plugs in situ. One occluder was placed in the inflow to the
collateral; one was placed in the collateral itself. Access of the sheath through the
vertebral vein is documented via paravertebral access (From Schubert et al. [3])

14.5 lliacVenous Access

In patients with femoral vein stenosis or thrombosis, iliac access
may offer an alternative approach. Again this may be achieved by
ultrasound-guided puncture of the vessel. The transcutaneous
puncture will be below the inguinal ligament, but the vessel entry
of the needle will be positioned as high as possible with ultrasound-
guided movement of the needle. On removal of the sheath, vascu-
lar pressure has to be applied and hemostasis achieved by adequate
lower abdominal or inguinal compression. Ultrasonographic con-
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trol of hemostasis is required. In patients with no suitable femoral
or jugular venous access, iliac venous access may be a feasible
alternative to the transhepatic access route. If femoral stenosis is
apparent, treatment can and should be performed during or within
sheath removal (see Fig. 14.5a—c).

Inferior vena cava

Right external iliac vein Left external iliac vein

Right Internal iliac vein

Inguinal ligament

Right femoral vein

Right saphenous vein

Fig. 14.5 (a) Iliac and femoral vessel area around the inguinal ligament.
Venous puncture and sheath implantation can be performed via the right iliac
vein under sonographic control. (b) Example of an angiographic and fluoro-
scopic picture in a 12-year-old girl with multiple vascular punctures and
sheath/central line implantation and status post-stenting of the right iliac vein
due to stenosis. (c¢) Balloon dilatation of iliac and femoral stenosis within
sheath removal from the iliac vein. Complete treatment of the vessel stenosis
after sheath removal was documented, saving this vessel as an access route
for further catheterizations
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wxternal ilac vein

Fig. 14.5 (continued)
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15.1 Hemostasis

Hemostasis is an essential element in every vascular catheteriza-
tion. Its main purpose is to stop both internal and external bleed-
ing. A successful hemostasis should not compromise vascular
patency once the material has been removed.

Factors that may affect hemostasis can either be patient related
(blood thinners, blood disorders, history of cardiac surgery or
prior catheterization...) or procedure related (several attempts to
obtain vascular access, poorly anesthetized and not well immobi-
lized patients, ratio of sheath size to vessel size, length and com-
plexity of the procedure...).

The increasing trend in outpatient catheterization has made
reduction of post procedural bleeding a priority.
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Femoral vessels are the most frequently used vessels in con-
genital catheterization at all ages, due to their larger caliber and
their easier accessibility to the essential cardiac and vascular
structures. They are usually engaged using the Seldinger tech-
nique. Vascular access technique and site dictate the type of
maneuvers needed to achieve hemostasis.

There are no randomized controlled trials comparing com-
monly used techniques in achieving post catheterization hemosta-
sis.

15.1.1 Manual Compression (MC)

MC remains the “gold standard” in achieving hemostasis of a
femoral arteriotomy or venotomy. This is due to its effectiveness,
its tolerability, its good safety profile, and its short learning curve.
It is also a cheap maneuver that does not leave a foreign body in
or around the vessel, thus reducing distant complications.

At the end of the procedure, the sheath is usually removed
immediately.

When removing the sheaths, the operator should ensure arte-
rial hemostasis first, and then remove the venous sheath. This
approach is said to decrease the risk of arteriovenous fistula for-
mation and it provides a useful means of treating a vagal reaction
should the peripheral IV inadvertently be lost.

Before sheath withdrawal, it is essential to ensure the patency
of the peripheral IV line that would be used shall the need for [V
medication exist.

When pulling the sheath, the operator first prepares the area by
clearing away equipment, syringes, and tubing. The sheath is then
aspirated and flushed with saline to clear any thrombi.

To remove the sheath, the operator places left-hand fingers
over the femoral artery (or below the vein) an inch more cranial
(or caudal) than the skin incision. The skin is supported to mini-
mize traction and vessel damage [1].

The operator applies gentle pressure using a sterile gauze and
removes the sheath, taking care not to crush the sheath and “strip”
clots into the artery.
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It is crucial to monitor vital parameters and keep track of arte-
rial pulsation with a pulse oximeter placed on the distal limb.

The distal limb coloration should be continuously checked
during MC to ensure adequate perfusion.

If the pedal pulse is absent during compression, the pressure
over the artery should be decreased periodically to allow distal
circulation.

Keep in mind that arterial circulation can be compromised
even after simple venous access.

Maintain adequate compression (enough to counter vascular
pressure without compromising distal pulsation) for 10 min.
Apply more gentle pressure for 2-5 min then apply a pressure
dressing while keeping light compression.

Patients receiving antiplatelet treatment or in whom a larger
sheath is used may need prolonged compression time.

To avoid rebleeding, maintain gentle MC until the patient is
awake and their agitation has stopped.

If bleeding persists, maintain MC for 15 more minutes. If
hemostasis is not achieved within 30 min and ACT >200 s, con-
sider administering Protamine Sulfate for Heparin neutraliza-
tion.

The Protamine dose to neutralize 100 units of heparin accord-
ing to the elapsed time since the heparin was given:

* <30 min: 1 mg.
e 30-120 min: 0.5-0.75 mg.
e >120 min: 0.25-0.375 mg.

In general, 1 mg of Protamine neutralizes 100 units of heparin
(not to exceed 50 mg/dose).

Vessel dissection and surgical restoration, or simple ligation is
the last resort (rarely used in pediatric setting) whenever hemosta-
sis is not achieved with conventional methods.

After compression, observe the site for 5 min to see if there is
good hemostasis. Recompress if there is a hematoma or signs of
bleeding. Recheck again in 5-10 min and consider application of
a suitable pressure dressing.
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An elastic dressing is applied on the puncture site with special
care not to make it too tight. It should be a clear, plastic, water-
proof, sterile dressing permitting visualization of the entry and
surrounding tissues. It should be left for 12-24 h, with regular
inspection every 15 min for 1 h, every 30 min for 2 h, then every
2 h until hospital discharge on the following day.

Patients should be kept in bed rest for 6-8 h after hemostasis
whenever this is possible.

15.1.2 Vascular Closure Devices (VCD)

The use of hemostasis devices (VCD) has become more and
more spread in many hospitals, particularly in adults (10-15%
of all catheter-based procedures performed in adults utilize a
VCD for femoral access site hemostasis). Those devices are
conceived in the aim of improving patients’ comfort and reduc-
ing hemostasis time. Most of them have a safety profile compa-
rable to MC.

However, the use of these devices is still not very common in
the pediatric population.

All VCDs reduce the time to obtain hemostasis. Each device
has its own unique insertion technique, technical limitation and
complications.

Based on their mechanism of action, VCD are divided into two
categories: passive and active.

15.1.2.1 Passive Vascular Closure Devices

Hemostasis Pads

Coated with procoagulant substances to boost coagulation and
hemostasis, these pads can be used in conjunction with
MC. Compared to MC alone, hemostasis pads do not shorten
the time to ambulation but they improve patient and physi-
cian’s comfort.
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Compression Devices: FemoStop (St. Jude Medical, USA)

and ClampEase (Pressure Products Inc., USA)

Those devices are intended to replace humans with mechanical
compression, either by using an inflatable bubble (FemoStop) or a
clamp (ClampEase).

15.1.2.2 Active Vascular Closure Devices

Cardiva Catalyst (Cardiva Medical Inc., USA)
Used with MC, the Cardiva Catalyst is suggested for diagnostic or
interventional procedures with sheath sizes up to 7 Fr.

Insert the apparatus through the existing sheath. Once the tip is
within the arterial lumen, deploy a 6.5-mm umbrella-shaped disk
coated with protamine sulfate. Remove the sheath and gently pull
the disk against the arterial wall, where it is held in place by a ten-
sion clip. After 15 min (120 min for interventional cases), with-
draw the device and lightly compress for 5 min.

The device is compatible with most patients and has been suc-
cessfully used in pediatric patients.

Collagen Plug Device: Angio-Seal (St. Jude Medical, USA)
A three-component device, the Angio-Seal, includes a small and
flat anchor, a collagen plug, and a suture.

Angio-Seal uses purified bovine collagen as a sealing sub-
strate. The resorbable collagen plug induces platelet activation
and aggregation, releases coagulation factors, and eventually
results in the formation of fibrin and in thrombus generation.
Angio-Seal achieves hemostasis by anchoring a collagen plug to
the anterior vessel wall through a sheath delivery system.

Exchange the existing arterial sheath for a specially designed
6 Fr or 8 Fr sheath with an arteriotomy locator. Once proper posi-
tioning within the arterial lumen is secured, firmly hold the sheath
in place and remove the guide wire and arteriotomy locator. Insert
the device into the sheath until it snaps in place. Deploy the anchor
and pull back against the arterial wall. This positions the collagen
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plug just outside the arterial wall. Cut the suture below the skin
level, leaving behind the anchor; collagen plug and suture will all
dissolve within 2-3 months.

Collagen Plug Device: Mynx (Access Closure, USA)

Mynx uses a polyethylene glycol sealant that deploys outside the
artery, while a balloon occludes the arteriotomy site within the
artery.

Insert the device through the existing procedural sheath, and
inflate a small balloon within the artery and pullback to the arte-
rial wall. Place the sealant outside the arterial wall where it
expands to attain hemostasis, and then deflate and remove the bal-
loon through the tract.

Polyglycolic Acid (PGA) Plug Device: ExoSeal (Cordis
Corporation, USA)

ExoSeal delivers an absorbable synthetic plug to the space adja-
cent to the arteriotomy using visual guidance for 6 Fr arteriotomy
closure.

FISH (Morris Innovative, USA)
FISH uses an absorbable extracellular matrix “patch” made from
porcine intestinal submucosa. It is indicated for procedures using
5-8 Fr sheaths.

Insert the “patch” through the arteriotomy to straddle the arte-
rial wall. Release the “patch” from the device and pull a compres-
sion suture to hold the patch firmly in place.

Clip Device: StarClose (Abbott Vascular, USA)
StarClose uses a nitinol clip implant to reach hemostasis.

Insert the device into the arterial lumen, deploy the “wings,”
and pull against the arterial wall when the device is removed.
Deploy the clip just outside the arterial wall to grip the edges of
the arteriotomy and draw them together. The StarClose device is
designed for invasive procedures using 5-8 Fr arteriotomies.
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Suture Devices: Perclose (Abbott Vascular, USA)
Perclose offers suture-mediated VCD and has been successfully
used in pediatric cases.

The hemostasis procedure requires several steps: positioning
the device, needle deployment, suture capture, and needle
removal. Vessel closure starts by replacing the vascular introduc-
ing sheath with the Perclose device. Guidewire access is
unchanged until hemostasis is achieved. Three necessary
components are included in each system: a closer, a clincher, and
a knot pusher.

When the needle exit ports of the device lie just within the arte-
rial lumen (as indicated by pulsatile exit of blood through
“marker” lumens located adjacent to the needle exit point), the
needles are deployed so that they exit the device within the arterial
lumen, pass through the vessel wall, and are collected by a barrel
located on the shaft of the device just outside the artery.

The barrel then conducts the needles and sutures to the surface
through the sheath tract so that the two ends of each suture can be
retrieved, tied together in a slipknot, and pulled down to the arte-
rial surface to create a “surgical” closure of the arteriotomy. The
delivery sheath and the guidewire are then removed as tension is
maintained on the knot to achieve hemostasis [2].

15.1.3 Hemostasis in Non-femoral Access Sites

15.1.3.1 Jugular Access
The internal jugular vein is commonly used in congenital heart
procedures, including catheterization in children with cavo-
pulmonary anastomosis.

Simple MC for 5-10 min is usually sufficient for hemostasis
after sheath withdrawal.

Some studies have showed the safety and efficacy of the
Cardiva Boomerang Catalyst closure device in achieving hemo-
stasis after jugular access.
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Always beware of compromising the carotid artery vascular-
ization when applying manual compression on the internal jugu-
lar.

15.1.3.2 Umbilical Access
In newborns 3 to 5 days old, umbilical arteries and vein are usu-
ally available for vascular access.

The umbilical vein can accommodate relatively large catheters
and facilitate access to the heart. Less frequently, an umbilical
artery can be cannulated and used for aortic and left ventricular
catheterization.

Hemostasis is achieved after catheters and guide wires are
withdrawn at the end of the procedure by simple light compres-
sion of the umbilicus for 5 to 15 min.

Shall the bleeding persist, the umbilical vein can be sutured
directly or occluded with skin sutures.

A subsequent sterile non-compressive dressing should cover
the umbilicus for 24 h.

15.1.3.3 The Transhepatic Access
Transhepatic access is an alternative for diagnostic and interven-
tional procedures in patients with obliteration of the typical access
sites.

The transhepatic vessels can accommodate relatively large
sheaths.

This method provides relatively direct access to the atrial sep-
tum, left atrium and pulmonary veins.

It is possible in patients as small as 3.1 kg, but is mostly used
in patients weighing more than 10 kg.

If the ACT exceeds 200 seconds, Protamine is administered
(1 mg per 200 U heparin, maximum dose 25 mg, administered
over a 5-min period) to lower the ACT below 200 s before the
transhepatic sheath is withdrawn.

After removal of the sheath, the tract is obliterated with
Gelfoam plugs to reduce the risk of significant hemorrhage.

The Gelfoam plugs are formed from small Gelfoam strips
rolled to fit into the delivery sheath. The plug is advanced to the
end of the sheath, which is then withdrawn while deploying the
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Gelfoam plug. The intraparenchymal position of the sheath tip is
documented by contrast injection.

Alternatively, an MReye Embolization Coil (Cook Inc., USA)
or an Amplatzer Vascular Plug (AGA Medical Co., USA) can be
used for this purpose. The coil or device is placed in the parenchy-
mal tract between the hepatic vein and the liver capsule to mini-
mize the risk of bleeding (Fig. 15.1). The sheath is then completely
withdrawn and the puncture site covered with sterile dressing.

Fig. 15.1 Hemostasis after transhepatic catheterization: (a) A small volume
(1-2 mL) of the contrast is injected to visualize the hepatic veins. (b) An
MReye Embolization Coil (0.035 in. X 4 cm x 3 mm) is advanced to the end
of the sheath and deployed between the hepatic vein and the liver capsule. (¢)
The intraparenchymal position of the sheath tip is documented by contrast
injection
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After catheterization, patients are monitored, their vital signs
are checked, and the percutaneous transhepatic puncture site is
inspected every 15 min for 1 h, every 30 min for 2 h, and then
every 2 h until hospital discharge on the following day [3].

15.1.3.4 Surgical Vascular Access
Surgical access is usually reserved to cases when the Seldinger
method fails or when larger introducer sheaths are used.

Sheaths are inserted through the artery or vein and secured
with 2 purse-string sutures using Prolene 6/0.

After sheath’s removal, the ends of the suture are drawn tight
and the wound is closed like a purse.

Once the hemostasis is achieved, the subcutaneous tissues are
closed with Vicryl 4/0 and the skin is sutured with Dermalon 4/0
(skin sutures are removed 2 weeks later).

15.1.3.5 Hybrid Procedures

Cardiac structures are directly punctured and sheaths are secured
with two purse-string sutures using Prolene 5/0 or 6/0. Hemostasis
is achieved the same way as in the surgical vascular access.

15.1.3.6 Fetal Interventions

In fetal interventions, the cardiac chambers are entered by a direct
wall puncture through the maternal abdominal wall. At the end of
the procedure hemostasis is usually achieved by a simple retrieval
of needle, wire, and balloon. A sterile non-compressive dressing
is applied to the maternal abdominal wall at the access site. No
other hemostatic measures are needed.
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16.1 Access Complications and Management

Vascular access (VA) may lead to serious complications and high
morbidity. Iatrogenic vascular injuries in children are affected by
some anatomical and physiological characteristics: Children have
thicker subcutaneous tissue resulting in less effective compres-
sion and they can be less compliant with post procedure ambula-
tion recommendations. On the other hand, adults may have
calcified arteries that could break under needle puncture, advanced
stages of atherosclerosis, or arterial occlusive disease that would
make the repair difficult.

Arterial vessels in young patients are more fragile and prone to
vasospasm or sub adventitial injury if dilated extensively.
Moreover, multiple access sites may be required in structural
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heart disease catheterization, while repeated cardiac interventions
and multiple cardiac surgeries may result in incremental loss of
sites. Thus, efforts should be made for preservation. It is essential
to be familiar with the predisposing factors affecting the outcome
of the procedure to avoid complications. These factors may be
divided in 3 points:

1. Operator-related factors: Personal experience and ability to
use ultrasound to guide access.

2. Patient-related factors: Age, anticoagulant medication, bleed-
ing disorders, polyglobulia, connective tissue disorders, mul-
tiple cardiac surgeries or repeated catheterization using the
same VA site.

3. Technical factors: the use of larger sheath in a smaller patient,
complex and long exposure, unplanned access, simultaneous
venous and arterial ipsilateral femoral access, insufficiently
immobilized patient and the use of Vascular Closure Devices
(VCD) for hemostasis.

Patients with one or more of the preceded conditions are to be
carefully considered for preventive hemostasis after cardiac cath-
eterization.

16.1.1 Preventive Measures

In order to decrease the incidence of complications’ occurrence,
some measures may be advocated:

* Discontinue anticoagulant/antiaggregant medication a few
days prior to the procedure.

* Use deep sedation for complete VAS immobilization.

* Apply accurate disinfection for an aseptic environment.

e Avoid artery and vein entry in the ipsilateral femoral access.

e Encourage the use of ultrasound guiding for percutaneous
access.

 Introduce the guide wire without resistance and check its intra-
vascular position at fluoroscopy.
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— If the guide wire position is not secure, exchange the needle
for a venous cannula and inject contrast to delineate the vas-
cular anatomy (Fig. 16.1).
* Use stepwise predilatation if introducing larger dilator/sheath
assemblies.
¢ Monitor adequate heparinization with ACT control during a
long-lasting procedure.

An adequate hemostasis (refer Chap. 13) and meticulous
patient follow-up in the few hours following catheterization, as
well as a couple of weeks later, are crucial.

Fig. 16.1 Bilateral occlusion of the femoral veins in a 12-month-old child:
dye injection in both veins (a, b) shows the contrast drainage to the right heart
via a paravertebral collateral network to the right azygous vein and the right
superior vena cava (c¢)
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16.1.2 Complications Linked to the VAS
and Techniques

16.1.2.1 Femoral Access

Percutaneous entry through the femoral artery and vein for car-
diac catheterization is preferred because of the larger diameter of
those vessels and the better accessibility of cardiovascular struc-
tures. To facilitate vessel entry and effective compression, the
puncture should be above the femoral bifurcation but below the
inguinal ligament.

A low stick, below the femoral bifurcation, may predispose to
pseudoaneurysm, hematoma, arteriovenous fistula, dissection,
and lymphocele, whereas a high stick may puncture the inferior
epigastric artery or a posterior wall and cause retroperitoneal
hemorrhage. Also, arterial or venous occlusion, femoral neuropa-
thy, and pulmonary embolus may occur.

Hematoma

Arterial bleeding is a relatively common VAS complication where
blood collects in the soft tissue. It is caused by blood loss at the
VAS or by the perforation of an artery or vein and may occur if the
arterial puncture is below the femoral bifurcation, making the
femoral head unavailable to assist with compression.

Clinically, the skin surrounding the puncture site, where visi-
ble swelling is noticeable, is hardened. Hematomas vary in size
and are often associated with pain in the groin area, which can
occur at rest or with leg movement. Depending on severity, they
can result in a decrease in hemoglobin and blood pressure and an
increase in heart rate.

Managing a hematoma requires additional compression and
immobilization of the leg, marking the area to evaluate for any
change in size, providing hydration, monitoring serial complete
blood cell counts, maintaining/prolonging bed rest, and stopping
anticoagulant and antiplatelet medication if necessary, as well as
blood transfusions if indicated.
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If it is severe, it may require surgical evacuation but this is a
rare occurrence in children. Many hematomas resolve within a
few weeks as the blood dissipates and is absorbed into the tissue.

Acute Arterial Occlusion

Pulse loss after cardiac catheterization has been reported to occur
in infants weighing less than 14 kg despite prophylactic use of
heparin. The cause is usually vasospasm, especially in smaller
patients. The classical 5 Ps (pain, paralysis, paresthesias, pulsel-
essness, and pallor) are indicative of impaired circulation.

Recognizing limb ischemia in infants may be delayed because
of their inability to communicate and the presence of more subtle
signs such as decreased skin temperature and range of motion and
skin discoloration.

As return of palpable pulses can be a false indicator of vessel
patency, a rapid check of vasospasm (versus VAS thrombosis)
should be made by ultrasound.

Due to the children’s ability to develop a rich collateral net-
work (Fig. 16.1), claudication or limb length discrepancy is less
likely to occur.

Patients with markedly diminished pedal pulses at the end of
catheterization should receive a heparin infusion at a rate of
12—17 units/kg/h to eliminate the risk of arterial spasm. This
should begin with a bolus of 100 units/kg if the patients did not
receive heparin during catheterization or of 50 units/kg if more
than 2 h have elapsed after heparinization during the procedure. If
the pedal pulse remains non-palpable or greatly diminished 4 h
later, thrombolysis is considered and the patient should be trans-
ferred to the ICU. Thrombolysis instituted with tissue-type plas-
minogen activator using a bolus of 0.1 mg/kg followed by an
infusion of 0.5 mg/kg/h for 2 h. Heparin infusion is then reinsti-
tuted at the same rate for 4 h.

