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Preface

The third edition of Anesthesia for Congenital Heart Dis-
ease is a major update and expansion of the textbook
that reflects the ongoing development of the practice
of pediatric and congenital cardiac anesthesia, and the
burgeoning knowledge base in this exciting field. All
chapters have been thoroughly revised and updated with
new sections and numerous recent references. Additional
chapters have been included in two important areas of
critical knowledge and practice, addressing anesthetic
and sedative neurotoxicity in the patient with congenital
heart disease (Chapter 9) and anesthesia in the patient
with pulmonary hypertension (Chapter 28). Both of these
chapters are written by true experts in these fields and
are worthy of their own separate treatment. Also, for
the first time, this edition of the textbook is in color, and
numerous new illustrations and figures have been added
to present a vibrant representation of cardiovascular
anatomy and surgical approaches that are essential to
the knowledge base for the congenital cardiac anesthe-
siologist. In addition, after each major section in every
chapter, key learning points are presented to highlight
important concepts and enhance knowledge retention.
Each chapter is accompanied by five multiple-choice
questions covering the most crucial learning points in each
chapter, to optimize the learning experience for readers at
all levels of training and clinical experience. These ques-
tions can be found in the on-line book supplement at http:
//www.wiley.com/go/andropoulos/congenitalheart.

We are pleased to welcome our Texas Children’s
Hospital colleague, Wanda C. Miller-Hance, MD, as
Co-Editor of this text. Dr. Miller-Hance is a fully trained
pediatric and congenital cardiac anesthesiologist, pediatric
cardiologist, and recognized authority in intraoperative

echocardiography for congenital heart surgery. Reflecting
the international scope of anesthesia for congenital heart
disease and themany outstanding practitioners all over the
world, a number of new international authors have been
added from Germany, the United Kingdom, Australia,
France, Japan, and Canada.

Finally, caring for patients with congenital heart disease
requires a team of dedicated professionals that include
congenital cardiac anesthesiologists, congenital heart
surgeons, pediatric and adult congenital cardiologists,
cardiac intensivists, cardiac interventionalists and imaging
specialists, nurses, perfusionists, respiratory therapists,
technicians, child life and social workers, and interpreters,
amongmany others.We greatly appreciate the passion and
commitment of the people in these disciplines, without
whom we could not do our work. Finally, the patient
and family are the focus of the team, and their courage
and goodwill in the face of serious and complex illness
always amaze and inspire us. It is to our patients and
their families that Anesthesia for Congenital Heart Disease,
third edition, is dedicated, in the hope that the knowledge
contained in these pages will contribute to better outcomes
for them.

It is the purpose of this, our third edition of Anesthesia
for Congenital Heart Disease, to contribute to the fund of
knowledge in our field and to enhance the care of children
with heart disease by individuals from various disciplines
worldwide.

Dean B. Andropoulos, MD, MHCM (Editor-in-Chief)
Stephen A. Stayer, MD
Emad B. Mossad, MD

Wanda C. Miller-Hance, MD

http://www.wiley.com/go/andropoulos/congenitalheart
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Introduction

Over the last 70 years, pediatric cardiac anesthesia has
developed as a subspecialty of pediatric anesthesia, or a
subspecialty of cardiac anesthesia, depending on one’s
perspective. It is impossible to describe the evolution of
pediatric cardiac anesthesiawithout constantly referring to
developments in the surgical treatment of congenital heart
disease (CHD) because of the great interdependency of
the two fields. As pediatric anesthesia developed, surgical
treatments of children with CHD began to be invented,
startingwith the simple surgical ligation of a patent ductus
arteriosus (PDA), moving on to sophisticated, staged
repair of complex intracardiac lesions in low-birth-weight
neonates requiring cardiopulmonary bypass (CPB) and
circulatory arrest and then on to the most recent complex
biventricular repair. Practically every advance in the sur-
gical treatment of CHD had to be accompanied by changes
in anesthetic management to overcome the challenges
that impeded successful surgical treatment or mitigated
morbidity associated with surgical treatment.

This history will mostly be organized around the theme
of how anesthesiologists met these new challenges using
the anesthetic armamentarium that was available to them
at the time. The second theme running through this story is
the gradual change of interest and focus from events in the
operating room (OR) to perioperative care in its broadest
sense, including perioperative morbidity. The last theme
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is the progressive expansion in the age range of patients
routinely presenting for anesthesia and surgery, from the
9-year-old undergoing the first PDA ligation in 1938 [1]
to the first fetus to have an intervention for critical aortic
stenosis in utero, as reported in The New York Times in 2002
[2], and, more recently, to the adult with CHD.

This story will be told working through the different
time frames – the first years (1938–1954); CPB and early
repair (1954–1970); deep hypothermic circulatory arrest
(DHCA) and introduction of prostaglandin E1 (PGE1)
for PDA (1970–1980); hypoplastic left heart syndrome
(HLHS) (1980–1990); refinement and improvement in
mortality/morbidity (1990–2000); introduction of extra-
corporeal membrane oxygenation (ECMO) and increased
emphasis on interventional cardiology and imaging
modalities (2000–2010); expansion to the fetus and adult
with CHD (2011); and on to the present time.

