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OUTCOMES IN PEDIATRIC CARDIAC SURGERY

Late Outcomes in Patients With
Surgically Treated Congenital Heart Disease
Amy H. Schultz and Gil Wernovsky

Optimizing late outcomes should be the end result of improvements in medical and surgical
care for congenital heart disease (CHD). In addition to mortality, significant morbidities
after surgery for CHD need to be considered. These include the need for reintervention,
cardiovascular complications, exercise limitations, neurocognitive morbidities, effects on
pregnancy, difficulty obtaining insurance, need for chronic medications, and impaired
functional status and quality of life. Long-term outcome studies are difficult to perform, and
their interpretation is complicated by intervening changes in management. Specific dis-
cussion of long-term follow-up of tetralogy of Fallot, D-transposition of the great arteries,
and hypoplastic left heart syndrome illustrates the myriad management changes over the
last three decades, the challenges in predicting outcomes for recent patients, and the need
for ongoing initiation of long-term follow-up studies.
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ptimal late outcomes are the holy grail of medicine.

Although the emphasis of innovation is often initially
on short-term measures of success, the ultimate goal of ther-
apy is improved long-term functional status and quality of
life (QOL). Review of the table of contents of this issue reveals
this underlying theme running directly or indirectly through
many of the articles.

The meanings of “late” and “outcomes” have historically
been from the perspective of the cardiologist and/or surgeon
and rarely from the perspective of the patient or parent. Not
infrequently, “late” outcome studies in the literature for con-
genital heart disease (CHD) span a decade or less, certainly
not how a parent (or a child) would envision a truly long-
term result. Parents of children with CHD are asking for
predictions that span a lifetime and exactly how long that
lifetime will be. These data are unavailable. In addition, “out-
come” studies most commonly deal with mortality and,

The Cardiac Center at The Children’s Hospital of Philadelphia and the Uni-
versity of Pennsylvania School of Medicine, Philadelphia, PA.

Dr. Schultz is supported in part by NIH Grant T32-HL07915.

Address reprint requests to Amy H. Schultz, MD, Division of Cardiology,
The Children’s Hospital of Philadelphia, 34th St. & Civic Center Blvd.,
Philadelphia, PA 19104.

1092-9126/05/$-see front matter © 2005 Elsevier Inc. All rights reserved.
doi:10.1053/j.pcsu.2005.01.015

occasionally, reintervention or functional outcomes. Patients’
perspectives and interests are frequently quite different and
include lifestyle limitations (eg, exercise restrictions, medica-
tion burden, doctor visits), self-image (eg, surgical incisions,
growth failure), the ability to work in a normal job, the ability
to obtain health and life insurance, and other important
health-related QOL issues. Now that it is expected that chil-
dren with CHD will become adults with surgically managed
CHD, these outcomes become paramount.

Evaluating and improving late outcomes is a challenging en-
deavor. Often, better short-term results lead to and may be a
prerequisite for improved long-term results. However, in many
instances a therapy that seems beneficial in the short-term has
unforeseen long-term implications. Most practitioners would be
willing to undertake more complex initial management if it
clearly would lead to improved long-term results. Thus, long-
term outcome studies are vital. These studies require decades
of follow-up, and their interpretation is almost invariably
complicated by changes in management in the intervening
years. It is in this context that we offer this overview of late
outcomes in CHD.

The diversity of cardiac malformations, their natural his-
tory, and the surgical procedures devised to treat them make
summarizing late outcomes for CHD in one review difficult.
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Table 1 Summary of Major Late Morbidities After Surgery for Congenital Heart Disease

Applicable to many lesions

Lesion-specific
Tetralogy of Fallot

D-TGA afer arterial repair

D-TGA after arterial switch operation

HLHS (includes morbidities seen after the Fontan
palliation in other forms of CHD)

Late death

Reintervention

Heart failure/ventricular dysfunction

Rhythm disturbances and need for pacemaker
Endocarditis

Exercise limitations and restrictions
Neurocognitive impairment

Decreased ability to tolerate pregnancy
Difficulty obtaining insurance

Need for chronic medications

Impaired functional status and health-related QOL

Sudden death

Pulmonary regurgitation
Ventricular arrhythmias
Ventricular dysfunction

Sudden death

Sinus node dysfunction

Atrial flutter

Systemic ventricular dysfunction
Baffle obstruction or leak

Supravalvar pulmonic stenosis
Coronary occlusion
Neo-aortic root dilation

Recurrent arch obstruction
Sinus node dysfunction
Neo-aortic root dilation
Atrial flutter

Ventricular dysfunction
Stroke

Thrombosis

Protein losing enteropathy

Abbreviations: CHD, congenital heart disease; D-TGA, D-transposition of the great arteries; QOL, quality of life.