If pulses become palpable during this period, heparin is contin-
ued for 6 h. Otherwise, a second course of thrombolysis is admin-
istered, again with a bolus of 0.1 mg/kg followed by an infusion
of 0.5 mg/kg/h for 2 h with another subsequent heparin infusion
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of 12—17 units/kg/h for 6 h. Patients have to be closely observed
for complications, particularly for bleeding at the VAS. It is
important to expose the pressure dressing so that bleeding can be
instantly recognized and treated with manual compression (MC).
The patient is kept NPO and remains in the supine position with
the leg kept straight. Vital signs are monitored closely. This can
lead to a patency rate of the target vessel of 95% [1].

Chronic Arterial Occlusion
Permanent arterial occlusion has been reported to range from 5.5
to 20% of cases.

If the chronic femoral artery occlusion causes no symptoms,
the child should be monitored on a regular basis, but if there are
symptoms, operative intervention is warranted.

In older children and adults, percutaneous recanalization of the
occluded vessel may be attempted, first by passing a wire through
the obliterated segment. The wire is then supported by a stiff cath-
eter or dilator. Some use a straightened transseptal needle to com-
plete the passage. During this maneuver, repeated contrast
injections through the dilator or supporting catheter ensure needle
or wire is following the proper “intravascular” course. After the
wire passes into the proximal vessel, balloon angioplasty is per-
formed with a balloon diameter slightly larger than that of the
adjacent normal vessel.

Wire recanalization and balloon angioplasty are applicable to
femoral and iliac veins and arteries, inferior vena cava and supe-
rior vena cava, as well as innominate vein. The lumen achieved is
adequate for catheterization but may not remain patent long term.
Stent implantation should therefore be considered to achieve a
more uniform lumen large enough to ensure long-term patency.

Retroperitoneal Hemorrhage

Bleeding occurs behind the serous membrane lining the walls of
the abdomen/pelvis and may occur if the arterial wall puncture is
made above the inguinal ligament, resulting in the perforation of
a suprainguinal artery or the penetration of the posterior wall.
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It can be fatal if not recognized early, but can be diagnosed by
computed tomography.

Patients usually display moderate to severe back pain, ipsilat-
eral flank pain, vague abdominal or back pain, and abdominal dis-
tention (often not associated with obvious swelling hypotension
and tachycardia). Ecchymosis and decrease in hemoglobin and
hematocrit are late signs.

Retroperitoneal hemorrhage is managed by providing hydra-
tion, performing serial blood cell counts, maintaining bed rest,
interrupting anticoagulant and antiplatelet medications if neces-
sary, and performing blood transfusion if indicated. In rare
instances, it may require surgical evacuation.

Pseudoaneurysm

A communicating tract between the tissue and, usually, one of the
weaker walls of the femoral artery causes blood to escape from
the artery into the surrounding tissue.

Possible triggers include difficulty with arterial cannulation,
inadequate compression after sheath removal, or impaired hemo-
stasis. It may occur if the arterial puncture is below the femoral
bifurcation so the femoral head is not available to assist with com-
pression.

Posttraumatic pseudoaneurysms in children are rare, and thus
there is little information regarding treatment. In adults, they are
more frequent with use of thrombolytics, antiplatelet agents, and
anticoagulants.

Clinical signs include swelling at insertion site, large and pain-
ful hematomas, ecchymosis, pulsatile mass, or bruit and/or thrill
in the groin. Pseudoaneurysms can rupture, causing abrupt swell-
ing and severe pain.

One should suspect nerve compression when pain is out of pro-
portion compared to the hematoma size. Nerve compression can
result in limb weakness that takes several weeks to resolve.

Small femoral pseudoaneurysms commonly close spontane-
ously after cessation of anticoagulant therapy and require pro-
longed bed rest and monitoring, whereas large ones should be
treated by ultrasound-guided compression or surgical repair.
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Arteriovenous Fistula

An arteriovenous fistula is an abnormal connection between the
arterial and venous system that bypass the normal anatomic capil-
lary beds. Acquired AVF of the lower extremity is by far the most
commonly occurring AVF due to the frequency of femoral percu-
taneous arterial and venous access.

The main causes include multiple access attempts, punctures
above or below proper site level, and impaired clotting.

Long-standing AVFs can lead to limb edema, high-output car-
diac failure, or aneurysmal degeneration of the artery. AVF can be
asymptomatic, and result in bruit and/or thrill at VAS, and in
swollen and tender extremities. In adults with pre-existing periph-
eral artery disease (PAD), it can lead to the onset or worsening of
lower extremity ischemic symptoms.

In most cases, the communication between the artery and vein
will spontaneously seal. Whereas, some require ultrasound-
guided compression or percutaneous device closure. Surgical
repair is rarely needed especially in children.

16.1.2.2 The Internal Jugular Vein
It is frequently used for access, particularly in patients with inter-
rupted inferior vena cava or after Glenn operation.

Complications include puncture of the carotid artery, Horner’s
syndrome, air embolism, mediastinal hematoma, hemothorax,
and carotid jugular fistula. Multiple attempts to obtain the jugular
vein raise the incidence of complications, and patients should be
closely monitored. Ultrasound-guided jugular vein catheterization
is obviously superior to the landmark-based technique in terms of
decreased incidence of complications.

When inadvertent carotid artery cannulation or hemothorax/
pneumothorax have occurred, the appropriate management is first
to stop the catheterization and pull out the catheter carefully.
Patient monitoring should be performed in the ICU. The second
step is local compression, which can stop bleeding, and then mon-
itoring the vital signs of the patient. If they are stable, further
checks such as physical examination, neurological examination,
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Doppler ultrasound examination, plain chest radiograph, mag-
netic resonance angiography, and carotid angiogram could be
considered. Treatment depends on clinical tolerance [2].

16.1.2.3 Transhepatic Access

Potential complications of transhepatic access include pneumo-
thorax, hemorrhage, hemoperitoneum, hemobilia, cholangitis,
liver abscess, sepsis, and hepatic vein thrombosis. In addition,
intraperitoneal hemorrhage requiring laparotomy may occur.

The use of ultrasound to provide visualization of the liver and
hepatic veins during transhepatic access is a major modification
that may further decrease the likelihood of puncturing other struc-
tures during access, and thus decrease the risk of complications.
To reduce the risk of significant bleeding, obliteration of the
parenchymal sheath is advocated for hemostasis. This can be
achieved with either coil embolization or Gelfoam plugs. When it
occurs, parenchymal hemorrhage should be treated conserva-
tively. If bad tolerance happens, exploratory laparotomy may be
needed.

16.1.2.4 Umbilical Access
In newborns that are less than 4 days old, the umbilical vein is
available for a rapid vascular access, but this can lead to several
types of access complications including blood loss, vascular per-
foration, and thrombosis.

Umbilical catheter manipulation may predispose the newborn
to necrotizing enterocolitis. To reduce the risk of its occurrence,
48 h of post-procedural fasting is recommended.

16.1.2.5 Vascular Closure Devices (VCD)
Many VCD are used in adults, but in children there is no consen-
sus on the validity of any of the devices. Whereas VCD have
reduced time to hemostasis and facilitated patient mobilization,
their safety remains controversial.

The complications related to VCD use are generally the same
as those observed in patients who are managed by traditional MC,
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with the exception of device embolization. Moreover, severe peri-
arterial infection and endarteritis requiring major surgery have
been reported following the use of VCD. Their use is therefore
only recommended in selected patients [3].
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17.1 Introduction

Transseptal (TS) puncture of the left atrium was first described in
1959 as a new, alternative method in accessing the left heart for
the assessment of patients with acquired or congenital heart dis-
ease [1]. With the increasing volume of structural heart proce-
dures and a growing number of congenital heart patients reaching
adulthood, the operator needs skills to safely perform a TS
puncture.
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17.2 Procedures Requiring TS

Transseptal is a cornerstone in procedures like percutaneous bal-
loon mitral valvuloplasty, transcatheter mitral valve repair
(MitraClip device Abbott Vascular), transcatheter mitral valve
replacement and mitral valve-in-valve procedure, mitral paraval-
vular leak repair, LAA appendage closure, and left-sided ablation
for atrial fibrillation (Fig. 17.1).

Fig. 17.1 Procedures requiring transseptal access. (a) Mitraclip (MitraClip
device, Abbott Vascular), (b) Transcatheter mitral valve replacement
(Edwards Sapien 3 valve, Edwards Lifesciences). (¢) Left atrial appendage
exclusion (Watchman device, Boston Scientific). (d) Left atrial fibrillation
ablation
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Although the fundamentals of transseptal puncture remain the
same for all the procedures, each one of them requires a site-
specific puncture for successful completion. In addition to struc-
tural heart interventions, transseptal puncture is also used for
providing hemodynamic support using Tandem heart and for per-
forming hemodynamic assessment in mitral and aortic valvular
disease.

17.3 Understanding Transseptal Anatomy

A thorough knowledge of both atria, the interatrial septum, and
adjacent cardiac structures is crucial for TS heart catheterization
[2]. A majority of the atrial septation is formed by infolding of the
right and left atrial walls (interatrial groove), with puncture out-
side the fossa ovalis valve (FO) and adjacent margins of its mus-
cular rims (limbus), leading to perforation. The interatrial septum
(IAS) is bounded posteriorly by a fold of the pericardium between
the left and right atria, superiorly by the superior vena cava (SVC),
anterosuperiorly by the noncoronary sinus of the aortic valve,
antero-inferiorly by the coronary sinus, and inferiorly by the
IVC. The supero-posterior rim is often referred to as the septum
secundum. The aortic mound is located anterior and superior to
the FO, overlying the aorta; posterior to the aortic mound is the
transverse sinus or retroaortic space. More caudally, the pyrami-
dal space constitutes the posterior septum where the right-sided
pulmonary veins and their pericardial reflections forming the
oblique sinus are located.

17.4 Transseptal Technique

The technique of TS puncture has a multitude of steps with varia-
tions made based on operator preference and patient-related fac-
tors (Fig. 17.2). First, a 0.032 or 0.035 in. J-tipped 135 cm
guidewire is advanced to the SVC and an 8 F 62-cm-long sheath
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Fig. 17.2 Technique of transseptal puncture. (a) An 8 F 62-cm-long sheath
is advanced over a J-tipped guidewire to the superior vena cava. The guide-
wire is removed and a 71 cm transseptal (TS) needle introduced under con-
tinuous flush. (b) With the needle approximately two fingerbreadths (1-2 cm)
away from the sheath hub, the entire TS system is positioned at the 4-5
o’clock location and withdrawn caudally until it encounters two leftward
jumps: SVC/right atrial junction and muscular interatrial septum. (¢) TS tip
subsequently engages the fossa ovalis (FO), confirmed by contrast injection.
(d) Needle is briskly advanced puncturing the septum. (e) Once needle posi-
tion is confirmed within the left atrium (LA), the entire system is advanced
1 cm. The dilator is disconnected from the sheath and the needle/dilator is
turned toward the 12—1 o’clock location. (f) The sheath is advanced over the
dilator into the LA and finally the dilator/needle removed. Passive back
bleeding of the sheath de-airs the system and the patient is afterward antico-
agulated
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Fig.17.2 (continued)

(SL or Mullins) placed. The guidewire is removed, leaving the
sheath with its dilator locked in place. The dilator is bled back and
flushed with a syringe to avoid thrombus or air introduction into
therightatrium. Next,a71 cm TS needle (standard Brockenbrough,
BK, with 19° angle), selected to fit the length of the sheath, is
attached to a manifold that allows for pressure monitoring, flush/
discard, and contrast injection.

The needle is introduced while continuously flushing and is
gently advanced through the sheath allowing it to rotate freely
within the dilator. If resistance is met, especially at the location of
the inferior vena cava/pelvic brim, the needle stylet should be
reinserted to prevent piercing through the dilator/sheath. The nee-
dle tip must be kept within the lumen of the dilator, maintained
approximately two fingerbreadths (1-2 cm) away from the sheath
hub. Once the transeptal needle is juxtaposed to the tip of the dila-
tor, the entire system is positioned at the 3—6 o’clock locations—
both the sheath with sideport and needle indicator arrow pointed
in the same direction. Typically the 4-5 o’clock location (45°
from the horizontal plane) is most desired with 3 o’clock being
directed toward the patient’s left side (Fig. 17.3). The IAS is a
posterior structure typically located at the 4-5 o’clock location;
the aorta or retroaortic/transverse sinus is located at the 1-3
o’clock locations and should be avoided.
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Fig. 17.3 Transseptal needle position. (a) The transseptal (TS) needle indi-
cator arrow dictates the location of the needle tip. With the patient on a hori-
zontal plane (3/9 o’clock), the sheath with sideport and indicator arrow are
pointed in the same direction to the 4-5 o’clock location (45° from the hori-
zontal plane). The interatrial septum with the fossa ovalis (FO) is typically a
posterior structure located at this position. (b) Holding of the needle and the
TS sheath/dilator requires maintaining the same distance from the distal dila-
tor tip (1-2 cm) and concordant movements of the system. (¢, d) A clockface
superimposed on an axial slice of a cardiac CT reveals the location of the FO
at 4-5 o’clock and the aortic valve more anterior at the 1-3 o’clock

Thereafter, the SVC/RA pressure tracing is recorded and the
system withdrawn all together toward the IVC, without changing
the relative distance between the sheath and needle. Upon descent
from the SVC to FO, the system usually encounters two leftward
jumps: first at the SVC/RA junction and second from the muscu-
lar IAS (in the region of the aortic mound) into the FO. The TS tip
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should subsequently engage the FO, with the apparatus advanced
slightly to firmly contact and tent the septum. A loss of RA pres-
sure is typically noted and 3-5 cc of contrast gently injected to
stain the IAS. Once the position is confirmed, the sheath/dilator is
firmly anchored and the TS needle is briskly advanced, punctur-
ing the septum. The transducer should reveal LA pressure, and
additional contrast can be injected and oxygen saturation per-
formed to confirm LA positioning. If LA pressure tracing is not
noted, change the scale to assess for aortic pressure. Staining of
the pericardium or aorta verifies inadvertent pericardial or aortic
puncture. Until confirmation is made, the sheath/dilator should
not be advanced.

The entire system is then advanced about 1 cm across the TAS,
allowing the dilator to cross the septum. The dilator is discon-
nected from the sheath, and the needle/dilator is turned in a coun-
terclockwise rotation, toward 12-1 o’clock, bringing the entire
system anteriorly toward the center of the LA away from the pos-
terior wall. The dilator/needle is fixed and the sheath advanced
into the LA. Successively, the sheath is fixed and the dilator/nee-
dle removed slowly to avoid introducing air into the sheath. In
addition, aspiration of the TS sheath can introduce air through the
valve and is not recommended. Passive back bleeding with the
sheath port positioned below cardiac level will allow for appropri-
ate de-airing of the system. The sheath can then be flushed and the
patient appropriately anticoagulated to achieve therapeutic ACTs
between 250 and 300 ms, further adjusted according to the desired
intervention.

17.4.1 Site-SpecificTSP

17.4.1.1 Mitral Valve Interventions

Optimal transeptal puncture is crucial in mitral valve interventions
[3]. The site of transseptal puncture for MitraClip depends on the
origin of mitral regurgitation jet. For lateral and central jets, a
superior and posterior puncture is selected; however, for medial jet
an inferior and posterior puncture is favorable, avoiding excessive
flexion of MitraClip system. A mid-fossa puncture is adequate for
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PBMV and TMVR. Lateral paravalvular leaks (6-12 o’clock)
might be easily reached with a central or anterior puncture. Medial
paravalvular leaks (12-6 o’clock) are better approached from the
transapical access, but if the transseptal approach is selected more
posterior puncture is preferred (Fig. 17.3).

17.4.1.2 LAA Occlusion Procedure

A posterior TSP is required to achieve sufficient depth and main-
tain sheath coaxial to the long axis of LAA. There are small dif-
ferences unique to the delivery of different LAA occlusion
devices, depending on the delivery sheaths.

17.4.1.3 EP Ablations

With EP ablations, a relatively anterior puncture provides easier
access to pulmonary veins which are located posteriorly in the left
atrium (Fig. 17.4).

17.5 Knowledge of Imaging
17.5.1 Fluoroscopy

Traditionally, TS technique has been performed using fluoros-
copy. The anteroposterior (AP) projection allows for identifica-
tion of appropriate placement within the mid right atrium and
against inadvertent placement into the right ventricle or LA
through a patent foramen ovale (PFO). The placement of a pigtail
catheter into the noncoronary cusp aids at the delineation of the
posterior border of the aortic wall, as well as the aortic valve/root.
It also provides active arterial blood pressure monitoring during
the procedure.

In addition to the AP view, other views should be utilized
including right anterior oblique (RAQO) at 40-50° and left anterior
oblique (LAO) at 30-55° [4] (Fig. 17.5). The location of the TS
system within the anterior/posterior axis is evaluated in the RAO
view and within the superior/inferior axis in the LAO view. In the
RAO projection, the IAS is en face with posterior, superior, and
inferior borders identified. The intended site of puncture is half-
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Fig. 17.4 Site-specific transseptal puncture. Yellow dot—MitraClip, medial
paravalvular leaks, and mitral valve interventions; blue dot—EP pulmonary
vein ablation; black dot—Ieft atrial appendage closure and lateral paravalvu-
lar leaks; red dot—hemodynamic assessment. The risk of injury: red-striped
rectangle—aortic root area, black-striped area—posterior perforation at the
infold of the atria

way between the posterior boundary of the atria and a line drawn
extending from the posterior aortic wall, approximately 1-3 cm
below the noncoronary cusp. The angle at which the septum is
punctured can be visualized with the needle directed away from
the field of view. In the LAO projection, a line can be drawn
extending from the posterior aspect of the pigtail catheter to the
spine at a 45° angle. The intended puncture site is located approx-
imately halfway between these two landmarks along this line with
the needle directed to the right in a posterior direction.
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Fig. 17.5 Fluoroscopy for transseptal puncture. (a) In the anteroposterior
(AP) view, the pigtail can be noted placed into the noncoronary aortic valve
cusp, identifying the posterior border of the aortic wall and aortic root. A
balloon-tipped catheter is also visualized within the right ventricular outflow
tract into the left branch pulmonary artery. (b) In the left anterior oblique
(LAO) view at 30-55°, a line can be drawn from the posterior aspect of the
pigtail catheter to the spine at a 45° angle. Intended TS puncture is halfway
along this line with the needle directed to the right (posterior). (b) In the right
anterior oblique (RAO) view at 40-50°, the intended TS puncture is halfway
between the posterior boundary of the atria and a line drawn extending down
from the posterior aortic wall, approximately 1-3 cm below the noncoronary
cusp
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17.5.2 Echocardiography

Nonetheless, the distortion of the IAS decreases the efficacy of con-
ventional fluoroscopy in identifying the anatomic landmarks.
Echocardiography can offer high-resolution images of important
cardiac structures, with transthoracic, transesophageal (TEE) and
intracardiac (ICE) echocardiography. 3D TEE enables even more
comprehensive imaging of the heart, using either volumetric or mul-
tiplane 2D imaging [5, 6]. 3D imaging of the IAS closely parallels
true anatomic inspection and is implicitly understood with the image
easily rotated from the RA to LA perspective and intracardiac cath-
eters and devices well visualized. Alternatively, ICE provides 2D
and now 3D ICE imaging with a clear definition of all intracardiac
catheters, the IAS, septal tenting prior to puncture, and bubble visu-
alization in the LA confirming needle position [7] (Fig. 17.6).

Fig. 17.6 Echocardiography for transseptal puncture. (a) With X-plane bica-
val view a precise location for the transseptal puncture can be selected. (b)
Measurement of height to the mitral valve annulus. (c) Assessment of the nee-
dle location in 3D. (d) Intracardiac echocardiography for transseptal puncture
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17.6 Advanced Imaging

With recent technological improvements, the integration of TEE
with fluoroscopy in the catheterization laboratory, also known as
echo-fluoro imaging, provides an alternative to traditional image-
guided TS catheterization. The basis of fusion imaging relies on
the utilization of live echo data and merging it with live fluoros-
copy. Echo-fluoro software (Philips Healthcare, Best, Netherlands)
automatically registers the 3D TEE field of view, in reference to
the probe face plate, with fluoroscopy. After successful registra-
tion, a TS landmark can be placed on 2D x-plane and adjusted
with confirmation in a 3D view. These landmarks are subsequently
overlayed onto fluoroscopy to guide TS puncture (Fig. 17.7).