The first years: 1938–1954

This period began with the ligation of the PDA and con-
tinuedwith palliative operations. The first successful oper-
ation for CHD occurred in August 1938 when Robert E.
Gross ligated the PDA of a 9-year-old girl. The operation
and the postoperative course were smooth, but because of
the interest in the case, the child was kept in the hospital
until the 13th day. In the report of the case, Gross mentions

http://www.wiley.com/go/andropoulos/congenitalheart
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that the operation was done under cyclopropane anesthe-
sia, and continues: “The chest was closed, the lung being
re-expanded with positive pressure anesthesia just prior to
placing the last stitch in the intercostal muscles.”

A nurse using a “tight-fitting” mask gave the anesthetic.
There was no intubation and, of course, no postoperative
ventilation. The paper does notmention anyparticular pul-
monary complications, so it cannot have been much differ-
ent from the ordinary postoperative course of the day [1].

In 1952, Dr. Gross published a review of 525 PDA
ligations where many, if not all, of the anesthetics were
administered by the same nurse anesthetist, under surgi-
cal direction [3]. Here he states: “Formerly we employed
cyclopropane anesthesia for these cases, but since about
half of the fatalities seemed to have been attributable
to cardiac arrest or irregularities under this anesthetic,
we have now completely abandoned cyclopropane and
employ ether and oxygen as a routine.” It is probably
correct that cyclopropane under these circumstances
with insufficient airway control was more likely to cause
cardiac arrhythmias than ether. An intralaryngeal airway
was used, which also served “to facilitate suction removal
of any secretions from the lower airway” (and, we may
add, the stomach). Dr. Gross claims that the use of this
airway reduced the incidence of postoperative pulmonary
complications. Without having a modern, rigorous review
of this series, it is hard to know what particular anes-
thetic challenges other than these were confronted by
the anesthetist, but we may assume that intraoperative
desaturation from the collapsed left lung, postoperative
pulmonary complications, and occasional major blood loss
from an uncontrolled, ruptured ductus arteriosus were
high on the list.

The next operation to be introduced was billed as
“corrective” for the child with cyanotic CHD and was the
systemic to pulmonary artery (PA) shunt. The procedure
was proposed by Helen Taussig as an “artificial ductus
arteriosus” and was first performed by Albert Blalock
at Johns Hopkins Hospital in 1944. In a very detailed
paper, Drs. Blalock and Taussig described the first three
patients to undergo the Blalock–Taussig shunt operation.
Dr. Harmel anesthetized the first and third patients, using
ether and oxygen in an open drop method for the first
patient and cyclopropane through an endotracheal tube
for the third patient. The second patient was given cyclo-
propane through an endotracheal tube by Dr. Lamont.
Whether the first patient was intubated is unclear, but it is
noted that in all three cases, positive pressure ventilation
was used to reinflate the lung [4]. Interestingly, in this early
kinder and gentler time, the surgical and pediatric authors
reporting the Blalock–Taussig operation acknowledged
by name the pediatricians and house officers who took
such good care of the children postoperatively, but still
did not acknowledge in their paper the contribution
of the anesthesiologists Lamont and Harmel. Although
intubation of infants was described by Gillespie as early
as 1939, it is difficult to say when precisely intubations
became routine [5].

Drs. Harmel and Lamont reported in 1946 on their
anesthetic experience of 100 operations for congenital mal-
formations of the heart “inwhich there is pulmonary artery
stenosis or atresia.” They reported 10 anesthetic-related
deaths in the series, so it is certain that they encountered
formidable anesthetic problems in these surgical proce-
dures [6]. This is the first paper we know of published in
the field of pediatric cardiac anesthesia.

In 1952, Damman and Muller reported a successful
operation in which the main PA was reduced in size and a
band was placed around the artery in a 6-month-old infant
with a single ventricle (SV). They state that morphine
and atropine were given preoperatively, but no further
anesthetic agents are mentioned. At that time infants were
assumed to be oblivious to pain, so we can only speculate
on what was used beyond oxygen and restraint [7].

Over the next 20 years, many palliative operations
for CHD were added and a number of papers appeared
describing the procedures and the anesthetic management.
In 1948 McQuiston described the anesthetic technique
used at the Children’s Memorial Hospital in Chicago [8].
This is an excellent paper for its time, but a number of the
author’s conclusions are erroneous, although theywere the
results of astute clinical observations and the knowledge
at the time. The anesthetic technique for shunt operations
(mostly Potts’ anastomosis) is discussed in some detail, but
is mostly of historical interest today. McQuiston explained
that he had no experience of anesthetic management used
in other centers, such as the pentothal–N2O–curare used
at Minnesota or the ether technique used at the Mayo
Clinic. McQuiston used heavy premedication with mor-
phine, pentobarbital and atropine, and/or scopolamine;
this is emphasized because it was important “to render the
child sleepy and not anxious.” The effect of sedation with
regard to a decrease in cyanosis (resulting in making the
child look pinker) is noted by the authors. They also noted
that children with severe pulmonic stenosis or atresia do
not decrease their cyanosis “because of very little blood
flow,” and these children have the highest mortality.

McQuiston pointed out that body temperature control
was an important factor in predicting mortality and
advocated the use of moderate hypothermia (i.e., “re-
frigeration” with ice bags), because of a frequently seen
syndrome of hyperthermia. McQuiston worked from the
assumption that hyperthermia is a disease in itself, but did
not explore the idea that the rise in central temperature
might be a symptom of low cardiac output with peripheral
vasoconstriction. Given what we now know about shunt
physiology, it is interesting to speculate that this “disease”
was caused by pulmonary hyperperfusion after the open-
ing of what would now be considered as an excessively
large shunt, stealing a large portion of systemic blood flow.

In 1950 Harris described the anesthetic technique used
at Mount Zion Hospital in San Francisco. He emphasized
the use of quite heavy premedication with morphine,
atropine, and scopolamine. The “basal anesthetic agent”
was Avertin (tribromoethanol). It was given rectally and
supplemented with N2O/O2 and very low doses of curare.
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Intubation was facilitated by cyclopropane. The FiO2 was
changed according to cyanosis; and bucking or attempts
at respiration were thought to be due to stimulation of the
hilus of the lung. This was treated with “cocainization” of
the hilus [9].

In 1952 Dr. Robert M. Smith discussed the circulatory
factors involved in the anesthetic management of patients
with CHD. He pointed out the necessity of understanding
the pathophysiology of the lesion and also “the expected
effect of the operation upon this unnatural physiology.”
That is, he recognized that the operations are not curative.
The anesthetic agents recommendedweremostly ether fol-
lowing premedication.

While most of these previous papers had been about
tetralogy of Fallot (TOF), Dr. Smith also described the
anesthetic challenges of surgery for coarctation of the
aorta, that was introduced by Dr. Gross in the U.S. and
Dr. Craaford in Sweden simultaneously in the year 1945.
He emphasized the hypertension following clamping
of the aorta and warned against excessive bleeding in
children operated on at older ages using ganglionic
blocking agents. This bleeding was far beyond what anes-
thesiologists now see in patients operated on at younger
ages, before development of substantial collateral arterial
vessels [10].

The heart–lung machine: 1954–1970

From 1954 to 1970 the development of what was then
called the “heart–lung machine” opened the heart to
surgical repair of complex intracardiac congenital heart
defects. At the time, the initial high morbidity of early
CPB technology seen in adults was even worse in children,
particularly smaller children weighing less than 10 kg.
Anesthetic challenges multiplied rapidly in association
with CPB, coupled with early attempts at complete
intracardiac repair. The lung as well as the heart received
a large share of the bypass-related injuries, leading to
increased postoperative pulmonary complications. Brain
injury began to be seen and was occasionally reported,
in conjunction with CPB operations, particularly when
extreme levels of hypothermia were used in an attempt
to mitigate the morbidity seen in various organ systems
after CPB.

In Kirklin’s initial groundbreaking report of intracardiac
surgery with the aid of a mechanical pump–oxygenator
system at the Mayo Clinic, the only reference to anesthetic
management was a brief remark that ether and oxygen
were given [11]. In Lillehei’s description of direct vision
intracardiac surgery in humans using a simple, disposable
artificial oxygenator, there was no mention of anesthetic
management [12]. What strikes a “modern” cardiac anes-
thesiologist in these two reports is the high mortality: 50%
in Kirklin’s series and 14% in Lillehei’s series. All of these
patients were children with CHD ranging in age from
1 month to 11 years. Clearly, such mortality and the asso-
ciated patient care expense would not be tolerated today.

At that time, pediatric anesthesia was performed with
open drop ether administration and later with ether using
different non-rebreathing systems. Most anesthetics were
given by nurses under the supervision of the surgeon. The
first physician anesthetist to be employed by a children’s
hospital was Robert M. Smith in Boston in 1946.

The anesthetic agent that came into widespread use after
ether was cyclopropane; in most of the early textbooks,
it was the recommended drug for pediatric anesthesia.
Quite apart from being explosive, cyclopropane was
difficult to use. It was obvious that CO2 absorption was
necessary with cyclopropane to avoid hypercarbia and
acidosis, which might precipitate ventricular arrhythmias.
However, administration with a Waters’ absorber could
be technically difficult, especially as tracheal intubation
was considered dangerous to the child’s “small, delicate
airway.”

In all the early reports, it is noted or implied that the
patients were awake (more or less) and extubated at the
end of the operation. In the description of the postopera-
tive course, respiratory complications were frequent, in the
form of either pulmonary respiratory insufficiency or air-
way obstruction. This latter problemwas probably because
“the largest tube which would fit through the larynx” was
used. Another reason may have been that the red rubber
tube was not tissue-tested. The former problem was prob-
ably often related to the morbidity of early bypass technol-
ogy on the lung.

Arthur S. Keats, working at the Texas Heart Institute
and Texas Children’s Hospital with Denton A. Cooley,
had much experience with congenital heart surgery and
anesthesia from 1955 to 1960, and provided the most
extensive description of the anesthetic techniques used
in this era [13,14]. He described anesthesia for congenital
heart surgery without bypass in 150 patients, the most
common operations being PDA ligation, Potts’ operation,
atrial septectomy (Blalock–Hanlon operation), and pul-
monary valvotomy. Premedication was with oral or rectal
pentobarbital, chloral hydrate per rectum, intramuscular
meperidine, and intramuscular scopolamine or atropine.
Endotracheal intubation was utilized, and ventilation was
assisted using an Ayres T-piece, to-and-fro absorption
system, or a circle system. Cyclopropane was used for
induction, and a venous cutdown provided vascular
access. Succinylcholine bolus and infusion were used to
maintain muscle relaxation. Light ether anesthesia was
used for maintenance until the start of chest closure,
and then 50% N2O was used as needed during chest
closure. Of note is the fact that the electrocardiogram
(ECG), ear oximeter, and intra-arterial blood pressure
(IABP) recordings were used for monitoring during this
period, as well as arterial blood gases and measurements
of electrolytes and hemoglobin. The following year he
published his experiences with 200 patients undergoing
surgery for CHD with CPB, almost all of whom were chil-
dren. Ventricular septal defect (VSD), atrial septal defect
(ASD), TOF, and aortic stenosis were the most common
indications for surgery. The anesthetic techniques were
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the same as described earlier, except that d-tubocurare
was given to maintain apnea during the bypass. In 1957,
in addition to ECG, IABP, and oximeter, Dr. Digby Leigh
noted the importance of capnography in cardiac surgery.
He described the effect of pulmonary blood flow on
end-tidal CO2 (EtCO2) and the decrease in EtCO2 after
partial clamping of the PA during the Blalock–Taussig
shunt procedure. However, it was not until 1995 that
Smolinsky et al. reported the importance of EtCO2 during
PA banding [15–17].