17.7 High-Risk Transseptal Anatomy

High-risk TS anatomy can vary and includes abnormal rotation of
the cardiac axis; distortion of the IAS due to intra- or extracardiac
causes; formation of an IAS aneurysm, abnormal fibrosis, hyper-
trophy, and/or calcification; and the presence of previously placed
IAS closure devices. Recognizing these features is essential and
modifying the approach to TS puncture necessary. Abnormal rota-
tion of the cardiac axis can occur in the setting of significant ven-
tricular hypertrophy or hypertrophic cardiomyopathy. Intracardiac
causes of IAS distortion include LA and RA dilatation as well as
many congenital heart defects. A dilated LA has bulging of the
IAS toward the RA, making the FO convex. With TS needle

»
>

Fig. 17.7 Echo-fluoro imaging. (a) Echo-fluoro imaging provides an alter-
native to traditional image guidance with live echo data merged with fluoros-
copy. Echo-fluoro software (Philips Healthcare, Best, Netherlands)
automatically registers the 3D TEE field of view, in reference to the probe
face plate, with fluoroscopy. After successful registration, a transseptal (TS)
landmark (blue dot) can be placed on 2D x-plane (upper frames) and adjusted
with confirmation in a 3D view. These landmarks are subsequently overlayed
onto fluoroscopy to guide TS puncture (right lower panel). (b) Successful
site-specific TS puncture performed with sheath/dilator advanced into the left
atrium at the site of intended position
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descent, the system is directed either too anterior or too posterior.
On the other hand, a dilated RA has bulging of the IAS toward the
LA. The FO is concave making it a challenge for the TS system to
reach. For extracardiac distortion, severe scoliosis can alter the
axis of the IAS and a dilated ascending aorta can cause bulging in
the anterosuperior aspect of the IAS (Fig. 17.8a, c, d).

Surgically repaired IAS or presence of baffles/conduits can
further alter anatomic landmarks with puncture and sheath
advancement more difficult in the presence of endothelialized
patch material. Multiple materials have been utilized including
pericardium, Teflon (DuPont, Wilmington DE), Dacron (DuPont),
and Gore-Tex (Gore, Flagstaff AZ); however, all can be crossed
with minimal risk for residual shunt [8]. Increased thickness or
calcification of the FO and local scarring at a prior puncture site
can make repeat TS catheterization more challenging with lower
success rates than first time punctures [9, 10] (Fig. 17.8b). Lastly,
previously placed atrial septal defect (ASD) and patent foramen
ovale (PFO) closure devices can equally alter anatomic landmarks
with device overlapping varying parts of the septum and most
endothelialized making sheath advancement more difficult.

17.8 Alternative Approaches and Advanced
Techniques

Difficulties at engaging the FO may be related to many of the
anatomical variations described [11]. Bending the standard BK
needle to increase (dilated RA) or decrease (dilated LA) curvature
and/or bending the patient with the right shoulder down may aid
in engagement of the IAS. Alternative equipment such as
Brockenbrough needles with additional length of 89 cm or accen-
tuated curve (BK1, 53° angle) may be necessary to reach or
engage the FO.

Additional efforts can be made to provide further evidence that
the TS needle after puncture is located within the LA and reduce
the risk of LA free wall perforation [12]. While stabilizing the TS
system, the manifold can be removed from the TS needle and an
0.014” coronary wire inserted and advanced either within the
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Fig. 17.8 High-risk transseptal anatomy identified by CTA. (a) Extracardiac
distortion by an ascending aortic aneurysm can cause bulging of the anterosu-
perior aspect of the interatrial septum (IAS) (white arrowheads). (b) Exten-
sive calcification (green arrow) of the IAS can be visualized in a postsurgical
patient with limited location for transseptal puncture. (¢, d) Patient with sig-
nificant scoliosis leading to a more horizontal orientation of the IAS (black
arrowheads)

body of the LA or into the left upper pulmonary vein. In addition
to verifying location, the wire also minimizes the risk of perfora-
tion when the entire system is advanced across the septum.
Radiofrequency (RF) energy can provide an alternative method
for TS access over conventional mechanical energy [13, 14] . This
can be achieved by using a dedicated RF TS system (Baylis
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Fig. 17.9 Radiofrequency

NRG Transseptal Needle ‘
(Baylis Medical, Montreal,

Canada)

Medical, Montreal, Canada) (Fig. 17.9) or direct application of
RF to the end of a standard TS needle. The addition of RF cautery
decreases the need for significant force applied to the septum for
puncture, potentially improving the accuracy and risk of sheath/
dilator inappropriate movement.

Another technique for transseptal puncture is using a needle
wire system (Safesept, Pressure Products Inc., San Pedro,CA,
USA). The needle wire system is a 120-cm nitinol guidewire with
0.014-inch diameter. It has a “J tip” which remains in straight
inside the Brockenbrough needle but immediately prolapses upon
entry into the left atrium allowing for safe crossing of septum [15]
(Fig. 17.10).

Finally, increasing numbers of patients presenting for TS car-
diac catheterization have undergone previous percutaneous ASD
or PFO closure [16-18]. Areas of native septum not covered by
the closure device and suitable for TS puncture can be considered.
If not available, direct puncture through the device can be per-
formed. Needle puncture of the device can be achieved via
standard technique or with the use of RF energy. Once the needle
has crossed the device, confirmed by imaging, the dilator is
advanced into the LA. The TS needle is subsequently removed
and a stiff guidewire then placed into the LA or left pulmonary
vein. The tract is further enlarged using either a dilator or small
septostomy balloon prior to advancement of the required TS
sheath. Caution is necessary in cases where ASD rims were less
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Fig. 17.10 SafeSept Transseptal Guidewire (Pressure Products, Inc., San
Pedro,CA, USA). (a) tenting the interatrial septum. (b) transseptal puncture.
(¢) unsupported by the needle and dilator, the tip of the wire assumes a ‘J’
shape, rendering it incapable of further tissue penetration

than 5 mm or where inadequately supported large devices or very
small devices are present. Traditionally, 6 months should have
elapsed prior to attempting this technique to allow for endotheli-
alization and securing of the device. At earlier time points, con-
sideration for device retrieval can be considered.

17.9 Knowing the Contraindications

Despite the many potential indications, it is equally important to
understand the contraindications to this procedure. The presence
of atrial thrombus or mass, either in the right or left atrium, is an
absolute contraindication. Organized thrombus specifically local-
ized within the left atrial appendage is a relative contraindication
and should only be performed by experienced operators with the
ability to utilize advanced imaging modalities to reliably avoid the
LAA with catheters and wires. The presence of smoke is not a
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contraindication, and coagulopathy with an INR of >2.5 and/or a
platelet count of <50,000 cell/dL is not recommended without
reversal. In addition, a disruption of the normal inferior vena caval
(IVC) flow excludes a traditional transfemoral venous approach
to TS puncture.

17.10 Complications

TS puncture, on the whole, is a reasonably safe procedure with
complication rates around 1%. Complications that can occur
include the following: cardiac perforation, causing hemopericar-
dium = pericardial tamponade due to perforation of the RA or LA
walls, LAA, or coronary sinus; aortic wall perforation; IVC per-
foration and retroperitoneal hematoma; cardiac arrhythmias such
as atrial tachyarrhythmias and heart block; systemic embolization
either from air, thrombus, cholesterol, or calcium; and death.
Contemporary experience has revealed rates of tamponade rang-
ing from 1 to 3%, systemic embolization less than 1%, and mor-
tality of 0.1% [19-21]. The highest risk typically occurs either
during the puncture or during advancement of the sheath into the
LA. The factors that influence complication rates include the type
of procedure, whether it is diagnostic or interventional, levels of
anticoagulation, sheath size, left atrial pressure, presence and
compliance of the pericardium, the use of imaging for TS guid-
ance, and, most importantly, operator learning curve.

17.11 Conclusion

Recent expansion of left-sided diagnostic and interventional pro-
cedures has led to a resurgence of TS cardiac catheterizations.
Understanding the indications/contraindications, IAS anatomy,
the technical aspects of TS puncture and its associated complica-
tions are paramount. Alternative techniques for the difficult, high-
risk patient should be recognized and employed. In addition, the
use of multimodality imaging is essential for accurate TS local-
ization and procedural safety. More advanced imaging such as
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echo-fluoro imaging may play a greater role as site-specific TS
puncture is required. Overall, TS access is a valuable procedure
that can be successfully performed with minimal risk to the
patient.
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Over the last three decades, the collaboration between pediatric
interventional cardiology and congenital heart surgery has
expanded tremendously, with two subspecialties joining for a
common aim: to improve patient outcomes. Despite major tech-
nological advances in each of the two fields, both share a number
of limitations, whether related to the intrinsic invasiveness of car-
diac surgery and cardiopulmonary bypass (CPB), or due to limita-
tions related to vascular access for cardiac catheter interventions.
Hybrid procedures allow to bring both fields together and over-
come the adversity of the invasive nature of CPB as well as the
access limitations inherent to patient size or anatomy, which often
preclude specific interventional strategies.

Having the attribute to be potentially safer, faster, and less
invasive compared with traditional open heart surgery, the hybrid
approach concept has brought to a commonplace the skills of the
surgeon, who provides an optimal access to the heart and the skills
of the interventional cardiologist who performs the interventional
procedure, whether device deployment, balloon angioplasty or
other. Among the most common hybrid access techniques per-
formed are intraoperative stent implantations as well as perven-
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tricular muscular ventricular septal defect (VSD) closure [1-3].
The objective of this chapter is to describe various hybrid access
approaches, as well as the surgical techniques and indications of
the most common access sites for hybrid procedures in the treat-
ment of congenital heart diseases.

18.1 Hybrid Carotid Access

The carotid artery approach is an advantageous technique since it
provides a more direct route for the aortic valve—or at times the
ductus arteriosus or Blalock—Taussig shunt—than trans umbilical
or femoral access [4—6]. It also allows utilization of larger sheaths
given that the carotid artery is larger in diameter than the femoral
artery, particularly in small infants. After the description by
Azzolina et al. [7] and given the risks reported with femoral route
of acute limb ischemia, claudication, and growth restriction, the
trans carotid cutdown approach is advocated for small patients
whose peripheral access options are suboptimal, or when the ana-
tomical features are such that the carotid retrograde approach
would reach the lesion optimally. It may also be preferred for
patients for whom a fragile and labile hemodynamic condition
dictates expeditious procedures, such as critical neonatal aortic
valve stenosis [5].

In this setting, a carotid artery cutdown is performed by the
cardiovascular surgeon. The proximal right common carotid
artery is exposed via a small incision in the neck. The carotid
artery is carefully dissected to avoid injury to the vagus nerve
(Fig. 18.1). The right common carotid artery is isolated, and the
vessel is mobilized and secured using nontraumatic vascular
clamps. A transversal arteriotomy is performed with insertion of
an adequate size sheath directly into the carotid artery. The patient
receives heparin (100 U/kg body weight, intravenously). A cath-
eter is then passed through the sheath and into the ascending aorta
or the site of interest. The procedure is subsequently completed by
the interventional cardiologist.

This access facilitates balloon aortic valvotomy in neonates,
particularly with prematurity (Fig. 18.2), or dilation of aortic
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Fig. 18.1 Left carotid artery dissection. Blue vascular loops are placed
around the artery

Fig. 18.2 Transcarotid aortic balloon valvotomy. (a) Left ventriculogram
performed transvenously, typically via umbilical venous access, optimal in a
premature infant, demonstrates doming thickened aortic valve. (b) Balloon
valvotomy is performed via hybrid right carotid access



256 C. E. Diaz-Castrillon et al.

coarctation and stent implantation in children, using standard
techniques [6, 8]. In addition, it can be a direct approach to a duc-
tus arteriosus for ductal stenting or catheter intervention within a
Blalock—Taussig shunt (Fig. 18.3). After the procedure, the sheath
is removed, and the artery is reconstructed with interrupted
sutures.

Although percutaneous carotid access has been reported as a
safe alternative [9], most centers still continue to prefer the carotid
hybrid approach. In adults, the carotid cutdown access can be
used for transcatheter aortic valve implantation (TAVI). In this
situation, the left common carotid artery is preferentially selected,
since it provides superior coaxial alignment between the aortic
root and the transcatheter heart valves (THVs) during deployment
and affords simpler operating room configuration [10]. The prox-
imal left common carotid artery is exposed via a small incision
2 cm above the left clavicle intravenous heparin is administered.
Vascular clamps are used to achieve proximal and distal control of
the carotid artery, and 5 F vascular access sheath is inserted. The
stenotic aortic valve is then crossed in the usual fashion, using a
straight-tip guide wire. A pre-shaped Amplatz Super stiff guide
wire is then positioned in the apex of the left ventricle, and a 14 F
sheath is inserted for the purposes of performing balloon aortic
valvuloplasty. Thereafter, sequential dilation of the carotid artery
is performed in selected cases with 16 and 18 F dilators, and an

»
'

Fig. 18.3 Transcarotid BT shunt recanalization. (a) Innominate artery
angiogram performed via transcarotid access demonstrates complete occlu-
sion of the BTS (white arrow), with prominent aortopulmonary collateral
flow via large right internal mammary artery (black arrow). (b) After crossing
shunt with coronary wire balloon angioplasty is performed. (c¢) Post angio-
plasty there remains significant shunt stenosis. (d) Stent implantation is per-
formed demonstrating widely patent BTS (white arrow) post intervention. (e)
Angiogram performed in the abdominal aorta demonstrates occlusion of the
right common femoral artery (white arrow) and severe hypoplasia of the left
common femoral artery (black arrow) precluding this access option, explain-
ing the need for transcarotid intervention
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18 F vascular access sheath is then carefully advanced into the
ascending aorta. Standard TAVI implantation techniques are done.
After valve deployment, the 18 F sheath is carefully retracted, and
vascular clamps are applied to allow the artery repair using 6-0
polypropylene suture. A control angiogram is performed to assess
artery patency.

18.2 Hybrid Axillary Access

Considering the same drawbacks from other retrograde or ante-
grade approaches, the axillary route has proven also to be a safe
and effective way to access the heart for transcatheter interven-
tions. Dua et al. described this approach as a good palliative ini-
tial procedure for severe congenital AS in infants <5 kg [11].
Moreover, this approach has been used for ductal stenting in
critical right ventricular outflow tract lesions in the neonatal
period and balloon angioplasty of aortic coarctation in critically
ill newborns [12].

For lesions in the left side, the axillary artery is accessed by a
“cut-down” technique. A small infraclavicular incision in the del-
topectoral groove is made. The pectoralis muscle is separated
along the muscle fibers and dissection of the axillary artery is car-
ried out, without injuring the brachial plexus. Control of the vessel
is established by encircling two rubber vessel loops proximally
and distally around it. A 22-G catheter is used to puncture the
artery through which a wire is advanced into the artery and
exchanged for either a 3.5 or 4 F sheath. An angled 0.018” wire is
advanced across the aortic valve via a 3.5 or 4 F multipurpose cath-
eter and a guidewire loop is formed in the left ventricular cavity.

After the aortic dilation, the catheter is then withdrawn and the
sheath is removed. The arteriotomy is closed with 6-0 polypropyl-
ene sutures, followed by skin closure with interrupted sutures. To
assess patency of the axillary artery, the right brachial pulse is
palpated, and color and perfusion of the arm and hand are recorded
post procedure.
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18.3 Perventricular Access

Getting access to the heart for endovascular interventions is typi-
cally accomplished via percutaneous transvenous or retrograde
arterial procedures due to lower procedural risk, but since the
report by Levy and Lillehei [13], direct cardiac catheterization
became an alternative for a wider spectrum of pathologies.
Moreover, direct access to the heart has the advantages for rela-
tively easier, shorter, and with a better coaxial alignment with
intracardiac defects.

With the reports by Hozler et al. about the increased risk for
procedure and device-related complications with percutaneous
transcatheter VSD closure in patients <10 kg [14], the perven-
tricular technique described by Amin, with it variants, became the
preferred hybrid approach to address VSD device closure in
selected patients [15—17]. Although most of the experience has
been on muscular VSD device closure [18], there have been also
reports on perimembranous and doubly committed VSD closure
[19, 20]. Often times the indications for considering this tech-
nique include:

e Complex VSD posing difficulties for surgical patch repair
without ventriculotomy

e Small patients (<5 kg) with inadequate peripheral vascular
access

¢ Concomitant surgical procedure without CBP

* In the context of complex surgical repairs with the intend to
limit the CBP time

Likewise, the experience garnered with percutaneous trans-
catheter pulmonary valve implantation along with the develop-
ment of larger devices has prompted the use of the perventricular
hybrid approach for pulmonary valve implantation with both
Melody and Sapien prosthesis [21, 22]. In addition to less surgical
trauma, and radiation exposure, this approach has no limitations
regarding age and body weight, with the advantage that the entire
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procedure can be done without the support of CPB and less blood
transfusion requirements. Among the common indications are:

» Inadequate peripheral vascular access, either die thrombosis or
small size

¢ RVOT complex anatomy limiting catheter course

e Ventricular arrythmias susceptibility precluding the use of
long sheaths

 Patients at high risk for CPB

Although perventricular pulmonary valve implantation was
initially used as a bailout strategy for failed percutaneous pulmo-
nary valve implantation in patients with Tetralogy of Fallot (TOF)
in whom a conduit repair had been used for reconstruction of the
right ventricular outflow tract (RVOT) [23], it is now also consid-
ered as an alternative to surgical pulmonary valve replacement in
patients with history of transannular patch repairs [24] where per-
cutaneous implantation may be difficult. Often the hybrid
approach in dysfunctional RVOTs requires downsizing of the
main pulmonary artery and pre-stenting to create a proper landing
zone and to minimize embolization risk.

These types of approaches can be accessed either through a full
sternotomy, anterior thoracotomy, subxiphoid incision or transverse
sternal split incision [25]. The location of the intracardiac defect
and the anatomical characteristics will dictate which one would be
the best access approach. In the following section, we will describe
the subxiphoid incision and anterior thoracotomy technique for per-
ventricular VSD closure, and full sternotomy for pulmonary valve
replacement with main pulmonary artery banding.

18.3.1 Subxiphoid Incision Technique
A small longitudinal midline skin incision at the base of the

xiphoid is performed. The inferior part of sternum is opened. The
pericardium is accessed, and traction sutures are placed to the
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edges of the pericardium to the thoracic wall to optimize expo-
sure. Heparin is given intravenously (100 U/kg), and the acti-
vated clotting time is monitored to be longer than 250 s.
Transesophageal echocardiography (TEE) allows to determine
exact size, location, and distance between the puncture site and
the ventricular septal defect. Additionally, the right ventricular
free wall is palpated to locate the area of maximal thrill to aid in
identifying the best puncture site. Then, a double 4-0 polypropyl-
ene purse-string is placed with the final goal to deliver the device
orthogonally to the defect. The free wall is punctured within the
suture using a trocar, after which the needle is removed, and a
guidewire is inserted. The guidewire is advanced through the RV
cavity, under TEE guidance and slowly passed through the VSD,
and then directed into the left ventricular cavity. The dilator and
delivery sheaths are introduced over the guidewire into the RV
cavity. The dilator is removed, and the delivery sheath is advanced
over the guidewire into the LV. The guidewire and the dilator are
removed, and the sheath is allowed to bleed to remove any air
entrapped inside it. The VSD device once loaded on delivery
cable is inserted into the loading sheath, introduced into the
delivery sheath, and advanced through the VSD, avoiding any
injury to the LV free wall or mitral valve apparatus. Under TEE
guidance, the left disc is deployed, and the sheath and the device
are pulled back slowly until the left disc touches the ventricular
septum. The waist and the right disc of the occluding device are
released while the delivery cable is maintained under slight trac-
tion. The position of the device, any residual defect, and the
motion of the aortic valve are assessed before complete deploy-
ment by TEE. The device is then fully released. Following device
deployment, the delivery system is pulled back, and the purse-
string is tightened. Any source of bleeding is controlled, a drain
is placed in the pericardial space, and the wound is closed in the
standard fashion. This approach has advantage to avoid sternot-
omy, allowing the incision to be small and located in an area of
the chest which is less likely to be exposed, and therefore more
esthetically pleasing.
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18.3.2 Anterior Thoracotomy

A left parasternal ultraminimal intercostal incision made in the
left sternal margin at the third intercostal space (<1 cm) and a
pericardium hanging technique without sternal incision has also
been described to occlude double committed VSDs [26]. The
position of the purse-string suture on the right ventricular surface
is determined using tweezers under direct visualization and TEE
guidance. When the tweezers’ head vertically points toward the
VSD, a purse-string suture is placed at the position of the twee-
zers’ head.

18.3.3 Full Median Sternotomy

In patients with prior history of cardiac surgery (such as those
after TOF repair presenting for hybrid pulmonary valve implanta-
tion), careful entry is performed through a redo median sternot-
omy, and the RVOT and pulmonary trunk are fully dissected.
Echocardiographic evaluations either by TEE or epicardial probe
are performed in order to size the MPA and determine the punc-
ture area. Location can also be planned based on prior imaging
such as by computed tomography or cardiac magnetic resonance.
Double purse-string sutures are placed approximately 2.5 cm
proximal to the pulmonary valvar plane in the RV free wall and
heparin (400 IU per kg of body weight) is given. Depending on
the device used, downsizing of the MPA through a band place-
ment or plication is required to achieve a diameter of 22-23 mm
for the largest diameter Melody valve (outer diameter of 24 mm)
or 27-28 mm for the largest diameter Sapien valve. Different
materials have been used for banding including umbilical tapes,
PTFE grafts, and felt strips. A radiopaque marker has to be
included when placing the band, as well as anchoring to the pul-
monary artery to prevent migration. For plication, a pledgeted
longitudinal running suture provides a more elongated reduction
of the RVOT, or horizontal mattress suture provides focal narrow-
ing if calcification of a pre-existing RVOT patch is present [27].
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Although the SAPIEN S3 and XT valves can be implanted
without pre-stenting [28], stent implantation is often preferred in
native RVOTs to offer an optimal landing zone. Pre-stenting is
necessary for Melody valve implants to minimize the long-term
risks of valve stent fracture. Percutaneous stent implantation can
be performed after compliance testing and using for guidance the
radiopaque marker positioned by the surgeon at the time of plica-
tion or banding of the main pulmonary artery. Subsequently, an
18-G needle is used to puncture the RV free wall where the purse-
string suture was placed, and a 7 F sheath is introduced into the
RV. After a guidewire is placed in the distal left pulmonary artery
through the stent previously placed, the RV puncture is dilated to
introduce the valve delivery system. After deployment, the purse-
strings are tied down, and the valve is assessed by angiography
and echocardiography. After the procedure is completed, the ster-
notomy is closed with a standard technique, with pericardial
drains left in place.

Other groups have described the use of a porcine pulmonic valve
mounted inside a self-expanding stent, adapting a delivery system
used for transventricular aortic valve implantation. This technique
avoids the use of pre-stenting and allows for a large valve implant,
delivered via the main pulmonary artery, through hybrid access.
Three sutures with pledges are placed at the proximal and distal
sites of the valve externally to ensure fixation [29, 30].

18.4 Transapical Left Ventricular Access

The transapical hybrid approach is a well-established technique in
the adult population for transcatheter aortic valve implantation
[31] or for the treatment of prosthetic paravalvular leaks [32].
This approach provides access to both valves: retrograde to the
mitral and anterograde to the aortic valve.

In patients with congenital heart defects, it has been used to
address critical aortic valve stenosis in low-weight patients [33],
as a rescue therapy where a retrograde approach was not possible
[34], Fontan circuit patients without a secure retrograde access
[35], for cardiac arrythmia ablations with mitral prosthetic valves
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[36], or closure of paravalvular leaks [37]. This type of hybrid
access can be performed through either a midline sternotomy or
an anterior left thoracotomy.

18.4.1 Left Anterior Thoracotomy

Under general anesthesia, a parasternal transverse skin incision is
made at the fourth or fifth intercostal space. Dissection of the
intercostal muscles is done with electrocautery at the superior
border of the inferior rib to avoid injuring the intercostal neuro-
vascular bundle. Care must be taken in the medial side of the inci-
sion to avoid injuring the left internal mammary artery as well.
The use of one lung ventilation is described to decrease the chance
of entering the left pleural space. The pericardium is longitudi-
nally opened followed by placement of traction sutures to the tho-
racic wall to optimize exposure. The left ventricular apex is
identified, and after removal of some pericardial fat (in older
patients), once the left anterior descending coronary artery is
identified, and under echocardiography guidance, the puncture
location in the LV is chosen near the apex. A 3-0 polypropylene
pledged purse-string suture is placed in the LV free wall just lat-
eral to the LAD coronary artery.

18.5 Main Pulmonary Artery Hybrid Access
for Delivery of Ductal Stent or Branch
Pulmonary Artery Stent

The hybrid approach for hypoplastic left heart syndrome (HLHS),
and its variants, combines stent implantation in the ductus arterio-
sus with bilateral branch pulmonary artery surgical band place-
ment to maintain systemic perfusion and restrict pulmonary blood
flow [38, 39] (Fig. 18.4).

This procedure is performed under general anesthesia through
a median sternotomy without the need for cardiopulmonary
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Fig. 18.4 Hybrid PDA stent implantation in HLHS. (a) AP projection dem-
onstrates angiogram performed via mid line sternotomy directly into the duc-
tus arteriosus, using a 4 F pigtail catheter inserted through the 6 F sheath
inserted into the main pulmonary artery. (b) In the lateral projection, one can
visualize access into the main pulmonary artery (white arrow) and detailed
anatomy of the PDA (white asterisk). There is retrograde filling of the aorta,
including a diminutive ascending aorta in the setting of aortic valve atresia.
(c) A self-expanding EV3 Protégé stent has been implanted within the PDA.
(d) Angiogram performed through the main pulmonary artery sheath (white
arrow) post intervention in the lateral projection demonstrates good stent
position covering the ductal tissue entirely and unobstructed retrograde filling
of the arch
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bypass. First, the bilateral pulmonary artery (PA) bands are
placed before PDA stent implantation to minimize manipulation
of the area and minimize risk of stent distortion. The bands are
fashioned by cutting a 1- to 2-mm ring from a 3.5-mm Gore-Tex
tube graft to wrap around each PA branch. For patients weighing
less than 2.5 kg, a 3.0-mm graft is used instead. While the left
band is placed immediately after the main PA bifurcation, the
right band is positioned between the ascending aorta and the
superior vena cava. The bands are attached to the adventitia, and
the degree of tightening is based on patient size, caliber of the
branch PA, systemic blood pressure and oxygenation response,
as well as angiographic appearance. Typically, there is a 10-point
increase in systolic blood pressure and a 10-point decrease in
oxygen saturation.

After band implantation, a 5-0 polypropylene purse-string
suture is placed in the main PA, avoiding pulmonary valve inju-
ries in a too proximal position or laying in proximity to the PDA
in a too distal position. Once the sheath in introduced, under
angiographic guidance, the stent is positioned to completely
cover the PDA, which typically extends from the left PA past the
retrograde orifice of the transverse aorta. Angiography is then
performed to confirm adequate stent position, with complete cov-
erage of ductal tissue, following which the sheath is removed, the
purse-string suture is secured and reinforced with a 5-0 polypro-
pylene suture. Few centers prefer to perform PDA stent implanta-
tion percutaneously at a different time than bilateral pulmonary
artery banding [40].

The final step is addressing the atrial septum, which can be
done either by balloon atrial septostomy via peripheral venous
access or through per-auricular access during the same hybrid
procedure. A purse-string in the right atrium allows the introduc-
tion of a sheath through which the balloon is inserted in the
atrium.
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18.6 Right Mini-Axillary Thoracotomy

In patients with aortic re-coarctation after surgical aortic arch
reconstruction or coarctation repair, balloon angioplasty is typi-
cally highly successful. However, there are times when vessel
recoil or re-stenosis occurs, and then, surgical reoperation would
be necessary. Coarctation stent implantation has become standard
of care for the older child, but rarely is considered for small chil-
dren. The major limitation of aortic stent implantation in infants
and young children relates to the small diameter of the femoral
and carotid vascular access to deploy a stent which can become
adult size in the future. A hybrid access approach can overcome
this limitation. A right mini-axillary thoracotomy can then be
used to position a larger introducer sheath in the ascending aorta
to deliver a balloon expandable stent of adult size capabilities in
the descending aorta at the desired location. This less invasive
thoracotomy can also be used in substitution to transhepatic car-
diac catheterization for some interventional procedures on the
right or left heart chambers, such as closure of atrial septal defects,
mitral valve procedures, RVOT procedures, in patients with poor
peripheral venous access, or obstruction of the inferior vena cava
[41, 42].

The patient is positioned in left semi-lateral decubitus at 45°
angle, with the right arm suspended at a right angle in a semi-
flexion position. Pen marking of anterior and posterior axillary
lines are done, with a third transverse line tracing from the lower
scapular angle to the xiphoid appendage. An almost horizontal
incision (3.5 cm) is performed in the mid-portion of the transverse
line between the anterior and posterior axillary lines (bikini line in
girls or more cephalad, nipple level, in boys). Using a muscle spar-
ing technique, the third intercostal space is opened, and a retractor
is placed. The pericardium is opened at 2 cm anterior to the phrenic
nerve, and traction sutures are placed to expose the heart and ves-
sels. A stabilizing 5-0 polypropylene suture is also placed in the
apex of right atrial appendage for better aortic exposure.
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Fig. 18.5 Hybrid coarctation stent implantation in an infant. (a) In a lateral
projection, angiography performed with pigtail catheter inserted via aortic
sheath demonstrates severe postoperative coarctation. (b, ¢) Stent implanta-
tion is performed using a balloon expandable stainless steel stent. (d) Post-
intervention angiogram performed via introducer sheath demonstrates
significant angiographic improvement

Figure 18.5 illustrates an example in a 6-month-old infant with
a history of coarctation repair in the neonatal period, who had had
two prior interventions for coarctation. The patient presented with
recoarctation again. A hybrid approach through a right thoracot-
omy to deliver a large stent, with adult size potential was pro-
posed. The ascending aorta was exposed. After heparin was
administered (150 IU per kg), a 5-0 polypropylene double purse-
string suture was placed and a 7 F sheath was located into the
ascending aorta under direct vision. On this occasion a stent
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implantation was performed using a Palmaz Genesis 1910 stent
mounted on a 7 x 20 mm Powerflex balloon. The lesion was bal-
loon dilated at high pressure with resolution of the balloon waist
and elimination of the 40 mmHg pre-intervention gradient. At
5 years of follow-up, the patient has been doing well with mild
coarctation not yet meeting criteria for reintervention. The disad-
vantage of this approach versus reoperation is that there will be a
need for repeat dilation of the stent over time for sure. Alternatively,
percutaneous stent implantation with a smaller stent may allow
for a successful palliation, but then rely upon ultra-high pressure
angioplasty and unzipping capability of the stent to assure ade-
quate diameter at long-term follow-up. If unsuccessful, reopera-
tion would be required.

After the hybrid procedure, the catheter and sheath are both
removed, the purse-strings are tied down, and the hemostasis is
obtained. The pericardium borders are joined with two interrupted
sutures, a chest tube is installed in the right pleura and placed
under continuous negative pressure. The intercostal space and
skin are closed in standard fashion.

In Fig. 18.6, we can see the location of the incision as imaged
at the end of the procedure.

Fig. 18.6 Right axillary
access incision. The
photograph illustrates
the appearance of the
incision following
hybrid stent implantation
in the coarctation of the
aorta in an infant shown
in Fig. 18.5
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18.7 Left Thoracotomy

Although some reports have shown that a left thoracotomy
approach can be associated with respiratory complications due to
single lung ventilation and chylothorax due to thoracic duct
injury, this approach can also be of interest in cases with multiple
sternotomies to avoid the risks of a redo surgery or when there is
a contraindication for a secure percutaneous access for retro-
grade approach to address a lesion in the descending thoracic
aorta (such as aortic stent implantation with no femoral arterial
access) [43].

After double-lumen endotracheal tube placement, the patient is
positioned in a right lateral decubitus position with the pelvis
rotated to the left and the left arm suspended in an abduction and
90 grades flexed position. Essential landmarks need to be identi-
fied before proceeding with the incision, including the tip of the
scapula, anterior superior iliac spine (ASIS), and axillary lines.
Depending on the aortic stenosis level, the fifth or fourth intercos-
tal space can be used. A 4-5 cm transverse incision is performed
along the superior border of the rib, between the anterior and the
posterior axillary line; using a muscle sparing technique, the entry
intercostal space is identified, and the intercostal muscles are
freed from the superior border of the rib, entering the pleural
space.

After the thoracotomy is completed, a chest wall retractor is
placed, right selective ventilation is established, and the left lung
is collapsed and retracted. Under echocardiographic guidance, the
entry site is chosen for direct cannulation in the descending aorta.
The mediastinal pleura and descending aorta are dissected imme-
diately superior and inferior to the entry site to have vascular con-
trol. A 5-0 polypropylene pledged purse-string is placed, so that
the interventional cardiologist can finish the procedure. After suc-
cessful device deployment, the catheter and wire are pulled back,
and the purse-string is tightened. After reestablishment of bilat-
eral lung ventilation, a chest drain is placed, and the thoracotomy
is closed in the standard fashion.
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18.8 Open Heart Access or Intraoperative
Procedures

18.8.1 Intraoperative Diagnostic Angiograms
(Completion or “Exit” Angiography)

This technique is most valuable to detect residual structural lesions
after open heart surgery, allowing identification of patients who
may benefit from either additional hybrid procedures (stent place-
ment) or surgical reintervention, while the patient is still in the OR
with an open chest. Examples include exit angiography after
Blalock—Taussig shunt anastomosis, pulmonary artery unifocaliza-
tion procedures, Glenn anastomosis, and pulmonary artery plasty
or patch augmentation, among other procedures [44, 45].

As an example, following a bidirectional Glenn procedure in
patients with previous hybrid approach for Stage I palliation for
HLHS, branch pulmonary artery stenosis is not rare, given the
detrimental effects of bilateral pulmonary artery band implants. If
the oxygenation is not adequate immediately after weaning of the
cardiopulmonary bypass, an exit angiogram can be performed
through direct puncture of superior vena cava to demonstrate the
anatomy of the pulmonary artery branches and the anastomotic
site and possibly intervene on the spot with either patch augmen-
tation or stent implantation via hybrid access.

18.8.2 Aortic Arch Obstruction: Hybrid Balloon
Stent Implantation After Norwood
Procedure During Stage Il Palliation or
Fontan Procedure

Re-coarctation associated sometimes with tubular hypoplasia
may occur after Norwood procedure. Prompt relief of the obstruc-
tion is essential to preserve ventricular function and cardiac out-
put. Balloon angioplasty is considered standard therapy and has
high success rate. However, there are times when vessel recoil
leads to a suboptimal result. Stent implantation is standard ther-
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apy for vascular recoil. However, in infants the use of stents is
limited given their inherent requirement for larger delivery
sheaths, particularly when stents which have the ability to expand
to an adult-size diameter are being considered. A hybrid alterna-
tive is to address this lesion at the time of surgery (bidirectional
Glenn or Fontan procedure) with stent delivery under direct visu-
alization or via direct puncture of the ascending aorta under fluo-
roscopic guidance.

Arterial catheters are inserted in the right radial artery and in the
right femoral artery for pressure measurements during the proce-
dure. The same access used for the surgical procedure is applied
for the aortic re-coarctation treatment. A purse-string suture
is placed in the ascending aorta. A portable digital C-arm (operat-
ing room) or biplane digital angiography is utilized (hybrid cathe-
terization laboratory or hybrid operating room). The introducer
sheath (sized according to the planned procedure) is placed into
the proximal transverse aortic arch via the purse-string incision.
The side arm of the sheath is utilized for serial angiography and
aortic pressure measurements throughout the procedure. A right
coronary artery catheter or other end hole catheter is advanced
through the coarctation, and a guide wire is placed across the
obstructed segment into the descending aorta. Stent implantation
follows, often utilizing a large stent with capability of expansion to
adult size, hand-crimped on the desired balloon. Angiograms are
performed to ensure precise placement. After stent implantation,
final angiography and hemodynamic evaluation is performed,
measuring arterial pressures in radial and femoral arteries to assess
the result of the procedure. The introducer sheath is then removed,
and the purse-string suture is tied down in the aortic incision. The
remainder of planned surgical procedure (bidirectional Glenn or
Fontan procedure) is then completed with standard technique.

18.8.3 Pulmonary Valve: Intraoperative
Balloon Valvotomy

Given the long-term advantages of having a functional valve after
TOF repair, there is increasing consensus around advocating for
valve sparing techniques. Among these strategies, intraoperative
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balloon valvuloplasty has shown variable results in short a mid-
term follow-up periods [46—48]. Risk factors for worse outcomes
with this approach include age younger than 3 months, annular
Z-scores less than —2.45, dysplastic and thickened valves, and
suboptimal balloon stretching.

After trans-infundibular and trans-pulmonary incisions, Hegar
dilators are used to measure the annular diameter, aiming to get a
final diameter increase of 120-140% or a Z-score of zero. A lim-
ited sharp commissurotomy is performed before antegrade bal-
loon dilation, to ensure that the radial transmission of stress
completes the division of the fused/incomplete commissures,
preserving the intrinsic support and function of the leaflets and
the valve annulus.

18.8.4 Pulmonary Arteries and Pulmonary Veins:
Intraoperative Stent Implantation

Intraoperative stenting of pulmonary arteries or pulmonary veins
can be considered in the following circumstances: (1) Percutaneous
stent delivery is difficult or limited (lack of vascular access, or
inability to deliver a stent with adult size potential). (2) Cardiac
surgery is being undertaken for another reason. (3) “Rescue” of
patients with vascular complications after prior procedures,
whether transcatheter or surgical.

Previously implanted stents are also subject to be redilated via
a hybrid approach during concomitant surgery.

Anatomic definition of the lesion may be done via noninvasive
imaging or angiography to demonstrate an area of obstruction in
a region where surgical patch repair would be challenging. The
stent and balloon sizes are selected based on measurements made
during diagnostic imaging.

The stents are placed into the pulmonary arteries through either
the main pulmonary artery (Fig. 18.7) or right ventricular outflow
tract (RVOT), using a purse-string suture (where a sheath is
installed under fluoroscopic guidance before going on CPB, on
the beating heart). Intraoperative angiography may be performed,
and to optimize the angiographic imaging, the opposing branch
PA can be transiently clamped during the injection.
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Fig. 18.7 Hybrid branch pulmonary artery stent implantation early postop-
eratively. (a) Main pulmonary artery angiogram performed via direct MPA
hybrid access in a patient with Alagille’s syndrome and bilateral severe
branch PA stenosis. There is severe LPA stenosis (white arrow). (b) Angio-
gram following stent implantation demonstrates significant improvement in
vessel diameter (white arrow). Note that bilateral hybrid stents have been
implanted, which helped this patient come off ECMO support postoperatively

The stents can also be deployed under direct visualization by
the surgeon while the patient is on cardiopulmonary bypass
(CPB). During normothermic CPB, the stent can be placed in the
pulmonary artery branch while the heart is electrically fibrillating.
Commonly, a small incision is made in the right ventricular out-
flow tract or main pulmonary artery (or conduit), and small dila-
tors are placed into the pulmonary artery to enlarge the lumen, so
that a stent delivery catheter could be inserted. Furthermore, use
of dilators helps to provide the surgeon with a sense of where the
stent should be situated. The balloon catheters are placed without
the use of a wire. The balloons are inflated to the manufacturer’s
recommended pressure for approximately 30 s. Placement under
direct vision allows to place the stents in a manner such that they
do not obstruct access to the contralateral pulmonary artery.
Usually, the surgeon places the stent across the stenotic area, and
the cardiologist selects the stent and inflates the balloon. Stents
that are not believed to be in the optimal location can be easily
removed.
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For the pulmonary veins ballooning or stenting, a guide wire is
introduced in the narrow pulmonary vein lumen and then a bal-
loon (cutting balloons may be utilized) is introduced and dilated
under direct vision. This will disrupt the hypertrophic intimal
layer and show the surgeon which layer to excise. An extensive
pulmonary venous ‘“endarterectomy” extending into the intrapa-
renchymal pulmonary veins can be performed or a re-expandable
stent can be inflated in the vein. If a stent is placed in the pulmo-
nary vein, it is prudent to place a few stitches securing it to the
wall, to prevent embolization of the stent into the atrium and sub-
sequently into the systemic circulation [49].

18.8.5 Intraoperative Transcatheter Closure
of Blalock-Taussig Shunts or Major
Aorto-pulmonary Collateral Artery

In patients with shunt-dependent pulmonary perfusion, or with
significant aortopulmonary collaterals, in whom presurgical clo-
sure is not tolerated well due to profound desaturation, a combined
single-hybrid approach is desirable [50, 51]. Moreover, surgical
ligation of those vessels/shunts is often very difficult given their
distal location, leaving the endovascular occlusion as an optimal
approach to prevent excessive pulmonary blood flow during the
procedure. The interventional cardiologist selects the suitable type
of device (coils or vascular plugs) to be used depending on ana-
tomical location, size, and length of the shunt or collateral.
Likewise, depending on the location, vascular access is chosen
centrally in the MPA or the ascending aorta or more distally in a
branch artery. The intervention is performed under fluoroscopy or
TEE guidance. Once the shunt is occluded, cardiopulmonary
bypass is initiated, and the surgical procedure performed.

18.8.6 Intraoperative Delivery of Aortic Valve
Prosthesis

The use of sutureless, rapid deployment valves is an alternative to
surgical biological valve implantation in isolated or combined
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aortic valve replacement in patients with aortic annulus size
between 19 and 27 mm [52].

The usual steps for surgical aortic valve replacement are still
required: sternotomy or minimally invasive surgical access, hepa-
rinization, extracorporeal circulation, aortic cross-clamping,
myocardial protection and opening of ascending aorta, resection
of diseased valves, and decalcification of the aortic annulus.
Decalcification of the aortic annulus should be performed com-
pletely to avoid paravalvular leakage; however, extensive decalci-
fication is not recommended due to the risk of annular ruptures
and bleeding. Sizing is a crucial step in the management of suture-
less and rapid deployment valves to avoid paravalvular leaks, cen-
tral aortic regurgitation, dislodgement, and valve migration as
well as annular rupture. Therefore, oversizing is neither necessary
nor recommended. This strategy may lower the surgical risks by
reducing the cross-clamp and extracorporeal circulation times
[53, 54].
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19.1 Introduction and Clinical Scenarios

With evolving catheter and imaging technologies and better
patient selection, fetal interventions have become an important
therapeutic modality in last 20 years for some complex congenital
heart diseases (CHD). These include aortic stenosis (AS) and
evolving hypoplastic left heart syndrome (HLHS), HLHS with
intact or highly restrictive interatrial septum (IAS), and pulmo-
nary atresia (PA) or critical pulmonary stenosis (CPS) with intact
ventricular septum (IVS) and evolving hypoplastic right heart
syndrome (HRHS). In these clinical scenarios, a prenatal inter-
vention may remodel cardiac morphology and function and result
in improved pre- and postnatal outcomes, including an increased
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likelihood of achieving a biventricular (BV) circulation [1-3]. In
this chapter, we review the indications, techniques, and current
results of fetal cardiac interventions.