Perfusion rates of 40–50 mL/kg/min were used in
infants and children, and lactic acidemia after bypass
(average 4 mmol/L) was described. No anesthetic agent
was added during the bypass procedure, and “patients
tended to awaken during the period of bypass,” but
apparently without recall or awareness. Arrhythmias
noted ranged from frequent bradycardia with cyclo-
propane and succinylcholine to junctional or ventricular
tachycardia, ventricular fibrillation (VF), heart block, and
rapid atrial arrhythmias. Treatments included defibrilla-
tion, procainamide, digitalis, phenylephrine, ephedrine,
isoproterenol, and atropine. Eleven out of 102 patients
with VSD experienced atrioventricular block. Epicardial
pacing was attempted in some of these patients but was
never successful. Fresh citrated whole blood was used for
small children throughout the case, and the transfusion
of large amounts of blood was frequently necessary in
small infants. The mortality rate was 13% in the first series
(36% in the 42 patients less than 1 year old) and 22.5%
in the second series (47.5% in the 40 patients less than 1
year old). Causes of death included low cardiac output
after ventriculotomy, irreversible VF, coronary air emboli,
postoperative atrioventricular block, hemorrhage, pul-
monary hypertension, diffuse atelectasis, and aspiration
of vomitus. No death was attributed to the anesthetic
alone. Reading these reports provides an appreciation
of the daunting task of giving anesthesia during these
pioneering times.

Tracheostomy after cardiac operations was not unusual
and in some centers was done “prophylactically” a week
before the scheduled operation. These practices were
certainly related to primitive (relative to the present)
techniques and equipment used for both endotracheal
intubation and CPB. Postoperative ventilatory support
did not become routine until later when neonatologists
and other intensive care specialists had proved it could
be done successfully. Successful management of pro-
longed respiratory support was first demonstrated in the
great poliomyelitis epidemics in Europe and the USA in
1952–1954 [18].

Halothane was introduced in clinical practice in the
mid-1950s and it rapidly became the most popular agent
in pediatric anesthesia, mostly because of the smooth
induction compared with the older agents. Halothane was
also widely used for pediatric cardiac anesthesia in spite of
its depressive effect on themyocardium and the significant
risk of arrhythmias. Halothane is no longer available, and
the newer inhalational agents, isoflurane and sevoflurane,

are now the mainstays of pediatric cardiac cases in US
academic centers.

During this period, adult cardiac anesthesiologists,
following the practice reported by Edward Lowenstein in
1970 [19], began to use intravenous anesthesia based on
opiates. Initially, morphine in doses up to 1 mg/kg was
given with 100% oxygen and this technique became the
anesthetic of choice for adult cardiac patients, but vasodi-
lation and hypotension associated with its use slowed
the incorporation of this technique into pediatric cardiac
anesthesia until the synthetic opiates became available.

Before CPB was developed, or when it still carried high
morbidity and mortality, a number of modalities were
used to improve the outcome for infants. One was inflow
occlusion (IO) and another was the hyperbaric chamber.
IO was useful and, if well managed, an elegant technique.
The secret was the organization of the efforts of the entire
operative team, and the technique required the closest
cooperation between surgeons and anesthesiologists. The
technique was as follows.

The chest was opened in the midline. After pericar-
diotomy, a side clamp was placed on the right atrial (RA)
free wall and an incision made in the RA, or proximal
on the PA, prior to placing the vascular clamps used to
occlude caval return. Before application of the clamps,
patients were hyperventilated with 100% O2. During IO,
the superior vena cava (SVC) and inferior vena cava (IVC)
inflow were occluded, ventilation held, and the RA or
PA clamp released; the heart was allowed to empty and
the septum primum was excised or the pulmonic valve
dilated. After excision of the septum or valvotomy, one
caval clamp was released initially to de-air the atrium. The
RA side clamp or the PA clamp was then reapplied and
the other caval clamp released. The heart was resuscitated
with bolus calcium gluconate (range 30–150 mg/kg)
and bicarbonate (range 0.3–3 mEq/kg). Occasionally,
inotropes were administered, most often dopamine.
It was important to titrate the inotropes so as not to
aggravate rebound hypertension caused by endogenous
catecholamines. The duration of the IO was between 1 and
3 minutes – terrifying minutes for the anesthesiologist,
but quickly over.