19.2 Anatomy, Physiopathology, Indications
for Interventions, and Patient Selection

1. Critical AS and evolving HLHS [1-3]: AS is determined by
echocardiographic visualization of a thickened, immobile aor-
tic valve with turbulent, or decreased color Doppler flow. The
Doppler-derived gradient should not be used to select patients
because of frequently associated left ventricular (LV) dysfunc-
tion and endocardial fibroelastosis (EFE). Ideally, the LV dia-
stolic length should have a Z-score >—2 at the time of diagnosis.
Occasionally, we perform aortic valvuloplasty in 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.
Evolving HLHS is diagnosed based on functional parameters
such as reversed blood flow in the transverse aortic arch (TAA),
left-to-right flow across the IAS, monophasic mitral valve
(MV) inflow, and moderate-to-severe LV dysfunction in mid-
gestation. Fetal aortic valvuloplasty should ideally be per-
formed under 30 weeks gestational age (Fig. 19.1).

2. HLHS and intact or highly restrictive IAS [1-3]: A prenatal
echocardiographic diagnosis of HLHS with either an intact
IAS or a tiny (<1 mm) atrial septal defect (ASD) or patent
foramen ovale (PFO) and prominent flow reversal in the pul-
monary veins should be made. Fetal atrial septostomy and
ASD creation are ideally performed between 29 and 32 weeks
gestation in order to endure until term (Fig. 19.2).

3. PA/IVS or CPS/IVS and evolving HRHS [1-3]: Patients
should have a prenatal echocardiographic diagnosis of PA/IVS
or CPS/IVS with the following features: membranous pulmo-
nary atresia, with identifiable pulmonary valve (PV) leaflets or
membrane, no or minimal systolic opening, and no or minimal
color Doppler ultrasound flow across the pulmonary valve
(PV); an intact ventricular septum; left-to-right shunting across
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Fig. 19.1 Critical aortic stenosis in a 26 weeks gestational age hydropic
fetus. (a) Pre-intervention echocardiographic assessment. Color flow map-
ping across the aortic valve (indicated by an arrow) showing tiny forward
flow (blue color). The red color displays the flow into the right ventricle
across the tricuspid valve. The LV is conspicuously dilated and dysfunctional.
The fetus is in severe heart failure resulting in hydrops. Asterisks show asci-
tes. (b) The guidewire is clearly seen in the ascending aorta, which proves the
aortic valve (indicated by an arrow) was crossed successfully. (¢) The balloon
(black asterisks) is inflated across the aortic valve. There is some pericardial
effusion (white asterisks) that required drainage after dilation. (d) Immediate
results after aortic valvuloplasty. There is a significant improvement in ante-
grade flow across the aortic valve (indicated by an arrow) as shown by color
flow mapping (blue color depicts a much wider vena contracta across the
aortic valve). LA left atrium, LV left ventricle, AAo ascending aorta, GW
guidewire

a patent ductus arteriosus (PDA); and right heart hypoplasia,
with a tricuspid valve (TV) annulus Z-score <2 and an identifi-
able but qualitatively small right ventricle (RV) with no evi-
dence of RV growth after 2—4 weeks of serial echocardiographic
evaluation. Cases with fetal diagnosis of major coronary-to-
RV fistulas should be excluded. Pulmonary valvuloplasty is
performed between 24 and 30 weeks gestation (Fig. 19.3).
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Fig. 19.2 Fetal atrial septostomy in a 29 weeks gestational age fetus with
established hypoplastic left heart syndrome (a). Pre-intervention echocardio-
graphic assessment. The LA is conspicuously dilated and the interatrial sep-
tum (indicated by an arrow) is almost intact. There is flow reversal to the
pulmonary veins by color flow mapping (blue color). The red color displays
the flow into the right ventricle across the tricuspid valve. The LV is hypo-
plastic, and diffuse endocardial fibroelastosis can be seen as bright hyper-
echogenic areas. (b) The interatrial septum (indicated by a long and narrow
arrow) was traversed with the Chiba needle (indicated by a short and broad
arrow), and the guidewire is seen in a pulmonary vein. (¢) A 4 x 10-mm coro-
nary balloon (marked with black asterisks) is inflated across the interatrial
septum up to the burst pressure reaching 4.7 mm in diameter. Note that the
Chiba needle (indicated by an arrow) is perpendicular to the plane of the
interatrial septum. (d) Post-intervention echocardiographic assessment on the
following day after fetal atrial septostomy. A 2.8-mm atrial septal defect was
created within the atrial septum (indicated by an arrow). LA left atrium, RA
right atrium, PV pulmonary vein, LV left ventricle

4. Critical AS, massive mitral regurgitation (MR), giant left
atrium (LA), and hydrops [1, 2]: These fetuses have normal-
sized LV and reversed flow in the TAA. Aortic valvuloplasty
and atrial septostomy should be considered between 30 and
34 weeks gestation as a “salvage” procedure to diminish the
risk of fetal loss due to conspicuous hydrops associated with
pulmonary veins and right ventricular compression.
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Fig. 19.3 Ciritical pulmonary valve stenosis in a 28 weeks gestational age
fetus. (a) Pre-intervention echocardiographic assessment. Color flow map-
ping across the pulmonary valve (indicated by an arrow) shows tiny forward
flow (in blue color). The red color depicts the retrograde flow across the duc-
tus. The pulmonary valve annulus measured 4.0 mm. (b) A 4 x 10-mm coro-
nary balloon (marked with black asterisks) is inflated across the pulmonary
valve up to the burst pressure reaching 4.7 mm in diameter. (¢) Immediate
results after pulmonary valve dilation. Color flow mapping across the pulmo-
nary valve (indicated by an arrow) shows significant improvement in forward
flow across the valve (in blue color). (d) Color flow mapping across the pul-
monary valve (indicated by an arrow) shows significant pulmonary insuffi-
ciency (in red color), which is a marker of effective dilatation. RV right
ventricle, LV left ventricle, MPA main pulmonary artery

19.3 Pre-procedural Imaging and Planning

Fetal cardiac interventions should be performed by a multidisci-
plinary team. The fetal cardiologist is responsible for patient
selection and pre- and post-procedural echocardiographic assess-
ment. The fetal medicine specialist conducts fetal positioning and
anesthesia and simultaneously controls the puncture needle and
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the ultrasound probe. The interventionalists (usually two) handle
the catheters and wires while the fetal medicine specialist holds
onto the needle to keep its position during the procedure.

19.4 Technique (Step-by-Step), Materials,
and Tips and Tricks

We perform such interventions under maternal conscious sedation
and regional spinal blockade conducted by an anesthesiologist [1, 2].
An appropriate fetal lie is achieved by external version. Maternal
positioning is kept with left uterine displacement. To promote uter-
ine relaxation mothers are given nifedipine 20 mg TID for 48-72 h,
starting 12-24 h before the procedure. An occasional large polyhy-
dramnios is evacuated using a 15-cm-long 21-G Chiba needle
(Cook Inc, Bloomington, IN, USA). If ideal fetal positioning can-
not be attained by external manipulation, the procedure should be
abandoned. We do not perform any interventions through a mater-
nal abdominal wall incision and uterus exposure. After optimal fetal
position is achieved, the fetus is anesthetized using a mixture of
fentanyl (5-10 pg/kg), pancuronium (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].

Cardiac access is attained through direct needle puncture of the
fetal heart via the uterus and the fetal chest wall (Fig. 19.4). Under
continuous two-dimensional ultrasound guidance, a 15-cm-long
17-18-G Chiba needle (with a stylet) is advanced to the target
fetal cardiac chamber (LV, RV, or right atrium). The imaging
plane is carefully adjusted to yield a picture in which both the
entire needle length and the target cardiac chamber were included
in the field of view (Fig. 19.4). A pre-marked system (a rapid
exchange 10-mm-long coronary balloon premounted over a cutoff
0.014” floppy tip guidewire) is advanced to the desired location.
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
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Fig. 19.4 Proper needle course, angulation, and positioning during the fetal
cardiac procedures. (a) During fetal aortic valvuloplasty the tip of the needle
(indicated by an arrow) is aimed at the aortic valve (marked with asterisks) in
an imaginary line across the left ventricular apex toward the left ventricular
outflow tract. (b) After perforation of the left ventricular apex, the tip of the
needle (indicated by an arrow) is parked below the aortic valve so that the
valve can be crossed with minimal manipulation. The asterisks indicate asci-
tes in this hydropic fetus. The LA is conspicuously dilated (c). In fetal pulmo-
nary valvuloplasty, the tip of the needle (indicated by a short and broad
arrow) is aimed at the pulmonary valve (indicated by a long and narrow
arrow) in an imaginary line across the right ventricular apex toward the right
ventricular outflow tract. (d) During fetal atrial septostomy, the needle (indi-
cated by a short and broad arrow) should course in a perpendicular angle
toward the plane of the interatrial septum (indicated by a long and narrow
arrow). LV left ventricle, LA left atrium, RV right ventricle, RA right atrium,
AAo ascending aorta, RVOT right ventricular outflow tract, PV pulmonary
vein

so that no more than 3—4 cm of the distal flexible wire straight tip
extruded out from the balloon tip.

The LV or the RV is entered at the apex, with the needle course
parallel to the outflow track directed at the stenotic/atretic semilu-
nar valves (Fig. 19.4). In this way, the valves can be crossed
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almost blindly, with minimal wire and catheter manipulation. For
PV perforation, the same needle that was used for apex entry is
advanced through the atretic PV. Occasionally, a transplacentary
and/or subcostal transhepatic needle course is required to reach
the desired location depending on the placenta and fetal positions.
After stylet removal, the catheter system is introduced and
advanced until the shaft mark reaches the proximal hub of the
needle. Balloon positioning for inflation is based on the external
aforementioned measurements and ultrasound imaging, with
emphasis given to the visualization of the guidewire in the ascend-
ing aorta (for critical AS) or in the right pulmonary artery or
descending aorta through the PDA (for PA/IVS) or in the left
atrium (LA) or one of the dilated pulmonary veins (for atrial sep-
toplasty). Balloons are inflated with pressure gauges to allow pre-
cise estimates of inflation diameters. Balloon diameters 10-30%
larger than the aortic or pulmonary valve annulus are selected for
valve dilation (Figs. 19.1 and 19.3). Two to four inflations are per-
formed depending on the fetal clinical status.

For atrial septostomy, a 17-G Chiba needle with a greater inter-
nal lumen diameter is used in order to accommodate the profile of
larger dilating balloons (the largest possible; usually 4 mm,
expandable to 4.7 mm). Although we have not attempted to
implant stents in the IAS, this may be achieved using special cath-
eters specifically designed by the Boston group for fetal interven-
tions [3]. The 17-G Chiba needle is advanced through the right
atrium (RA) in a perpendicular course toward the IAS (Figs. 19.2
and 19.4). The same needle is used to perforate the IAS to gain
access to the LA (Fig. 19.2). Once the tip of the needle is seen in
the body of the dilated LA, the pre-marked system is advanced
until the tape mark on the catheter balloon shaft reaches the prox-
imal hub of the Chiba needle. At this point, the whole system is
brought back as a unit until the balloon straddles the IAS. The
balloon is inflated with enough pressure to achieve the maximum
balloon diameter under the bursting pressure limit. A second
puncture within the IAS is performed using similar techniques if
the newly created ASD is judged to be too small to relieve left
atrial hypertension. We have not performed stent implantation to
the IAS because we favor the hybrid approach after birth.
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After the valves or the IAS is dilated, the whole system (nee-
dle + 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 pg/kg) and atropine are available
for immediate fetal intracardiac 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 tam-
ponade (Fig. 19.1).

19.5 Pitfalls and Complications

Significant morbidity to the mothers is rare. On the other hand,
fetal hemodynamic instability due to fetal bradycardia and hemo-
pericardium is a common complication, especially in procedures
that involve ventricular access. Fetal loss may happen, and although
it is more commonly associated with hemodynamic 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.

19.6 How to Manage Complications

Given the high frequency of fetal bradycardia and significant
hemopericardium, prophylactic atropine administration during
fetal anesthesia, intracardiac therapeutic injection of epinephrine
and atropine, and prompt pericardial drainage should be consid-
ered part of the standard of care in such interventions.

19.7 Post-procedural Care and Follow-Up

After the procedure, mothers are hospitalized overnight. The
fetuses are assessed by ultrasound later on the same day and/or
the following day before planned maternal discharge.
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Echocardiography is performed at intervals determined by the pri-
mary fetal cardiologist.

It is recommended that these mothers give birth at the referral
institution with a fully developed neonatal cardiology program.
Although these fetuses may be delivered transvaginally, we
believe that a C-section poses less stress on such fragile patients.
They should be immediately transferred to the neonatal intensive
care unit and started on a prostaglandin drip.

19.8 Expected Immediate Results
and Postnatal Outcomes

A technically successful aortic or pulmonary valvuloplasty is
defined as one in which a balloon is inflated across the valve, with
unequivocal evidence of antegrade flow and/or new aortic/pulmo-
nary regurgitation (AR or PR) as assessed by color Doppler echo-
cardiography (Figs. 19.1 and 19.3). We have considered
post-procedural AR and PI as a marker of effective dilatation of
the aortic and pulmonary valves (Fig. 19.3). AR is well tolerated
due to the low systemic vascular resistance determined by the pla-
cental circulation and the high-end diastolic left ventricular pres-
sure and improves significantly or disappears until birth. A
technically successful atrial septoplasty is defined as one in which
there was unequivocal echocardiographic evidence of a newly
created ASD at the conclusion of the intervention or on the fol-
lowing day (Fig. 19.2) associated with reduction in LA size and
improvement in the pulmonary vein Doppler pattern (Fig. 19.5).
The ASD size is determined by measuring the width of the color
jet (vena contracta) (Fig. 19.4).

In general, a neonatal BV circulation is achieved in about
30-50% of fetuses who had undergone in utero aortic valvulo-
plasty. 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 pres-
ence of MR or AS with a maximum systolic gradient of >20 mmHg
and milder degrees of EFE. Fetuses that have smaller LVs may
also benefit from the procedure due to improved coronary flow



19 Fetal Interventions 295

Fig. 19.5 Doppler tracing of the pulmonary veins pre- and post-fetal atrial
septostomy in a fetus with hypoplastic left heart syndrome and almost intact
interatrial septum. (a) Pre-intervention assessment. Bidirectional flow in the
pulmonary vein with high reversal flow velocity (58 cm/s) during atrial con-
tractions (negative wave below the baseline). (b) Post-intervention assess-
ment on the following day. Triphasic flow pattern in the pulmonary veins
(better diastolic filling) with improvement of the reversal flow velocity (less
than 40 cm/s)

and preservation of myocardial function, which may have a posi-
tive impact on neonatal outcomes, regardless of the surgical strat-
egy (Norwood vs. Hybrid) [1, 2]. In addition, promoting forward
flow across the aortic valve in utero may theoretically help to
minimize the neurodevelopmental abnormalities secondary to ret-
rograde 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. 19.6). We have employed a staged strategy for such patients
with fetal aortic valvuloplasty followed by a neonatal hybrid pro-
cedure * balloon aortic valvuloplasty + ASD enlargement. This
approach works as a bridge to LV overhaul and BV repair later 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 mortality of a univen-
tricular pathway [1]. From January 2008 to September 2020, we
have performed 41 procedures in 40 fetus with critical AS at a
mean gestational age of 27.4 + 2.7 weeks and with a mean weight
of 1.2 +£ 0.4 kg. Eleven had already milder degrees of LV hypopla-
sia and intervention. Technical success was achieved in 39/41 pro-
cedures and fetal demise occurred in three fetuses. Significant
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Fig. 19.6 Staged rehabilitation of the left ventricle in a fetus with critical
aortic stenosis (same patient as in Fig. 19.1). (a) Pre-fetal intervention echo-
cardiographic assessment at 29 weeks gestational age. Color flow mapping
across the aortic valve (indicated by an arrow) showing tiny forward flow
(blue color). The red color displays the flow into the right ventricle across the
tricuspid valve. The LV is conspicuously dilated and dysfunctional. The LA
is gigantic due to severe mitral regurgitation. The fetus is in severe heart fail-
ure resulting in hydrops. Asterisks show ascites. (b) Significant improvement
of the LA size and heart failure at 32 weeks gestational age. No hydrops is
seen. (¢) Neonatal transthoracic echocardiogram after neonatal atrial septos-
tomy, balloon dilation of the aortic valve followed by a hybrid procedure.
Four chamber view. The LV is of borderline size (LV length Z-score —2.7)
and still displays some endocardial fibroelastosis (indicated by a broad and
short arrow). There is a 4-mm atrial septal defect indicated by a long and
narrow arrow. (d) Intraoperative transesophageal echocardiogram performed
after surgical left ventricular overhaul at the age of 9 months. After resection
of the endocardial fibroelastosis layer, there is a significant improvement in
the LV size (LV length Z-score —1.2). RA right atrium, LA left atrium, RV
right ventricle, LV left ventricle, AAo ascending aorta

pericardial effusion requiring drainage and/or bradycardia was
observed in 28 fetuses. Fetuses who survived were born at term
after a programmed C section. Employing the staged strategy
described above, we observed a ~50% survival rate (total of
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18/37) at 1 year of age with most patients achieving a BV circula-
tion (16/37; 6/10 of those with mild in utero LV hypoplasia; two
babies are still in the interstage period). However, one patient
developed severe diastolic dysfunction and pulmonary hyperten-
sion after the third year of age and is being considered for heart
transplant.

Fetuses with critical AS, severe MR, and gigantic LA have in
general a worse prognosis due to hydrops, fetal loss, or prematu-
rity. However, in our experience, we observed a 66% survival rate
(6/9) with all patients achieving a BV circulation and normal LV
function after an initial hybrid procedure and LV overhaul at
9-12 months [2].

Fetuses with HLHS who undergo in utero ASD creation or
enlargement are born with higher saturations and a more stable
clinical initial course. However, surgical mortality after the
Norwood operation remains higher than in HLHS patients who
did not require in utero ASD interventions [3]. Whether the proce-
dure performed in late gestation is efficacious in terms of prevent-
ing the development of secondary pulmonary vascular and
parenchymal changes is debatable. From 2005 to 2020, we have
created one or more ASDs using the aforementioned technique in
ten fetuses with HLHS at a median GA of 32 weeks. All proce-
dures were successful and babies were born at term. Emergent
postnatal septostomy was required in seven patients. None of the
patients survived after neonatal Hybrid or Norwood-Glenn at
6 months. Stent implantation to the IAS may result in larger ASDs
in utero and better postnatal outcomes according to the Toronto
and Boston experiences.

In utero pulmonary valvuloplasty for PA/IVS or CPS/IVS is
more challenging from the technical standpoint due to the heavily
trabeculated RV and a smaller RV cavity, which may be associ-
ated with a significant failure rate, especially at the beginning of
the learning curve. Despite that, it seems that fetuses who undergo
a successful intervention show a significant growth of the right
ventricular structures from mid-gestation to late gestation when
compared with control fetuses who did not undergo prenatal inter-
vention and had univentricular outcomes after birth. From 2007 to
2020, we have performed 35 procedures in 32 fetuses with PA/
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IVS (n=20) or CPS/IVS (n=12) at a mean age of 26.8 + 2.3 weeks
and a mean weight of 1.1 + 0.3 kg. We had four failed attempts in
fetuses with PA (first case and the remaining three at earlier GA
<25 weeks). We had two deaths related to the procedure (main
pulmonary artery perforation), two deaths in utero 1-2 weeks
after the index valvuloplasty due to circular shunt in the setting of
associated severe tricuspid regurgitation, and two additional neo-
natal deaths due to premature complications in other centers. The
remaining 26 fetuses were born at term after a programmed C
section. All underwent neonatal pulmonary valvuloplasty with
most (n = 20) requiring ductal stenting [2]. At a mean follow-up
of 36 + 15 months, 21 showed significant growth of the RV struc-
tures achieving an eventual BV circulation (two required catheter
closure of the ductal stent; the remaining showed spontaneous
closure; ASD closure was required in four due to lower satura-
tions). One and a half circulation was observed in four patients
and one had a UV status during follow-up. We believe that RV
rehabilitation in fetuses with PA/IVS or CPS/IVS and a hypoplas-
tic RV is a continuous process that should be initiated in utero (the
sooner the better), optimized in the neonatal period with repeat
valvuloplasty + ductal stenting and completed in the first 1-3 years
of life, allowing time for the RV to catch up.
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20.1 Anatomic Description
and Physiopathologic Factors

The normal aortic valve is trifoliate. The normal function of the
valve depends on the well-developed aortic annulus and the
proper relationship among the leaflets within the aortic root.

The aortic annulus of the patient with aortic stenosis (AS) is
usually hypoplastic to some extent; the leaflets are thickened, and
the commissures, to different degrees, are fused.

The anatomic types of AS include unicuspid, bicuspid, tricus-
pid, quadricuspid, and undifferentiated aortic valves.