Another modality used to improve the survival after
shunt operations, PA banding, and atrial septectomy was
to operate in the hyperbaric chamber, thereby benefiting
from the increased amount of physically dissolved oxygen.
It was a cumbersome affair operating in crowded and
closed quarters. There was room for only two surgeons,
two nurses, one anesthesiologist, and one baby, as the
number of emergency oxygen units limited access. Retired
navy divers ran the chamber and kept track of how many
minutes the personnel had been in the hyperbaric cham-
ber in the previous week. Help was not readily available
because the chamber was buried in a sub-basement and
people had to be sluiced in through a side arm that could
be pressurized. The chamber was pressurized to 2–3
atmospheres so it was unpleasantly hot while increasing
the O2 pressure and cold while decreasing the pressure;
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people with glasses were at a disadvantage. It did not
seem to add to survival and was abandoned around 1974.

Anesthesia was a challenge in the hyperbaric chamber.
The infants were anesthetized with ketamine and nitrous
oxide. As the pressure in the chamber increased, the
concentrations of N2O had to be decreased to avoid the
hypotension and bradycardia that occurred rapidly.

Also in this era, the first infant cardiac transplant was
performed byKantrowitz in 1967 [20]. The recipientwas an
18-day-old, 2.6 kg patient with severe Ebstein’s anomaly,
who had undergone a Potts’ shunt on day 3 of life. The
donor was an anencephalic newborn. The anesthetic tech-
nique is not described, and the infant died of pulmonary
dysfunction 7 hours postoperatively.

The era of deep hypothermic
circulatory arrest and the
introduction of PGE1: 1970–1980

Sometime around 1970 physiological repair of CHD, or
“correction,” had begun to come of age. In the adult
world, coronary bypass operations and valve replacement
spurred interest in cardiac anesthesia, which centered
increasingly on use of high-dose narcotics and other
pharmacological interventions. As synthetic opiates with
fewer hypotensive side-effects became available, their use
spread into pediatric cardiac anesthesia in the late 1970s
and 1980s.

Children were still treated as “small adults” because
major physiological differences were not yet well appre-
ciated, particularly as they related to CPB morbidity. CPB
was rarely employed during surgery on children weighing
less than 9 kg because of the very high mortality and
morbidity that had been experienced in the early years.
The notion of repairing complex CHD in infancy was
getting attention but was hindered by technical limitations
of surgical techniques, CPB techniques, and anesthetic
challenges in infants. Theoretically, physiological repair
early in life provides a more normal development of the
cardiovascular and pulmonary systems and might avoid
palliation altogether. The advantage of this was that the
sequelae after palliation, for instance distorted pulmonary
arteries after shunts and PA banding, might be avoided.
Pulmonary artery hypertension following Waterston and
Potts’ shunts occurred as a result of increased pulmonary
blood flow and resulted in pulmonary vascular obstructive
disease. This would not develop if the defect were physi-
ologically repaired at an early age. Furthermore, parents
could be spared the anxiety of repeated operations and
the difficulties of trying to raise a child with a heart that
continued to be impaired.

The perceived need for early repair, together with
the high mortality of bypass procedures, in infants and
small children led to the introduction of DHCA. It was
first practiced in Kyoto, Japan, but spread rapidly to
Russia, the west coast of the US at Seattle, Washington,
and from there to Midwestern and other US pediatric

centers. One example of the difficulties this presented to
anesthesiologists was the introduction of DHCA in prac-
tice at Boston Children’s Hospital. The newly appointed
chief of cardiovascular surgery at the Boston Children’s
Hospital was Aldo R. Castaneda, MD, PhD, one of the
first supporters of early total correction of CHD, who
quickly embraced DHCA as a tool to accomplish his goals
for repair in infants. In 1972, he immediately introduced
DHCA into practice at Boston Children’s Hospital and
the rather shocked anesthesia department had to devise
an anesthetic technique to meet this challenge, aided
only by a couple of surgical papers in Japanese that Dr.
Castaneda kindly supplied. Of course, these papers made
little reference to anesthesia.

The first description of the techniques of DHCA from
Japan in the English literature was by Horiuchi in 1963
[21]. This involved a simple technique with surface cooling
and rewarming during resuscitation, using ether as the
anesthetic agent, without intubation. In 1972 Mori et al.
reported details of a technique for cardiac surgery in
neonates and infants using deep hypothermia, again in a
surgical publication [22]. Their anesthetic technique was
halothane/N2O combined with muscle relaxant; CO2 was
added to the anesthetic gas during cooling and rewarming
(pH-stat) to improve brain blood flow. The infants were
surface-cooled with ice bags and rewarmed on CPB.

Surprisingly, given the enormity of the physiologi-
cal disturbances and challenges presented by DHCA,
very few articles describing an anesthetic technique for
DHCA were published, perhaps because DHCA and
early correction were not widely accepted. A paper from
Toronto described an anesthetic regime with atropine
premedication occasionally combined with morphine
[23]. Halothane and 50% N2O were used, combined with
d-tubocurare or pancuronium. CO2 was added to “im-
prove tissue oxygenation by maintaining peripheral and
cerebral perfusion.” The infants were cooled with surface
cooling (plastic bags with melting ice) and rewarmed on
CPB. It was noted that six of the 25 infants had VF when
cooled to below 30 ∘C.

Given the lack of any scientific data or studies to guide
anesthetic management of such cases, a very simple tech-
nique with ketamine–O2–N2O and curare supplemented
by small amounts of morphine (0.1–0.3 mg/kg) was
used at Boston Children’s Hospital. This was the way
in which infants were anesthetized for palliative cardiac
surgical procedures in the hyperbaric chamber at Boston
Children’s Hospital. The infants were surface-cooled
in a bathtub filled with ice water to a core tempera-
ture of approximately 30 ∘C. The bathtub consisted of
a green plastic bucket (for dishwashing) bought at a
Sears-Roebuck surplus store, keeping things as simple as
possible (Figure 1.1). This method was used in hundreds
of infants over the next couple of years and only one infant
developed VF in the ice water bathtub. This was an infant
with TOF who suffered a coronary air embolus either from
a peripheral IV or during an attempted placement of a
central venous line. In retrospect, it is amazing that so few



6 Part I History, Education, Outcomes, and Science

Figure 1.1 Infant submerged in ice water.

papers were published about the anesthetic management
of this procedure, which was rapidly seen to be life-saving.
The material that was published about these techniques
was restricted to surgical journals and did not describe or
make any attempt to study the anesthetic techniques used
for DHCA. The published surgical articles were largely
unknown to cardiac and pediatric anesthesiologists.

It was during this decade that the “team concept”
developed, with cardiologists, cardiac surgeons, and
anesthesiologists working together in the OR and the
intensive care unit (ICU) in the larger centers. These teams
were facilitated by the anesthesiologists’ “invasion” of
weekly cardiology–cardiac surgeons’ conferences where
the scheduled operations for the week were discussed. Dr.
Castaneda, chief surgeon at Boston’s Children’s Hospital,
was a leader in the creation of the cardiac team concept for
pediatric cardiac surgery.

During the first year of using DHCA in Boston, it
was noticed that a number of the infants had “funny,
jerky” movements of the face and tongue. A few also had
transient seizures during the postoperative period, but as
they had normal electroencephalograms (EEGs) at 1-year
follow-up, itwas felt that significant cerebral complications
were not a problem. In view of the knowledge developed
subsequently, these clues to neurological damage occur-
ring during and after pediatric cardiac surgery involving
DHCA were overlooked. In hindsight, it is perhaps more
accurate to say these clues were ignored, and as a result
a great opportunity to study this problem was delayed
for almost two decades. The issue of neurological damage
with DHCA was raised repeatedly by surgeons such as
John Kirklin, but was not really studied until the group at
Boston Children’s Hospital led by Jane Newburger and
Richard Jonas systematically followed a cohort of infants
who had the arterial switch operation in the late 1980s
using DHCA techniques [24]. In the late 1980s and early
1990s, Greeley and co-workers at Duke performed a series
of human studies delineating the neurophysiological
response to deep hypothermia and circulatory arrest [25].
These studies provided the crucial data in patients from
which strategies for cooling and rewarming, length of

safe DHCA, blood gas management, and perfusion were
devised to maximize cerebral protection.

Those ongoing studies were followed by a number of
other studies comparing DHCA with hypothermic low-
flow perfusion, with different hematocrit in the perfusate
and with different pH strategies during hypothermic CPB,
pH-stat versus alpha-stat.

During those years, the ketamine-morphine anes-
thetic technique had been supplanted by fentanyl-based
high-dose narcotic techniques. For the neurological out-
come studies, the anesthetic technique was very tightly
controlled, using fentanyl doses of 25 μg/kg at induction,
incision, onset of bypass and on rewarming, in addition to
pancuronium. From the beginning of this period, surgical
results as measured by mortality alone were excellent,
with steady increases in raw survival statistics. Because
anesthetic techniques were evolving over this period of
time, it was difficult to definitely ascribe any outcome
differences to different anesthetic agents. A 1984 study
of 500 consecutive cases of cardiac surgery in infants and
children looked at anesthetic mortality and morbidity.
Both were very low – so low in fact that they were
probably not universally believed [26].

As the new synthetic opioids such as fentanyl and
sufentanil were developed, they replaced morphine to
provide more hemodynamic stability in opiate-based
anesthetic techniques for cardiac patients. In 1981 Gregory
and his associates first described the use of “high-dose”
fentanyl 30–50 μg/kg combined with pancuronium in 10
infants undergoing PDA ligation. It is noteworthy that
transcutaneous oxygen tension was measured as part of
this study. This paper was, in fact, the introduction of
high-dose narcotics in pediatric cardiac anesthesia [27].
The technique was a great success; one potential reason
for this was demonstrated 10 years later in Anand’s
paper showing attenuation of stress responses in infants
undergoing PDA ligation who were given lesser doses of
fentanyl in a randomized, controlled study [28].

During this same period, synthetic opioids were replac-
ing morphine in adult cardiac surgery. This technique
slowly and somewhat reluctantly made its way into pedi-
atric anesthesia [29], replacing halothane and morphine,
which had previously been the predominant choice of
pediatric anesthesiologists dealing with patients with
CHD. In the years from 1983 to 1995, a number of papers
were published showing the effect of different anesthetic
agents on the cardiovascular system in childrenwith CHD.
Ketamine, nitrous oxide, fentanyl, and sufentanil were
systematically studied. Some misconceptions stemming
from studies of adult patients were corrected, such as
the notion that N2O combined with ketamine raises PA
pressure and pulmonary vascular resistance (PVR) [30].
On the other hand, the role of increased PaCO2 or lower
pH in causing higher PVRwas also demonstrated and that
subsequently became important in another connection
[31]. A number of studies done at this time demonstrated
in a controlled fashion the earlier clinical observation
(Harmel and McQuiston in the late 1940s) [6,32] that in
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cyanotic patients the O2 saturation would rise during
induction of anesthesia, almost irrespective of the agent
used [33]. These events only serve to reinforce the value of
acute clinical observation and provide an example of how
the interpretation of such observations may well change
as new knowledge is discovered.