Most AS is the bicuspid type, accounting for about 1-2% of
cases worldwide and 67% of congenital AS. There are two types
of bicuspid aortic valve: balanced (anatomically bicuspid) and
unbalanced (functionally bicuspid). Two equal-sized cusps, com-
bined with two Valsalva sinuses, form the anatomically bicuspid
valve. However, the functionally bicuspid valve has three sinuses
despite the open bicuspid, two of which exist next to a fused cusp
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formed basically by two different-sized cusps through an
unopened commissure. The fused cusp is called an unbalanced
bicuspid valve because it is larger than the valve opposite.

Tricuspid valves are seen in 25% of infants and about 40% of
older patients who require treatment. Three leaflets vary in size.
Most right coronary valves are hypoplastic; the leaflets are thick-
ened and curled, and the commissures are fused. Unicuspid valves
are often seen in newborns and present in about 10% of infants
and 3% of the older children in whom treatment is indicated. The
leaflets are thickened and fused; the valve has only one junction,
and most of them lie at the one side. The rest lie at the center; the
activity of the leaflets is limited, and, sometimes, the aortic annu-
lus is hypoplastic.

AS leads to an obstruction in left ventricular ejection due to
increased systolic blood pressure, prolonged ejection time,
increased blood pressure, and decreased diastolic aortic pressure
established as a transvalvular gradient. Initially, AS causes left
ventricular pressure overload. Over time, the left ventricle
adapts to the systolic pressure overload through a hypertrophic
process that results in increased left ventricular wall thickness
without dilatation of the left ventricular chamber (concentric
hypertrophy).

Another compensatory mechanism is a lengthening of the ejec-
tion time at the expense of the diastole duration. Due to the adap-
tation, normal systolic left ventricular function is maintained. As
hypertrophy progresses, the left ventricle becomes less compliant,
left ventricular end-diastolic pressure increases, and left ventricu-
lar diastolic function decreases. Elevated end-diastolic pressure
and shortened diastole duration limit coronary flow. Physical
exercise or tachycardia can produce a maldistribution of coronary
blood flow and subendocardial ischemia. Acute myocardial isch-
emia during exercise may cause ventricular arrhythmias and syn-
cope or sudden death. On the other hand, increases in systolic
blood, ventricular mass, and ejection time lead to increased con-
sumption of oxygen by the myocardium. The increase in oxygen
consumption and myocardial ischemia cause further deterioration
of left ventricular function.
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20.2 Clinical Scenarios
20.2.1 Critical Aortic Stenosis in Newborn

Newborns with critical AS suffer from low cardiac output and
shock secondary to poor left ventricular function. These patients
present with symptoms of heart failure such as pallor, tachypnea,
tachycardia, air bubbles, and hepatomegaly. Usually newborns
with critical AS need PGE infusion and intubation, and even some
patents need urgent procedure.

Some newborns experience left ventricular endocardial fibro-
elastosis and fibrosis of the papillary muscles with mitral insuffi-
ciency due to subendocardial ischemia. Outcome is usually fatal
in most of these patients with critical AS within the first weeks of
life with medical treatment alone. Percutaneous balloon aortic
valvuloplasty can be considered the first-line treatment for new-
borns with critical AS.

20.2.2 Aortic Stenosis in Older Children
and Adolescents

Most patients with mild to moderate stenosis are usually asymp-
tomatic, and the disease is diagnosed by a murmur. However, dis-
ease progression with symptom onset is common. In older
children and adolescents with severe AS, the main symptoms are
angina chest pain, syncope and dyspnea, or other symptoms of
heart failure such as orthopnea, paroxysmal nocturnal dyspnea,
and pedal edema. In the natural course of the disease, sudden
death occurs in over 70% of patients with severe AS.

20.3 Indications and Patient Selection

The normal aortic valve area is about 2.0 cm?m?2. AS is consid-
ered mild when the area is less than 0.8 cm?*m?, moderate when
the area is 0.5-0.8 cm?*m?, and severe when the area is less than
0.5 cm?/m?.
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According to the peak systolic gradient, the degree of severity
is considered mild when the gradient is less than 50 mmHg, mod-
erate with a gradient of 50-79 mmHg, and severe with a gradient
of 80 mmHg or higher.

Patients with mild AS rarely need treatment. However, AS may
be progressive, and patients with mild disease may require treat-
ment later in life. Usually, severe AS is an indication for treat-
ment. When symptoms of syncope or heart failure develop, the
prognosis changes dramatically. Therefore, regardless of the gra-
dient in patients with these symptoms, treatment also is indicated.

20.4 Treatment Options

Neonates with critical AS and low cardiac output require resusci-
tation and administration of prostaglandin E,. Establishing
patency of the ductus arteriosus can restore adequate systemic
blood flow and perfusion of vital organs. These patients should be
sedated and intubated before balloon valvuloplasty is performed.
Patients with significant aortic valve insufficiency in combination
with mild to moderate stenosis may be carefully treated with
afterload reduction, diuretic therapy, or both, although hypoten-
sion may occur. Inotropic drugs such as dopamine, dobutamine,
and epinephrine may be indicated in cases of reduced cardiac out-
put and decreased left ventricular systolic function. In critical AS,
drugs that cause significant vasodilation should be avoided,
because they may cause significant hypotension in the presence of
a small aortic valve area. Patients with difficulty breathing and
pulmonary edema benefit from intubation, positive pressure ven-
tilation, and diuretic therapy.

Percutaneous balloon valvuloplasty was first described in
1983. With the improvement of catheter technology, it has become
standard in patients with severe AS and can be safely performed
with minimal morbidity. However, in patients with severely dys-
plastic valves and significant aortic regurgitation, balloon valvu-
loplasty is not the best choice. Surgical valvotomy is now rarely
used except for in more complex valves, where simple balloon
dilation is not sufficient. The Ross Procedure is another surgical
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option that may be particularly beneficial for young children. The
prosthetic aortic valve replacement is primarily reserved for
patients in whom balloon valvuloplasty or surgical valvotomy has
failed and significant aortic valve insufficiency has developed in
association with left ventricular dilation or deterioration of left
ventricular systolic function.

20.5 Preprocedure Imaging

Preprocedural echocardiography is the most important data. It can
provide the following information: the morphology of the aortic
valve, peak instantaneous and mean aortic valve gradient by
Doppler, aortic valve annulus diameter and z-score, left ventricular
dimensions, left ventricular shortening fraction and ejection frac-
tion, and severity of aortic valve regurgitation, which are needed
for a valvuloplasty indication. It should be noticed that the degree
of aortic valve gradient may be underestimated because of low left
ventricular ejection fraction. In addition, other lesions such as
atrial septal defect, ventricular septal defect, aortic coarctation,
mitral valve disease, and Shone complex can be identified by echo-
cardiography. These lesions may influence the strategy of the oper-
ation, for example, the degree of aortic valve gradient may be
overestimated because of patent ductus arteriosus (PDA) shunt; it
is better to deal with PDA firstly for patients with mild AS.

20.6 Step-by-Step Technique

1. Preoperative preparation: Generally, to ensure adequate oxy-
gen supply, cardiac catheterizations are conducted under gen-
eral anesthesia to avoid restlessness and bleeding in infants or
patients in poor clinical condition. Simultaneously, an external
defibrillator and cardiopulmonary resuscitative drugs must be
prepared to manage ventricular fibrillation or cardiac arrest
during valve dilation due to severely impaired cardiac output.
Soon after establishing vascular access, patients are given hep-
arin, 100 IU/kg of body weight.
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2. Establish vascular access: Wires and catheters can pass through
the aortic valve from either the aorta (retrograde approach) or
the left ventricle (antegrade approach). The retrograde
approach is the most common method used for puncturing
femoral artery. However, vascular complications may arise at
the site of entry in the femoral artery in particular in newborns.
The umbilical artery or surgically exposed right common
carotid artery (or right axillary artery in newborns) is used.
Occasionally, the guidewire cannot cross a severely stenotic
aortic valve from the retrograde approach to the left ventricle.
The antegrade approach is an alternative way by using a femo-
ral venous access or an umbilical vein. Despite the advantage
of reducing the risk of femoral arterial injury and aortic valve
leaflet perforation, the antegrade approach can injure the mitral
valve.

A 4-Fr sheath is usually needed in newborns. In older chil-
dren and adolescents, the access size depends upon the balloon
to be chosen.

3. Hemodynamic assessments: Hemodynamic assessments
include measurement of pressure gradients across the aortic
valve and aortic angiography. By simultaneously obtaining
pressure in the left ventricle and ascending aorta, the pressure
gradient across the aortic valve is measured most accurate.
Alternatively, distal pressure can be measured using a cannula
in the radial artery.

Generally, an aortic angiography is performed using a pig-
tail or side hole catheter placed just above the aortic sinuses.
The details of the valve anatomy and assessing the aortic annu-
lus diameter between the hinge points of the valve leaflets
were defined by the 40° left anterior oblique and straight
posterior-anterior projection (Fig. 20.1). Aortography is not
performed in patients with hemodynamically unstable states
such as in cases with hypotension and poor left ventricular
function. Transthoracic echocardiography is used to observe
aortic valve morphology, quantify the degree of AS, and mea-
sure the aortic annulus diameter (Fig. 20.2).
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Fig. 20.1 The aortic valve annulus is measured by aortography in posterior-
anterior projection. The double-headed arrow indicates the aortic annulus
diameter between the hinge points of the valve leaflets

4. Select the appropriate balloon: Balloon valvuloplasty-induced
aortic regurgitation can be the result of commissural avulsion
and cusp tear or perforation. It can make further surgical rein-
terventions more difficult. Oversized balloons are a risk factor
for aortic regurgitation. The balloon-to-annulus ratio should be
less than 1:1. Start with a balloon diameter of about 80% of the
aortic annulus and increase its size by 1 mm.

Concerning length, an ideal balloon length should allow safe
straddling of the aortic valve without overlapping the mitral
valve chordae. We often choose a 20-mm balloon length in new-
borns and 30 mm in older children and 40 mm in adolescents.
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Fig. 20.2 Echocardiographic measurement of the aortic valve annulus
between the hinge points of the valve leaflets (double-headed arrows) in the
parasternal long-axis view

5. Techniques of valvuloplasty: The techniques of valvuloplasty
include single- and double-balloon valvuloplasty.

(a) Single-balloon valvuloplasty technique: With the help of
an angiographic catheter (Judkins right, multipurpose cath-
eter), cross the stenotic aortic valve by using a hydrophilic
guidewire (0.014” standard coronary wires in neonates,
0.018” hydrophilic J-tipped wires in small kids, 0.035”
J-tipped wires in older kids and adolescents). Special care
should be paid to avoid any force applied by the wire over
the aortic cusps. Another important point is to be sure that
you are not in the coronary artery with the wire.

The angiographic flow jet on the ascending aortogram
may be used as a guide.

Exchange the hydrophilic wire for another wire (0.014”
coronary wire in newborns, 0.035” standard guidewire in
children, J-tipped 0.035” extra stiff guidewire in adoles-
cents) that will be used for the angioplasty. The wire is
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Fig. 20.3 Single-balloon technique in posterior-anterior projections

placed in the LV apex along the septum, anterior to the
mitral valve chordal apparatus.

Advance a balloon valvotomy catheter over the guide-
wire, straddle the valve into the correct position, and
inflate with a pressure of 4-7 ATM until the balloon waist
disappears (Fig. 20.3). In newborns hand inflation is
enough. Each inflation-deflation period lasts no more than
5-10s. To preserve balloon stability across the aortic valve
during inflation, a technique called temporary rapid pacing
arrests mechanical systole to decrease the chance of bal-
loon migration. The technique is performed by putting a
bipolar pacing catheter in the right ventricular apex and
using VVI pacing at a rate of 220-240 impulses per min-
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ute during the balloon inflation. Ultimately, such pacing
can increase the success rate of the procedure.

(b) Double-balloon valvuloplasty technique: Except for the
use of two separate arterial catheters to cross the aortic
valve retrograde, the double-balloon technique is identical
to the single-balloon approach. Each balloon has a similar
diameter and length so the ratio of the sum to the valve
annulus diameter is about 1:3. The two balloons are posi-
tioned similarly across the aortic valve and inflated simul-
taneously (Fig. 20.4). Studies [1] have suggested that the
double-balloon valvuloplasty technique provides improved
gradient relief by producing deeper tears in the lines of
commissural fusion than can be obtained with a single bal-

Fig. 20.4 Double-balloon technique in posterior-anterior projections
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loon. In addition, two smaller balloons can be introduced
to and removed from the femoral arteries more easily and,
presumably, with less vessel trauma than a single large
balloon. Third, the double-balloon technique extends the
range of annulus sizes amenable to balloon dilation. It
allows effective dilation of an aortic annulus <31 mm in
diameter. Finally, inflation of two smaller balloons side by
side has a smaller risk of completely occluding left ven-
tricular outflow than inflation of a single larger balloon.

6. Postoperative evaluation: Hemodynamic assessment is con-
ducted again using angiography and echocardiography. The ideal
surgical result is effective relief of stenosis (residual gradient
<30 mmHg) without moderate to severe aortic regurgitation.

20.7 Materials
Different balloon and guidewire products are available:

1. Tyshak and Tyshak IT (NuMED, Inc.) are often used in aortic
valvuloplasty. Except for the balloon diameters of 21 and
24 mm, they provide a wide range of balloon diameters, from
4 to 30 mm, with 1-mm increments up to 25 mm. Because it
has a thicker shaft and wire, Tyshak can better resist the left
ventricular ejection power and is therefore preferred in older
children. On the other hand, Tyshak II is preferable in infants
in whom the lowest possible introducer profile is important.
Tyshak Mini usually applies to neonates; it provides balloon
diameters between 4 and 10 mm and needs introducer sizes of
only 3—4 Fr. But it can only be guided by 0.014-in. wires.

2. VACS 1I is manufactured in Germany by Osypka. It has bal-
loon diameters of 4-30 mm, with 1-mm increments up to
18 mm, except for 11 and 13 mm. Above 18 mm, the incre-
ments are 2 mm. It is a low-profile balloon that may have an
advantage in infants.

3. The size of the wire depends on the inner lumen of the balloon
catheter. Coronary guidewires can be useful for Tyshak Mini
balloons in neonates. The Terumo™ coronary wires with
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floppy and soft tips can be recommended. When the inner
lumen of the balloon catheter is between 0.018 and 0.028”, the
0.018” SV 5™ Straight Wire (Cordis Company), with its short
floppy tip, gives excellent support to the balloon. If a 0.035-in.
guidewire fits into the inner lumen of the balloon catheter, the
0.035-in. Teflon-coated THSF wire from Cook Company can
be recommended.

20.8 Expected Results

Generally, the criteria for a successful valvuloplasty are a more
than 50% decrease in pressure gradient across the aortic valve, an
increase of more than 25% in the aortic valve area, and no signifi-
cant aortic regurgitation. A residual gradient of <30 mmHg is usu-
ally aimed.

20.9 Suggestions for Procedural Success

1. Operation approach selection: The retrograde and antegrade
approaches are the two main techniques, with the retrograde
approach being the most common. However, the retrograde
approach may lead to difficulty in the guidewire’s ability to
cross a severely stenotic valve, and vascular complications
may arise at the site of entry of the femoral artery. The ante-
grade approach using transseptal antegrade access to the aortic
valve reduces the risk of arterial complications and more easily
facilitates the passing of the guidewire through critical steno-
sis. If, after 20-30 min, the valve has not been successfully
crossed or femoral arteries are tortuous or small, the antegrade
approach should be considered.

2. The biggest challenge of valvuloplasty is passing wires through
AS uneventfully. The commissure between the left and the
noncoronary cusps is the most common area of opening of the
valve, and the guidewire-catheter system should be pointed in
that direction in left anterior oblique view. Another method is
that when the catheter is within the turbulent flow coming out
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of the aortic valve it thrills (vibrates), we can keep the catheter
in that position and try with the wire.

3. Using the right coronary catheter to pass the guidewire through
the aortic valve can be helpful. When the aortic valve cannot
be crossed using the retrograde approach and injury of the
mitral valve is a concern, a combined approach of passing
through the aortic valve using the antegrade approach and
snaring the wire in the aorta should be considered.

4. Displacement of the balloon before it is fully inflated leads to
poor valve dilation and may injure the valve leaflets or sur-
rounding tissues. To minimize and prevent balloon movement
during dilation, we choose rigid shaft and wire and adopt the
double-balloon and rapid right ventricular pacing technique.

20.10 Pitfalls

Occasionally, a guidewire in the left coronary artery might look
like it is in the left ventricle, particularly on posteroanterior pro-
jection. The guidewire should be confirmed before advancing the
catheter in the posteroanterior and lateral positions. The guide-
wire should be advanced gently and pulled into the catheter to
avoid injuring the valve or damaging the coronary arteries.
Balloon rupture may lead to air embolism. We usually use a one-
third contrast and two-thirds normal saline solution to carefully
remove all air from the balloon. It is important to prevent balloon
movement and avoid reaching the rated burst pressures of valvu-
loplasty balloons.

20.11 Complications

Balloon aortic valvuloplasty has been shown to be efficacious in
terms of gradient relief and lack of aortic regurgitation. However,
a dilated balloon may completely block the blood flow in the
aorta, prevent blood ejection of the left ventricle, and induce fatal
ventricular fibrillation, left ventricular systolic dysfunction, and
asystole. The early mortality rate is about 4%, and the complica-
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tion rate appears to be related to age of the patient and type of
lesion. Neonates have a higher rate of complications and worse
midterm outcomes than older children after balloon aortic valvu-
loplasty. Aortic regurgitation is a potentially serious complica-
tion. About 15% of patients experience moderate or severe aortic
regurgitation after balloon valvuloplasty. The incidence of vascu-
lar complications remains a concern after aortic balloon valvulo-
plasty, especially in newborns in which femoral artery access is
used. In addition, transient bradycardia and left bundle-branch
block, premature beats, mitral valve tears, and falls in systemic
pressure during balloon inflation can occur.

20.12 Management of Complications

Many of these complications are now considered preventable with
current catheterization technology and experience. The double-
balloon valvuloplasty technique using smaller, less traumatic
catheters reduces obstruction to the left ventricular outflow tract
during balloon inflation. It can reduce the incidence of some kinds
of arrhythmia during surgery. In addition to greater gradient relief,
some reports show that it has lower aortic regurgitation than
single-balloon valvuloplasty. In general, the retrograde approach
is associated with the least number of complications. However,
the guidewire should be advanced gently to prevent damage to the
mitral valve.

To reduce complications of percutaneous balloon valvulo-
plasty, a hybrid balloon valvuloplasty through the ascending aorta
via median sternotomy is performed in infants with severe con-
genital valvular AS [2] (Fig. 20.5). Its obvious advantages include
ample size of the arterial sheath and balloon, effective dilation of
the valve, no peripheral vascular complications, less exposure to
radiation, cardiac compression under direct vision, and extracor-
poreal circulation, if needed. We recently improved the hybrid
procedure by designing a new sheath (Fig. 20.6) specifically for
interventional treatment using an ascending aorta approach.
Compared with percutaneous arterial sheath, the new sheath can
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Fig. 20.5 Patients underwent tracheal intubation under general anesthesia
on supine position in the hybrid operation room. After median sternotomy,
the wire and balloon advanced into the aorta by an arterial sheath which was
inserted into the aorta (the arrow pointed to the arterial sheath)

directly and quickly lead the guide wire to the aortic valve orifice
thanks to an 120° angle elbow in head end, which greatly reduces
time for guidewire attempts to pass through the aortic valve,
thereby effectively avoiding damage to the aortic wall, aortic
valve, and coronary artery. In addition, the sheath is rendered
more stable by two holders, and cardiopulmonary bypass can be
established quickly if required thanks to an adapter, thereby
increasing reliability of patient’s rescue. With the new sheath and
increased treatment experience, we gradually achieved the goal of
performing the procedure under echocardiography guidance with-
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Fig. 20.6 Appearance of percutaneous (a) and new (b) arterial sheath. The
new sheath has a 120° angle elbow in head end, two holders, an adapter, a
dilator, and a vent for exhaust. In animal experiments, percutaneous arterial
sheath was almost perpendicular to the ascending aorta (¢, black arrow). It
will lead the guide wire to aortic wall and then the wire turned to the direction
of aortic valve. Unlike percutaneous sheath, the elbow of new sheath allowed
to directly and quickly lead the guide wire to the aortic valve orifice (d, black
arrow), which will reduce operation time and damage to the aortic wall

out fluoroscopy in an ordinary operating room. Echocardiography
provides a more intuitive image than fluoroscopy and, more
importantly, allows safe and effective treatment of patients with
severe CAS in most hospitals without a hybrid operation room as
is commonly the case in developing countries.
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20.13 Postprocedure Care

Patients should be carefully transferred to the intensive care unit
after aortic valvuloplasty. Patients who had an intraoperative ante-
grade approach angioplasty need to remain supine in bed for 12 h.
Patients who had an intraoperative retrograde approach angio-
plasty need to remain supine in bed for 24 h. Changes in the
patient’s sense of well-being should be closely observed. Breath
rate, blood pressure, and pulse should be measured once every
30 min, and body temperature should be measured once every 4 h.
After 6 h, vital signs should be taken every hour; after 72 h, vital
signs should be taken every 4 h. Patients should be strictly observed
for signs of orthostatic hypotension and arrhythmia. Patients must
avoid strenuous exercise for 72 h after surgery. To prevent limb
necrosis caused by lengthy compression of the femoral artery or
vein, the dorsalis pedis artery pulse should be taken regularly.