PDA and the introduction of PGE1
In the mid-1970s, several discoveries were made and intro-
duced into clinical practice that turned out to be of great
importance to the pediatric cardiac anesthesiologist and
the rest of the cardiac team, the most important being the
discovery that PGE1 infused intravenously prevented the
normal ductal closure [34]. These developments revolved
around the role of the PDA in the pathophysiology of
both cyanotic and acyanotic CHD. The critical role of PDA
closing and opening in allowing early neonatal survival
of infants with critical CHD began to be appreciated and
clinicians sought methods of either keeping the PDA open
or closing it, depending on what type of critical CHD
the neonate was born with and the role of patency of the
ductus arteriosus in the CHD pathophysiology. In some
cases, particularly in very small neonates, the importance
of closing the PDA was increasingly appreciated and, in
other cases, the critical importance of maintaining the
patency of a PDA was appreciated.

As the survival of very small premature infants (“pre-
emies”) began to improve, mostly because of technical
improvements with the use of a warmed isolette and
improved mechanical ventilation, it became apparent that
in many of these infants the PDA would not undergo
the normal closure over time. As the understanding of
these infants’ physiological problems improved and more
infants survived, the role of continued patency of the PDA
in neonates needing mechanical ventilation was appreci-
ated. This led to medical therapy directed at promoting
ductal closure using aspirin and indomethacin.

When such attempts failed, it was increasingly under-
stood that necrotizing enterocolitis in the preemie was
associated with decreased mesenteric blood flow sec-
ondary to the “steal” of systemic blood flow into the
pulmonary circulation through a PDA. Thus, in cases
when the PDA failed to close in premature infants, the
need for operative treatment of the PDA in preemies arose
as prophylaxis for necrotizing enterocolitis.

Pediatric and cardiac anesthesiologists were now faced
with the task of anesthetizing these tiny preemies safely.
This involved maintaining body temperature in infants of
1 kg or less with very large surface area/volume ratios.
Intraoperative fluid restriction was important and low
levels of FiO2 were used to decrease the risk of retinopathy
of prematurity. As the decade progressed, these issues
emerged and were addressed. In 1980, Neuman [35]
described the anesthetic management of 70 such infants
using an O2/N2O muscle relaxant anesthesia technique
with no mortality. Low FiO2 was used to reduce the risk
of retrolental fibroplasia and precautions were taken to

prevent heat loss. In those days before human immunod-
eficiency virus (HIV) became a wide concern, 40% of the
infants received blood transfusion. Interestingly, the ques-
tion of whether to operate in the neonatal intensive care
unit (NICU) or theOR for closure of the PDA in the preemie
was debated at that time and remains unsettled today.

The PDA lesion presents an interesting story. In 1938 it
was the first of the CHD lesions to be successfully treated
surgically [1]. In the mid-1970s it was closed with medical
therapy, first with aspirin and later with indomethacin. It
was the first CHD lesion to be treated in the catheterization
laboratory using different umbrella devices or coils [36].
Presently, if surgical closure is necessary, it is often done
using a minimally invasive, thoracoscopic video-assisted
technique [37]. Thoracoscopy has the benefit of using
four tiny incisions to insert the instruments, avoiding an
open thoracotomy and limiting dissection and trauma to
the left lung. At the same time, this latest development
of surgical technique required the anesthesiologist once
again to change the anesthetic approach to these patients.
Unlike adult anesthesiologists, who can use double-lumen
endotracheal tubes for thoracoscopic procedures, pediatric
anesthesiologists caring for 1–3 kg infants undergoing
PDA ligation do not have the luxury of managing the left
lung [37]. Another problem posed by thoracoscopic PDA
ligation in the infant is the emerging need for neurophys-
iological monitoring of the recurrent laryngeal nerve’s
innervation of the muscles of the larynx to avoid injury, a
known complication of PDA surgery [38]. The last issue is
tailoring the anesthetic so that the children are awake at
the end of the operation, extubated, and spend an hour or
so in the post-anesthesia care unit, bypassing the cardiac
ICU. In fact, in 2001, a group led by Hammer at Stanford
published the first description of true outpatient PDA lig-
ation in two infants aged 17 days and 8 months [39]. These
patients were managed with epidural analgesia, extubated
in the OR, and discharged home 10 hours postoperatively.
This report brings PDA closure full circle from a 13-day
hospital stay following an ether mask anesthetic for an
open thoracotomy to a day surgery procedure in an infant
undergoing an endotracheal anesthetic for a thoracoscopic
PDA ligation.

Maintaining patency of the PDA using PGE1 is probably
now of considerably greater importance than its closure
both numerically and in terms of being life-sustaining
in neonates with critical CHD. The introduction of PGE1
suddenly improved the survival rate of a large number of
neonates, with CHD having ductal-dependent lesions to
improve pulmonary blood flow, or to improve systemic
blood flow distal to a critical coarctation of the aorta. The
introduction of PGE1 into clinical practice for therapy of
neonatal CHD substantially changed the lives of pedi-
atric cardiac surgeons and anesthesiologists, as frequent
middle-of-the-night shunt operations with extremely
cyanotic infants almost immediately became a thing of the
past. These operations were particularly daunting when
one realizes that these procedures were most common
before the availability of pulse oximetry; the only warning
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signs of impending cardiovascular collapse were the very
dark color of the blood and preterminal bradycardia. To
get an arterial blood gas with a PaO2 in the low teens was
not uncommon and PaO2 measurements in single digits
in arterial blood samples from live neonates during such
surgical procedures were recorded. Even more dramatic
was the disappearance of the child with critical post-ductal
coarctation. These infants were extremely acidotic, with
a pH of 7.0 or less at the start of the procedure (if it
was possible to obtain an arterial puncture); they looked
mottled and almost dead below the nipples. With the
advent of PGE1 therapy, they were resuscitated medically
in the ICU and could be operated on the following day
in substantially better condition than was previously
the case.

But the introduction of PGE1 had an effect that was not
clearly foreseen except possibly by some astute cardiolo-
gists. Survival of a number of these neonates presented
pediatric cardiologists and cardiac surgeons (and then
anesthesiologists) with rare and severe forms of CHD
that had hitherto been considered a “rare” pathological
diagnosis. Foremost among these were the infants with
HLHS and some forms of interrupted aortic arch. As
further experience was gained, it became obvious that
these forms of disease were not so rare, but infants who
had survived with those forms of CHD were very rare.

The story of HLHS: 1980–1990

As mentioned in the previous section, the introduction of
PGE1 brought major changes to pediatric cardiac anesthe-
sia, solving some problems and at the same time bring-
ing new challenges for the cardiac team. New diagnoses of
CHD presented for treatment and were recognized; some
had been known previously but had until then presented
insurmountable obstacles to any effective therapy.

One of thesewasHLHS. It had been accurately described
in 1958 by Noonan and Nadas but only as a pathological
diagnosis [40]. The syndrome is a ductus lesion, with 100%
mortality within a few days to weeks when the ductus
underwent physiological closure. HLHS was therefore of
no practical interest from a therapeutic standpoint until
ductal patency could be maintained. When it became
possible to keep the ductus arteriosus patent with PGE1,
these neonates rapidly became a problem that could not
easily be ignored. In the beginning, most of the infants
were misdiagnosed as having sepsis and being in septic
shock, and few babies reached the tertiary center without
a telltale Band-Aid, indicating a lumbar puncture to rule
out sepsis.

But even with the ability to diagnose the defect in a
live neonate temporarily kept alive with a PGE1 infu-
sion, the outlook was not much better. There was no
operation devised, and in some centers such neonates
were kept viable on a PGE1 infusion for weeks and
even months in the (usually) vain attempt to get them
to grow large enough for some surgical procedure to

be attempted. In subsequent years, several centers tried
different approaches with ingenious conduits, attempting
to create an outlet from the right ventricle to the aorta and
the systemic circulation.

Those were also the years during which President
Ronald Reagan’s Baby Doe regulations were in effect.
Anyone who thought an infant was being mistreated
(i.e., not operated upon) could call a “hotline number”
which was posted in all neonatal ICUs to report the
physicians’ “mistreatment” of the infant. Fortunately,
these regulations died a quiet death after a few chaotic
years [41].

In the meantime, the search for a palliative operation
went on, also spurred by the increasing success of the
Fontan operation, which had been introduced in 1970 [42].
This meant that there now was a theoretical endpoint for
HLHS as well as for other forms of SV physiology. It was
William Norwood at Boston Children’s Hospital who was
the first person to devise a viable palliation and also to
complete the repair with a Fontan operation the following
year [43]. The publication of this landmark paper spurred
considerable discussion. Many cardiologists and surgeons
took the position that this operative procedure represented
experimental and unethical surgery and that these infants
“were better off dead.”

The current approach to these infants varies from
multistage physiological repair with palliation followed
by Fontan operation. Another alternative is neonatal
transplantation as proposed by the group at Loma Linda
in California [44]. Some cardiologists are still advocates
of conservative “comfort care” for neonates with HLHS.
With eventual survival of about 70% being achieved in
many centers, these infants can no longer be written off
as untreatable. Now the question is more about quality
of survival, especially intellectual development. It is
also recognized that many have both chromosomal and
non-chromosomal anomalies that affect the cerebral and
gastrointestinal systems [45].

As was the case from the beginnings of pediatric cardiac
surgery, this new patient population presented a manage-
ment dilemma for the anesthesiologists; they posed a new
set of problems that required a solution before acceptable
operative results could be achieved. It was obvious that
patients with HLHS were hemodynamically unstable
before CPB because of the large volume load on the heart
coupled with coronary artery supply insufficiency. The
coronary arteries in HLHS are supplied from the PDA
retrograde through a hypoplastic ascending and trans-
verse aorta that terminates as a single “main” coronary
artery. A common event at sternotomy and exposure of
the heart was VF secondary to mechanical stimulation.
This fibrillation was sometimes intractable, necessitating
emergent CPB during internal cardiac massage. This was
not an auspicious beginning to a major experimental open
heart procedure.

It was during these years that there was a transition
from morphine–halothane–N2O to a high-dose narcotic
technique with fentanyl or sufentanil combined with 100%