20.14 Follow-Up

Congenital AS is a lifelong disease, and the families of these
patients should be told about the palliative nature of the proce-
dure. All patients should be regularly followed using
electrocardiography and echocardiography in 1, 3, 6 months, and
each year after the procedure. Examination ergometry and Holter
in older children and adolescents are helpful to judge the cardiac
function and rhythm.

Percutaneous balloon aortic valvuloplasty is favored for its
low procedural mortality, but it has high rates of reintervention
(15-65%) in long-term follow-up. Aortic valve morphology and
the diameter of the annulus have been associated with procedural
success. Maskatia and colleagues [3] found that after initial per-
cutaneous balloon valvuloplasty, 65% of patients were able to
avoid repeat valvuloplasty, 61% avoided aortic valve replacement,
and 87% avoided death or heart transplantation 15 years after ini-
tial percutaneous balloon valvuloplasty. Patients with postopera-
tive gradients >25 mmHg or a lower baseline left ventricular
shortening fraction experienced worse outcomes.
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21.1 Anatomic Description
and Physiopathology

The most common pathologic description of a stenotic pulmonary
valve is a “dome-shaped” configuration of the pulmonary valve.

The fused pulmonary valve leaflets protrude from their attach-
ment into the pulmonary artery as a conical, windsock-like
structure.

The size of pulmonary valve orifice varies from a pinhole to
several millimeters, most usually central in location, but can be
eccentric.

Pulmonary valve ring hypoplasia and dysplastic pulmonary
valves may be present in a small percentage of patients.

Pulmonary valve dysplasia is characterized by thickened, nod-
ular, and redundant valve leaflets with minimal or no commissural
fusion, valve ring hypoplasia, and lack of poststenotic dilatation
of the pulmonary artery.

The obstruction is mainly related to thickened, myxomatous
immobile pulmonary valve cusps and valve ring hypoplasia.
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21.2 Clinical Scenarios

Two clinical scenarios may occur: (1) critical pulmonary stenosis
that occurs at birth and (2) pulmonary valve stenosis in infants,
children, and adolescents.

1. Critical pulmonary valve stenosis
Patients are cyanotic at birth and require prostaglandin infu-
sion to maintain pulmonary blood flow. These subjects are
usually in the intensive care unit and are often intubated.

2. Pulmonary valve stenosis beyond neonatal period
These patients are mostly asymptomatic, unless severe steno-
sis is present. The lesion is detected because of a cardiac mur-
mur on routine clinical examination. With growth, moderate
stenosis may cause symptoms, including fatigue, chest pain,
limited exercise tolerance, and mild cyanosis. Patients with
severe stenosis may have different degrees of cyanosis and are
predisposed to right heart failure.

21.3 Indication for Treatment and Treatment
Options

1. Critical pulmonary valve stenosis
This is an urgent procedure.
Sometimes a low gradient associated to a right ventricular
dysfunction may be found.
2. Pulmonary valve stenosis beyond neonatal period
It is generally accepted that the indication for balloon pulmo-
nary valvuloplasty is a pulmonary valve stenosis with an echo-
cardiographic systolic peak instantaneous gradient of
>60 mmHg (that correlates to a peak-to-peak invasive gradient
>30-40 mmHg) or clinically significant pulmonary valvular
obstruction in the presence of right ventricle dysfunction.
It is reasonable to perform pulmonary valvuloplasty on a
patient with pulmonary valve stenosis who meets the above
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criteria in the setting of a mild to moderate dysplastic pulmo-
nary valve.

It is suggested that balloon dilation should not be under-
taken for pulmonary valve stenosis with severe right ventricu-
lar dysplasia, significant valve annulus hypoplasia, or severe
pulmonary hypoplasia. In these cases, surgical operation
should be the first choice.

21.4 Pre-procedural Imaging

Echocardiographic studies are most useful in the evaluation of
pulmonary valve stenosis. Thickening, doming of pulmonary
valve leaflets, and the poststenotic dilatation of the pulmonary
artery can be well visualized by two-dimensional (2D) echocar-
diographic views.

The valve annulus can also be measured, and such measure-
ments are very helpful in the selection of balloon diameter during
balloon dilation.

In cases with hypoplastic or relatively hypoplastic RV, mea-
surements and function of the tricuspid valve are needed. In fact
in newborns with critical pulmonary valve stenosis and when the
TR annulus is <—2 SD, stent implantation in the ductus arteriosus
may be needed.

Qualitative and semiquantitative evaluation of the RV function
is obtained.

Pulsed, continuous wave, and color Doppler evaluation can be
used to confirm the diagnosis and the degree of obstruction. Using
the modified Bernoulli equation, the peak instantaneous gradient
can be calculated:

AP =4V*

where AP is the pressure gradient and V is the peak Doppler flow
velocity in the main pulmonary artery. However, the peak instan-
taneous Doppler gradient may overestimate the peak-to-peak
catheter gradient, presumably related to a pressure recovery
phenomenon.
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21.5 Technique (Step-by-Step)

1.

Candidates selection

The diagnosis and assessment of pulmonary valve stenosis are
made by the usual clinical, radiographic, and echocardio-
graphic data. An informed consent is obtained from the parents
or the patients.

. Sedation and anesthesia

The procedure is usually performed under sedation. General
anesthesia with endotracheal ventilation is needed in new-
borns, while it can be avoided beyond the neonatal period.

Heart rate, blood pressure, respiration, and pulse oximetry
are continuously monitored throughout the procedure.

. Vascular access

The most preferred entry site for balloon dilation is the percu-
taneous femoral venous route. A sheath is inserted into the vein
depending on the age and size of the patient (in newborns usu-
ally a 5-F sheath). In some high-risk patients an arterial line
may be used to continuously monitor the arterial blood pres-
sure. After sheath placement, heparin is given in the dose of
100 TU/kg, to keep the activated clotting time above 200 s.
Right ventricular angiography

Hemodynamic assessment is done routinely, and the peak-to-
peak catheter gradient across the pulmonary valve is assessed.
Biplane right ventricular cineangiograms (posterior-anterior
with cranial angulation and lateral views) are performed using
Berman angiographic catheters or pigtail catheters to confirm
the site of obstruction, to measure the pulmonary valve annu-
lus, and to evaluate the function of right ventricle. The annulus
is measured as the distance between the hinge points of the
valve in both views in systole (Fig. 21.1).

. Positioning of the guidewire

An end-hole catheter is advanced across the pulmonary valve
and the tip of the catheter positioned into the distal left (prefer-
able) or right pulmonary artery.

Usually a Judkins right coronary or a cobra catheter is used.
To allow the catheter to enter the RV, usually a pre-shaped stiff
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Fig.21.1 Right ventriculogram in left lateral view showing pulmonary valve
stenosis; thickened, domed pulmonary valve; and poststenotic dilatation of
the main pulmonary artery. The white line shows the length of the pulmonary
valve annulus

end of a straight standard guidewire is needed to guide the
catheter across the tricuspid valve.

Alternatively a 4- or 5-F end-hole multipurpose catheter
can be used. It is advanced up to the right atrium. Then a loop
is created over the free wall of the right atrium with a gentle
push. The next step is to rotate clockwise in order to direct the
end of the catheter toward the tricuspid valve. Finally a gentle
pull is applied in order to allow the catheter to slip in the right
ventricle.
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Then the catheter is oriented toward the RVOT with a clock-
wise rotation and a gentle pull. The catheter is passed through
the valve.

Usually, this part of the procedure is not easy because of
hypertrophy of the RV.

Floppy- and soft-tipped guidewires can be used to assist the
catheter crossing of the pulmonary valve. Great attention is to
be paid when using hydrophilic wires. In fact even a floppy-
tipped wire can perforate.

In newborns a 0.014” coronary wire or a 0.018” hydrophilic
wire can be used and positioned either distal in the pulmonary
artery or in the descending aorta through the ductus arteriosus.

In older children 0.035” wire can be chosen and placed dis-
tally in the pulmonary artery bed.

Wire position is crucial for the procedure!

A J-tipped, exchange length, stiff guidewire is advanced
through the catheter already in place, and the catheter is
removed. The selection of the exchange wire diameter is
dependent upon the selected balloon catheter.

In newborns when the passage through the valve is a pin-
hole, predilation using a coronary balloon (diameter 2.5-3 mm;
length 15-20 mm) may be needed.

6. Selection of balloon catheter
The inflated diameter of the balloon is selected in accordance
with the diameter of the pulmonary valve annulus. Usually a
balloon diameter 1.0-1.2 times the annulus is chosen. The
length of the balloon should be 20 in newborns and infants,
30 mm in children, and 40 mm in adolescents and adults.
Longer balloons may impinge upon the tricuspid valve, caus-
ing heart block or tricuspid valve regurgitation. An adequately
sized femoral sheath must be inserted for the introduction of
the balloon catheter.

7. Balloon dilation
The selected balloon angioplasty catheter is advanced over the
guidewire and positioned across the pulmonary valve. The
body landmarks, such as the ribs, sternum, or other fixed land-
marks, are used for this purpose. A frozen video frame of the
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right ventricular cineangiogram displayed on the screen is
used as a road map.

The balloon is quickly inflated with diluted contrast mate-
rial (1 in 4) (Fig. 21.2). The inflation pressure is gradually
increased up to the manufacturer’s recommendation (Fig. 21.3),
and then the balloon is quickly deflated. The duration of infla-
tion is kept as short as possible, usually just until after the
waist disappears.

If the balloon is not appropriately centered across the pul-
monary valve or moves during the inflation, the position of the
catheter is readjusted and balloon inflation repeated. Usually a

Fig.21.2 Left lateral view of a partially inflated balloon catheter positioned
across the pulmonary valve. As the balloon is inflated, a waist appears at the
site of the pulmonary valve
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Fig.21.3 Left lateral view of the balloon waist completely disappeared

gentle pull can be applied during full inflation in order to coun-
teract the push forces of the right ventricle systole.

One additional balloon inflation may be performed after
satisfactory balloon inflation has been achieved, to ensure ade-
quate valvuloplasty.

8. Post-dilation protocol
A multitrack catheter may be used to record the pressure gra-
dients across the pulmonary valves in older patients.

In newborns, a multipurpose catheter can be advanced over
the 0.014” guidewire as used for angiography by using a
Y-connector.

If the result is not satisfactory (peak-to-peak valve gradient
usually in excess of 50 mmHg), it is important to understand
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why this occurs: Is there any muscular infundibular reaction?
Is there a residual valvular gradient? Is there a vascular hypo-
plasia and severe pulmonary valve dysplasia?

If the problem is related to residual valvular stenosis, then
the balloon inflation is repeated until a satisfactory reduction
in the gradient is detected (obviously do not exceed 120% bal-
loon to annulus ratio).

In adolescents and adults, if a satisfactory balloon inflation
is not achieved due to a small balloon to annulus ratio, then a
double balloon technique may be considered.

Some patients with a dysplastic pulmonary valve cannot be
treated by balloon dilation and are candidates for surgery.

A final RV angiography is usually performed.

Echocardiography can be used to evaluate the mobility of
the pulmonary valve leaflets, to measure the gradient after
dilation, to detect infundibular stenosis, and to discern any
complications such as tricuspid insufficiency and pericardial
effusion.

21.6 Materials (Balloon Angioplasty Catheters)

The catheterization lab armamentarium is ever changing and var-
ies not only over time but also from institution to institution. A
variety of balloon angioplasty catheters can be used for balloon
dilation such as Tyshak-II, Opta Pro, Z-Med, Z-Med II, Powerflex,
ev3, and Cristal, depending on the availability at a given institu-
tion. The following characteristics of the angioplasty balloon
should be taken into consideration:

1.

2.

Sheath requirement

Balloon length. Long balloons can improve stability during infla-
tion, but take longer to inflate and deflate fully, and may impinge
upon the tricuspid valve, causing tricuspid insufficiency. Short
balloons can cause less straightening of curved cardiac or vascu-
lar structures and thus may cause less injury at the tips of the
balloon, but it may be difficult to maintain the balloon centered
across the pulmonary valve annulus during inflation.



328 T.Liu and W. Gao

3. Balloon compliance (degree of balloon stretch at a certain
pressure). Compliant balloons can be inflated easily and will
apply less pressure to the stenotic segment. Noncompliant bal-
loons can be inflated to a relatively high pressure and have a
more predictable maximum inflation diameter compared to
compliant balloons.

In neonates or infants we generally use 20-mm-long compliant
balloons (e.g., Tyshak-II). It has a low profile; the deflated balloon
can cross a 4—5-French sheath. The working pressure of this kind
of balloon is about 3.5-4 ATM. In order to avoid balloon rupture,
a gauge should be used to apply a specific amount of inflation
pressure. Thirty- and 40-mm noncompliant balloons, such as
Cristal angioplasty balloons, can be used in children and adoles-
cents, respectively. The balloon diameter usually varies from 12
to 20 mm, the inflation pressure is up to 6-8 ATM, and 7-9 Fr
sheaths can be used.

When the pulmonary valve annulus is too large to dilate with a
single balloon (>25 mm) or the patient’s femoral vein is small,
valvuloplasty with simultaneous inflation of two balloons across
the pulmonary valve can be performed (Fig. 21.4). It may reduce
the incidence of complications. Single balloon dilation can cause
complete obstruction of the right ventricle and then cause sys-
temic hypotension. However, during the double balloon proce-
dure, the right ventricular output may continue in between the
balloons and cause less hypotension. Though the double balloon
technique involves an additional femoral venous puncture site,
relatively small shaft sizes can be used. When two balloons are
utilized, the following simplified formula may be used to calcu-
late the effective balloon size:

Effectiveballoondiameter = 0.82(D, + D,)
where D, and D, are the diameters of the balloons used. It is better

to use balloons of the same size, because two same size balloons
can be easily maintained at the site during inflation.
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Fig. 21.4 Left lateral view of two balloon catheters positioned across the
pulmonary valve showing waisting of balloons produced by the stenotic valve

21.7 Expected Results

The peak-to-peak invasive pressure gradient between the pulmo-
nary artery and right ventricle should be reduced to less than
20-25 mmHg after balloon pulmonary valvuloplasty.

Short-term and long-term results of both balloon pulmonary
valvuloplasty and surgery have low mortality rates and appear to
be successful in relieving the acute transpulmonary gradient
(peak-to-peak valve gradient <30 mmHg). In comparison to sur-
gery, there is a relatively higher prevalence of restenosis after
balloon dilation, and the re-intervention rate for pulmonary ste-
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nosis is higher after balloon dilation. But the prevalence of pul-
monary insufficiency and ventricular arrhythmias is higher after
surgery.

21.8 Tips and Tricks

1.

Even in mild or moderate pulmonary valve stenosis, very fast
progression in infancy or early childhood has been shown.
Patients with severe stenosis should undergo treatment even if
they are clinically well. For children with moderate or severe
pulmonary valve stenosis, it is better to do balloon pulmonary
valvuloplasty early on.

Make sure that the guidewire does not pass through the tendi-
nous chords and papillary muscles of the tricuspid valve before
advancing the balloon catheter. Once the balloon catheter has
been advanced across the chords and papillary muscles of the
tricuspid valve, it can cause chordae rupture and severe tricus-
pid valve insufficiency. Berman wedge catheters can be used to
cross the tricuspid valve, in order to avoid damage to the tri-
cuspid valve.

The ratio of contrast to saline differs for each type of balloon.
For small balloons less than 4 mm in diameter, the syringe
should be highly concentrated with contrast, nearly 100%, so
it can be easily visible by fluoroscopy. A typical mixture for a
5—10-mm balloon is one-third contrast and two-thirds saline,
and for balloons > than 10 mm, 1 in 4 diluted contrast. A high
concentration of contrast will increase the viscosity of the fluid
and therefore the inflation and deflation times of the balloon.
At times it may be difficult to position an appropriately sized
balloon angioplasty catheter across the severely stenotic pulmo-
nary valve, especially in neonates. In such instances we use
smaller, 2—4-mm-diameter balloon catheters initially to predilate
then use larger, more appropriately sized balloon catheters.

. If the balloon diameter is small compared to the pulmonary

valve annulus, only a subtle waist is produced and the dilating
force is small. The dilating force can be increased by increas-
ing the inflation pressure, but this puts the balloon at risk for
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rupture. Another choice is to use a larger balloon. If the bal-
loon diameter is too large compared to the stenosis, the waist
will be very tight, and the dilating force will be large. In this
setting, the annulus is at greater risk of injury. So intermediate
waists are the most effective and safest. Visualizing the waist
and reacting appropriately is one of the most important skills
in interventional cardiology. As a general rule, if the waist is
less than 75% the diameter of the proximal and distal balloon,
it is too tight; the balloon should not be fully inflated, and the
dilation should be done with a smaller balloon.

21.9 Pitfalls

The balloon may not be truly across the pulmonary valve during
balloon inflation. It is important to ensure that the balloon is
indeed across the valve. The waisting of the balloon may be pro-
duced by supravalvular stenosis or infundibular constriction.
When in doubt, centering the balloon at various locations across
the right ventricular outflow region may become necessary.

21.10 Complications

Balloon pulmonary valvuloplasty is a safe and effective treatment
of moderate and severe pulmonary valve stenosis. The complica-
tion rate of balloon pulmonary valvuloplasty is low based on a
large number of reports. The presence of complications is com-
mon in neonates or infants with the most severe pulmonary valve
stenosis.

Transient bradycardia, premature beats, hypoxia (in the pres-
ence of an atrial septal defect), and a fall in systemic pressure
during balloon inflation have been reported. These abnormalities
return rapidly to normal following balloon deflation.

Complete right bundle branch block, transient or permanent
heart block, ventricular arrhythmia, femoral venous obstruction,
injury of the tricuspid valve, pulmonary regurgitation, balloon
rupture at high balloon inflation pressures, cardiac arrest, and
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cardiac tamponade, though rare, have been reported. Some of
these complications may be unavoidable. However, meticulous
attention to the technique and the use of the appropriate diameter
and length of the balloon and avoiding high balloon inflation pres-
sures and short inflation/deflation cycles may prevent or reduce
the complications.

Injury of the tricuspid valve is most frequently caused by
strained passage of the catheter between the tendinous chords and
papillary muscle of the tricuspid valve. It may also be associated
with the use of very long balloons. Serious insufficiency of the
tricuspid valve may even require plastic surgery.

The clinical significance of severe pulmonary regurgitation
caused by balloon dilation may increase with age. Therefore these
patients need cardiologic surveillance. Mild pulmonary insuffi-
ciency can be well tolerated by patients. Severe pulmonary insuf-
ficiency requires pulmonary valve replacement.

Contractile subvalvular stenosis of the right ventricular out-
flow tract has been reported. Though the obstruction of the pul-
monary valve has been improved after the balloon pulmonary
valvuloplasty, the reflexive subvalvular stenosis leads to increased
right ventricular pressures. f-Blockers may be used (e.g., in young
children: propanolol 1 mg/kg/day). The patients usually recover
in 3—-6 months.

Recurrent stenosis is rare; however, a second balloon pulmo-
nary valvuloplasty may be indicated before surgery is scheduled.
If the anatomic substrate (dysplastic valves without commissural
fusion, supravalvular pulmonary artery stenosis, or severe fixed
infundibular obstruction) is the problem, surgical treatment may
become necessary.

21.11 Post-procedural Care

Newborns may need intensive care unit monitoring and PGE infu-
sion for some days even after balloon angioplasty.

An electrocardiogram and an echocardiogram are performed fol-
lowing the procedure. Electrocardiographic and echocardiography
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evaluation at 1, 6, and 12 months after the procedure and yearly
thereafter is generally recommended.

Regression of right ventricular hypertrophy on the electrocar-
diogram following balloon dilatation has been well documented.
Echocardiography plays an essential role in the follow-up of
patients with pulmonary valve stenosis. The Doppler gradient is
generally reflective of the residual obstruction and is a useful and
reliable noninvasive monitoring tool.

21.12 Follow-Up

The short-, intermediate-, and long-term follow-up have demon-
strated a high procedural success and low complication rate. The
results of long-term observations confirm the usefulness and effec-
tiveness of balloon valvuloplasty in the treatment of pulmonary
valve stenosis, even in patients with dysplastic valves. Therefore,
balloon pulmonary valvuloplasty can be considered as the treat-
ment of choice for patients with pulmonary valve stenosis.
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22.1 Introduction

Pulmonary atresia with intact ventricular septum (PAIVS) is an
uncommon defect characterized by complete obstruction of the
right ventricular outflow which may be in the form of an imperfo-
rate membranous valve or muscular atresia of the infundibulum. It
is usually associated with varying degrees of right ventricle (RV)
cavitary hypoplasia due to muscles overgrowth. A peculiar asso-
ciation is the presence of RV-coronary connections, particularly in
those with muscular atresia and severe RV hypoplasia. The coro-
nary circulation may be RV-dependent in a small minority.

Transcatheter therapy with perforation of the atretic valve and
balloon dilation is the preferred choice of management in those
with membranous atresia. Patent ductus arteriosus (PDA) stenting
may be performed concomitantly in patients who are likely to
require additional pulmonary blood flow e.g. modified Blalock
Taussig (BT) shunt on account of small RV cavity size.
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22.2 Anatomic Description

The principal anatomic lesion in PAIVS is complete obstruction
of the RV outflow, which may be in the form of an imperforate
membranous valve, seen in about 60-70%, or muscular atresia of
the entire right ventricular outflow tract (RVOT, infundibulum).
Although the designation suggests a simple solitary lesion, a
major feature of the disease is the spectrum of RV cavitary hypo-
plasia that ranges from mild to very severe, with near obliteration
of RV cavity by overgrowth of muscles (Fig. 22.1) [1]. However
in the rare cases with associated severe Ebstein’s anomaly, the RV
(and RVOT) is thin-walled and markedly dilated (Fig. 22.1c). RV-
coronary connections are a peculiar association in PAIVS, seen
most often in those with diminutive RV cavity.

22.2.1 Major Anatomic Subtypes

1. Imperforate membranous valve
In this group, the valve leaflets are completely fused, leaving
an imperforate membrane. The infundibulum is usually well
developed and smooth-walled, though occasionally abnormal
muscle bundles may cause additional, fixed subvalve stenosis.
The RV cavitary hypoplasia is often of mild to moderate
degree, either with all three parts (inlet, infundibulum, and api-
cal) present, i.e. “tripartite”, or quite commonly the RV is
“bipartite” where there is near-obliteration of the apical part by
muscles while the remaining two are well developed
(Fig. 22.1a, b). The atretic membranous valve is usually a thin
membrane which has a mild or moderately hypoplastic annu-
lus. In contrast, the pulmonary artery root and its sinuses are
usually well developed, seen angiographically “cupping” over
the membranous valve and infundibulum (Fig. 22.2a, b). The
main pulmonary artery and its branches are also well devel-
oped. Occasionally, the valve is thick and immobile with the
pulmonary artery root and sinuses being poorly developed
(Fig. 22.2¢, d). In a small minority, the RVOT is markedly
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infundibulum

inlet

apical

Fig.22.1 Angiographic morphology of the RV in PAIVS. (a) Mild RV cavi-
tary hypoplasia with well-developed infundibulum, inlet and apical parts,
“tripartite” RV. There is moderate TR, and the RA is dilated. (b) “Bipartite”
RV—the inlet and infundibulum are well developed, but the apical part is
almost obliterated by muscles. There is also moderate TR. (¢). PAIVS with
severe TR from a dysplastic tricuspid valve. Markedly dilated and thin-walled
RV and RA. (d). Severe hypoplasia of the RV cavity with only the inlet part
present, i.e. “unipartite”. RV-coronary connections to both the left and right
coronary systems. Reflux of contrast into the aortic root (arrow). No TR. RA
right atrium, RV right ventricle, PAIVS pulmonary atresia with intact ven-
tricular septum, 7R tricuspid regurgitation

dilated such that the usual tunnel like configuration is lost with
the small valve and small annulus capping the dome-like
infundibulum (Fig. 22.2d). This is usually seen in association
with severe Ebstein’s malformation of the tricuspid valve.

The presence of RV-coronary connections is less common
in this group.
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Fig.22.2 The RVOT, valve and pulmonary artery. Simultaneous angiograms
in the RVOT and descending aorta opposite the PDA are performed to outline
these structures. (a) Well-developed infundibulum, thin membranous valve
and mildly hypoplastic annulus. The main pulmonary artery and sinuses are
well developed, “cupping” over the valve membrane and annulus. (b) Similar
anatomy as in (a), but the valve membrane is “slightly” thicker (arrow). (c)
Very thickened valve plate (arrow). The sinuses of the pulmonary artery root
are less well developed. (d) Markedly dilated RVOT in a patient with severe
TR from associated Ebstein’s malformation of the TV. The pulmonary annu-
lus is small. The pulmonary artery root and sinuses are poorly developed
(arrow). RVOT right ventricular outflow tract, PDA patent ductus arteriosus,
TR tricuspid regurgitation, TV tricuspid valve

The morphologic subtype illustrated by Fig. 22.1a, b is
suited for valve perforation and balloon dilation, having the
best chance of achieving 2 ventricle or 1%2 ventricle circula-
tion. It will be the focus of this chapter.
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2. Muscular atresia

Patients with complete or near-complete muscular atresia of
the infundibulum generally have severely hypoplastic RV cav-
ity where only a small inlet is present (“unipartite”), the rest
obliterated by muscles. The RV is often markedly hyperten-
sive, and RV-coronary connections are commonly present
(Fig. 22.1d). In 5-10%, the coronary circulation is RV depen-
dent because of atresia or severe stenoses of the proximal coro-
nary arteries. This subgroup of PAIVS is managed as hearts
with single-ventricle circulation as the RV is too small to func-
tion as an effective pulmonary pump.

The tricuspid valve is not uncommonly dysplastic with varying
degrees of regurgitation. Severe Ebstein’s malformation with
markedly dilated, thin-walled right atrium (RA) and RV is a well-
recognized association.

The PDA in PAIVS tends to resemble that of isolated PDA,
arising from the distal arch and connecting onto the dome of the
main pulmonary artery (MPA) away from the orifice of the proxi-
mal left pulmonary artery (LPA). Though they are usually elon-
gated, they are seldom tortuous. However, as in other cyanotic
heart disease especially those with muscular atresia, the PDA may
have a more complex morphology and insert onto the proximal
LPA causing stenosis of this branch.

22.3 Pathophysiology and Clinical
Presentation

Because of complete RV outflow obstruction and major aortopul-
monary collateral vessels being rarely present, the pulmonary cir-
culation is duct-dependent. There is an obligatory right to left
shunt through the patent foramen ovale (PFO); hence, cyanosis at
birth—linked temporally to ductal constriction—is the common-
est presentation. However, in the current era, diagnosis is often
made antenatally during foetal cardiac screening. As in lesions
with duct-dependent pulmonary blood flow, severe cyanosis, aci-
dosis, and circulatory collapse may occur with rapid closure of the
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PDA. The RV is markedly hypertensive especially when the tri-
cuspid valve is competent. Marked RV hypertrophy and small RV
cavity cause reduced RV compliance and may lead to persistence
of right to left shunt even after RV pressure is normalized follow-
ing balloon dilation. Severe tricuspid regurgitation may cause
marked enlargement of the right atrium. In the presence of RV-
dependent coronary circulation, ischaemia/infarction may occur
when the RV is decompressed following pulmonary valvotomy
(surgery) or balloon dilation.

22.4 Treatment Options, Indications
and Patient Selection

Management strategy should be formulated according to the like-
lihood of 2 ventricle (or 1%2 ventricle) circulation vs. single-
ventricle physiology, and this is based on the RV anatomy at
presentation [2].

Patients with definite muscular atresia of the infundibulum and
diminutive RV should be directed towards the Fontan track at the
outset, a largely surgery-based management beginning with the
BT shunt at diagnosis. Catheter interventional therapy is limited
to PDA stenting as alternative to surgical shunt and balloon atrial
septostomy should be performed at the same time.

In patients with well-developed infundibulum where the atre-
sia is limited to a membranous imperforate valve, the goal is to
establish unobstructed antegrade flow into the pulmonary vascu-
lar bed, abolish RV hypertension, reduce tricuspid regurgitation,
promote RV growth and, in the occasional patients to disrupt RV-
coronary connections and restore normal coronary perfusion. The
final objective is to achieve biventricular circulation or at least 1%2
ventricle circulation in those whose RV fails to grow adequately.

Today catheter intervention with radiofrequency assisted val-
votomy and balloon dilation (RFV-BD) is the preferred method of
opening the valvar atresia and establishing antegrade flow to the
pulmonary arteries. The use of a stiffer-tipped coronary guidewire
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normally used for chronic total occlusion (CTO) in coronary
revascularization therapy is a reasonable alternative to radiofre-
quency (RF) wire [3]. PDA stenting may be performed at the
same time in patients whose RV is deemed small and likely to
require augmentation of pulmonary blood flow following
RFV-BD. Assignment of individual patients towards the single
ventricle vs. 2 ventricle track is based on the initial echocardio-
graphic assessment and cardiac catheterization.

22,5 Pre-procedure Imaging

Echocardiography provides detailed information for the initial
planning of management. An important parameter in echocardio-
graphic assessment of PAIVS is the size and morphology of the
RV, whether the patient is a likely candidate for RFV-BD, i.e. a
membranous atresia with well-developed infundibulum or one
destined for the Fontan track, i.e. muscular atresia of the infun-
dibulum and diminutive RV cavity.

TV Z-score and TV/MV annulus ratio provide a semi-quantita-
tive measurements of RV size. Doppler echocardiography pro-
vides additional information on the degree of tricuspid
regurgitation and estimate of the RV systolic pressure.

Finally, branch pulmonary artery size and confluence are
assessed. More importantly, evaluation of the PDA morphology
should be noted for purposes of PDA stenting if this forms part of
the management. Large RV-coronary connections may be visible
on colour Doppler, but its delineation can only be achieved with
angiography.

Angiography provides a more precise information and is
essential in the formulation of a management strategy. Accurate
assessment of the nature of pulmonary atresia, the infundibulum,
the pulmonary valve annulus and the PDA morphology is obtained
as part of the interventional procedure. We recommend this to be
performed in all patients, even those destined for the Fontan track
particularly for a detailed evaluation of RV-coronary connections.
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22.6 Technique, Materials, Tips and Tricks

1. Ideally, the patient should weigh >2.5 kg to prevent access-
related complications. The procedure is done under general
anaesthesia with ICU backup for post-procedure recovery.
Biplane fluoroscopy is essential and echocardiography should
be on stand-by in the event of suspected tamponade.

2. PGEI infusion should be stopped 4—6 hours prior to the proce-
dure to make the PDA more suitable if stenting is to be con-
templated but that may not always be possible. Arterial and
venous access is obtained with 4 F and 5 F sheath, respectively.
If heparin administration is a routine practice, it is preferable
to give this after RFV-BD. This may limit the effect of misper-
foration outside the heart. A 4 F pigtail catheter is placed in the
aorta opposite the PDA for angiogram of the pulmonary artery
and PDA.

3. Initial hemodynamic and diagnostic evaluation: Baseline aor-
tic, RA and RV pressures and arterial blood gases are obtained.
[Tip: Catheterizing the RV for the initial pressure recording,
angiography and subsequent manipulation for valve perfora-
tion is often challenging because of the usually dilated RA
from tricuspid regurgitation and the frequently small, shallow
RV cavity. This may be facilitated by placing a 5 F Mullins’
sheath (Cook Inc, Bloomingdale, IN 47404, USA) in the
RA. The tip of this long sheath naturally faces tricuspid valve,
enabling easy passage of catheter into the RV (Fig. 22.3a, b)].
We recommend a 4 or 5 F Judkins Right (JR) catheter for both
the diagnostic and interventional purposes. As the RV cavity is
usually small, hand injections would normally suffice. RV
angiogram is performed in the antero-posterior (AP) and lat-
eral projections to assess the size of the RV and morphology of
the RVOT (Figs. 22.1 and 22.2). If RV-coronary connections
are present, multiple plane RV angiograms should be per-
formed to delineate them, together with aortic root angiogra-
phy to exclude RV-dependent coronary circulation (RVDCC).
If RVDCC is present or suspected, valvotomy and balloon
dilation is contraindicated.
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Fig.22.3 (a, b) A 5 F Mullins’ sheath placed in the RA has its tip facing the
TV, facilitating quick access to the RV, and provides catheter stability during
angiography and wire perforation of the valve. (¢) Cutting the distal tip of a
JR catheter facilitates manoeuvring of catheter into the RVOT for positioning
beneath the valve. Shallow RV cavity and heavy trabeculations often make
this manoeuvre difficult. RA right atrium, 7'V tricuspid valve, RV right ven-
tricle, RVOT right ventricular outflow tract

4. A selective angiogram in the infundibulum is performed by
manoeuvring the JR catheter tip into the RVOT. This is done
simultaneously with aortography at the PDA level to opacify
the PDA, the main pulmonary artery and its root. The size of
the pulmonary annulus and thickness of the valve membrane/
plate can be measured. In favourable cases, the pulmonary root
and sinuses “cup” over the membranous atretic valve and
infundibulum (Fig. 22.2a, b). [Tip: Difficulties may be encoun-
tered in manoeuvring the JR catheter into the RVOT because
of the shallow RV cavity and heavy trabeculations. This can be
facilitated by cutting off the distal tip of the catheter but retain-
ing the primary curve (Fig. 22.3c)].
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5. Valve perforation: The same JR catheter is now used to
deliver the perforation wire. The catheter tip is placed
underneath the valve membrane/plate. To ensure correct place-
ment and avoid misperforation and tamponade, fine adjust-
ments of position and checking with small volumes of contrast
should be made.

(a) Perforation with radiofrequency (RF) wire: equipment
and materials
The Baylis radiofrequency system (Baylis Medical
Company, Mississauga, ON, Canada) with its generator
and wire is the most widely used system for valvotomy. It
consists of radiofrequency puncture generator (RFP 100 or
RFP 100A) and the Nykanen RF wire. The active tip diam-
eter of the wire is 0.016” and the body outer diameter is
0.024".

As part of the system, ProTrack™ microcatheter is
used with the RF wire for easy exchange to guidewire
once perforation is accomplished. However, many opera-
tors prefer to use the wire on its own. Usually it is possible
to advance a medium stiffness coronary guidewire, e.g.
Choice PT Extra Support (Boston Scientific 8600 NW 41
Street Miami, FL. 33166 USA) alongside the perforating
wire which is subsequently removed once the former is
anchored in a distal pulmonary artery branch (Fig. 22.4g).
Graded balloon dilation is then performed.

A Y-connector is attached to the JR catheter to prevent
blood loss and for hand shot angiograms via the side port.
The RF wire is inserted and its tip advanced towards the
valve. Once the position is confirmed with small volumes
of contrast, the generator is activated at usual setting of
5 Watts (W) for 2 seconds. In most cases, this will be suf-
ficient. However, with a thick valve plate an energy of
10-15 W may be needed. The wire is carefully pushed
under lateral fluoroscopy and the generator is turned off
once the wire is across the valve. Aortogram opposite the
PDA is performed to ensure that the wire is in a pulmonary
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(b)

artery lumen (Fig. 22.4e, f). A misperforation outside the
heart or pulmonary artery would be demonstrated
(Fig. 22.6b). The wire following the outline of the heart in
the pericardial space is also suggestive of misperforation.
The RF wire is replaced with a coronary wire of medium
stiffness and parked either into one of the branch pulmo-
nary arteries (Fig. 22.4f) as mentioned above or through
the PDA into the descending aorta. The JR catheter is then
removed and replaced by 3 mm coronary balloon for the
initial dilatation [Tip: 5 F JR guiding catheter with lumen
of 0.058” is used for smooth delivery of balloon catheter as
otherwise balloon and wire may loop in the right atrium—
especially if this chamber is markedly dilated—in the
attempt of pushing the balloon across the valve through
the small perforation (Fig. 22.4h)]. Final balloon dilation
is carried out with a Tyshak Mini balloon (Numed Canada
Inc., 45 Second St West Cornwall, ON K6J 1G3) 120-
150% larger than the annulus size (usually a 6-8 mm
diameter balloon) (Fig. 22.41).

Perforation with stiffer tipped coronary wire (CTO)
Alternatively, in the more straight-forward cases, perfora-
tion can be accomplished with stiffer-tipped coronary
wires that are generally reserved for recanalization of
chronic total occlusions in coronary intervention, e.g. the
Conquest-Pro wire (Asahi Intecc Co. Ltd., 3-100 Akatsuki-
cho, Seto, Aichi 489-0071, Japan) (Fig. 22.5).

The same guidewire may then be used for balloon dila-
tation (and PDA stenting if indicated). Simplifying the
procedure is attractive, but mechanical perforation with a
stiff wire requires more force than RF wire, hence a higher
risk of misperforation. In some cases, just a firm forward
push of the stiff wire against the valve will not effect per-
foration. It is advisable in all cases to combine a gentle
forward push with a rotary, “drilling” motion of the wire
(rotating the wire with a torquer) (Fig. 22.5).
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6. Subsequent hemodynamic data is obtained and RV angiogram
is done. In patients with borderline RV size, PDA stenting can
be done at the same time if PDA is less than 2 mm, and mor-
phology is favourable.

22.7 Expected Results

The expected outcome of a successful procedure is establishment
of forward flow into the pulmonary artery, normalization of RV
pressure and marked improvement in oxygen saturation in the

»
'

Fig. 22.4 The procedure step-by-step. (a) RV angiogram in AP projection
using a diagnostic 4 F JR catheter. A small, bipartite RV—only the inlet and
infundibulum are present. The apical part is nearly obliterated by muscle
bundles. The infundibulum is well developed but ends blindly with an imper-
forate, membranous valve. Arrow indicates tricuspid valve which is in an
open position. (b, ¢) JR catheter negotiated the RVOT and is positioned
beneath the imperforate valve (coaxially over a 5 F Mullins sheath, thick
arrow). Near simultaneous hand injections in RVOT and aorta opposite the
PDA. The RVOT has gone into spasm. Thin membranous valve. The MPA
with well-developed sinuses “cup” over the doming valve. Thin arrows indi-
cate PV annulus. (d) Aortography opposite the PDA in AP projection show-
ing tip of JR catheter gently held against dome of membranous valve. Active
tip of RF wire ready for perforation (arrow). (e, f) Successful perforation. RF
wire tip in RPA confirmed by hand injection of dilute contrast (arrows). (g)
Over the same JR catheter, a 0.014” coronary guidewire of moderate stiffness
and straight tip (thick arrow) is passed alongside RF wire (thin arrow), to be
anchored in a distal RPA branch. The RF wire and diagnostic JR catheter are
then withdrawn, to be replaced with a 5 F JR guiding catheter. (h) Graded
balloon dilation, initially with a 3 mm x 20 mm coronary balloon over a JR
guiding catheter (arrow). (i) Final balloon dilation with a 6 mm x 20 mm
Tyshak balloon. The PDA was electively stented at the end of the procedure
in view of the small RV size. RV right ventricle, AP antero-posterior, JR Jud-
kins right, RVOT right ventricular outflow tract, PDA patent ductus arteriosus,
MPA main pulmonary artery, PV pulmonary valve, RF radiofrequency, RPA
right pulmonary artery
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Fig. 22.4 (continued)

short term. Immediate full saturation is not the usual as reduced
RV compliance from the RV hypertrophy and the often relatively
smaller RV cavity continue to cause some right to left shunting
across the PFO even when the RV systolic pressure is normal. In
the longer term, regression of muscular hypertrophy can be
expected to progressively improve the RV cavity and compliance.

Tricuspid regurgitation—unless due to Ebstein’s malformation
or dysplasia of the valve apparatus—is also expected to improve.
RV pressure may remain elevated and possible reasons for that
include insufficient dilation, infundibular spasm or the presence
of fixed subvalve stenosis. In patients with RV-coronary connec-
tions, RV angiography will show immediate disappearance of
these vessels if the RV has been adequately decompressed [4]. If
the PDA is also stented at the same procedure, pulmonary overcir-
culation is common and diuretics may be required for a few
weeks.
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Fig. 22.5 Perforation using a CTO wire (Conquest-Pro, 9g tip-load). (a, b)
MPA is opacified by contrast injection in descending aorta opposite the PDA
in left anterior oblique (LAO)-cranial and lateral projections showing tip of
4 F JR diagnostic catheter positioned beneath the membranous valve. This is
better seen on the lateral view (arrows). In the other view, the dilated MPA at
the bifurcation partially overlaps with the sinuses of the MPA root (arrow, a).
The cardiac silhouette shows a markedly dilated RA due to severe TR. A5 F
Mullins sheath is used coaxially to facilitate crossing of TV and stable posi-
tioning of JR catheter in RV. (¢) Tip of Conquest-pro wire advanced forward
to perforate valve membrane. (d) Guidewire tip failed to perforate the valve,
buckled and displaced the position of JR catheter tip. (e) Successful perfora-
tion with combination of gentle forward push and “drilling” motion using a
torquer. (f) Final dilation with 6 mm x 20 mm Tyshak balloon. CTO chronic
total occlusion, MPA main pulmonary artery, PDA patent ductus arteriosus,
LAO left anterior oblique, JR Judkins right, RA right atrium, 7R tricuspid
regurgitation, 7V tricuspid valve, RV right ventricle
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Fig. 22.5 (continued)

22.8 Pitfalls, Complications and Their
Management

1. The major specific complication of this procedure is misperfo-
ration of wire outside the heart or main pulmonary artery.
Fortunately, most misperforations do not lead to tamponade.
To avoid misperforation, it is vital that the catheter tip and wire
is correctly positioned beneath the valve as described above.
Once perforation has been effected, aortography opposite the
PDA to opacify the pulmonary arteries is performed to confirm
that the wire is the pulmonary artery lumen before balloon
dilation. Misperforation tends to occur in patients with dilated
RVOT and small annulus (Fig. 22.6). Retrograde perforation
via the PDA is may be an alternative [2].

Rapid haemodynamic deterioration suggests tamponade
which can be confirmed by echocardiography. Emergency
pericardiocentesis may need to be performed, but if the patient
is stable, surgery is preferable. Drainage of hemopericardium
in a neonate may lead to more inadvertent punctures of the
RV. It is preferable to withhold heparin until valve perforation
is successful and balloon dilation is completed.

2. If valvotomy and balloon dilation is to be performed in a
patient with major R