We focus on late outcomes of CHD after surgery, first ad-
dressing general principles applicable to many forms of CHD
and then discussing late outcomes in more depth for three
common lesions: tetralogy of Fallot (TOF), D-transposition
of the great arteries (D-TGA), and hypoplastic left heart syn-
drome (HLHS). The major late morbidities are summarized
in Table 1.

General Principles in
Late Outcomes

of Surgically Treated
Congenital Heart Disease

Mortality

Mortality associated with CHD has been declining over the
past several decades. In a study from the Centers for Disease
Control, deaths in which CHD was the underlying or con-
tributing cause of death declined 39% between 1979 and
1997 from 2.5 to 1.5 per 100,000.! Mortality from CHD
decreased in nearly all age groups, particularly in children

less than 5 years of age. In a population-based study, opera-
tive mortality also declined between 1965 and 1989 for TOF,
ventricular septal defect (VSD), and D-TGA.2 However, long-
term follow-up data are insufficient to demonstrate any
change in late mortality after surgery for CHD overall.? Sud-
den late death after surgery for CHD is problematic in certain
defects, the most common of which are TOF, coarctation,
aortic stenosis (AS), and D-TGA.? No difference was seen in
the rate of late sudden death in TOF, AS, or coarctation when
comparing patients operated on before and after 1980. The
risk of late death for these three lesions seemed to increase at
20 to 25 years after the initial operation. It cannot be deter-
mined if the increased risk of late mortality in CHD is due to
the intrinsic CHD, its management in an earlier era, or a
combination of factors.

Reoperations

A significant fraction of patients requires reoperation after
initial repair or palliation of CHD. In many cases this need is
predictable, such as in staged reconstructive procedures,
conduit or prosthetic valve placement in small children re-
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quiring replacement as the child grows, or bioprostheses
with limited functional lifespan. In other instances, reopera-
tion is required for residual defects after an initial procedure
(eg, mitral valvuloplasty after repair of atrioventricular septal
defect), to treat late rhythm disturbances (eg, pacemakers for
sinus node dysfunction), or to treat unanticipated conse-
quences of surgical strategies (eg, aortic valve replacement
after the arterial switch operation). Additional common ex-
amples include pulmonary valve replacement after TOF re-
pair and Fontan revisions with Cox-Maze procedures.*

Ventricular Dysfunction and Heart Failure

Patients with surgically treated CHD have a variable predis-
position to ventricular dysfunction and heart failure. Mech-
anisms contributing to ventricular dysfunction include long-
standing pressure or volume load, ventriculotomy,
inadequate myocardial protection during ischemic cross-
clamping, and coronary injury. It has been suggested that
patients with isolated atrial septal defect (ASD) or VSD re-
paired at a young age have low risk of late heart failure;>°
however, among patients with ASD repaired at >24 years of
age between 1956 and 1960, heart failure occurred in 25%.
Heart failure and ventricular dysfunction are common in
adults with D-TGA after the Mustard procedure, congenitally
corrected transposition, and the Fontan circulation.”

Rhythm Disturbances

Arrhythmias are common late after CHD surgery. Atrial fi-
brillation or flutter is common after Fontan palliation, atrial
switch procedures, and ASD closure.>#° Sinus node dysfunc-
tion is common after extensive atrial surgery and may require
pacing.® Complete heart block may be induced at surgery;
some patients with lesser conduction disturbances may
progress to complete heart block over time. Ventricular ar-
rhythmias are of increased concern with longer duration of
follow-up, particularly after TOF repair.!® Long-standing
ventricular pressure and/or volume load, such as in aortic or
pulmonary valve disease, may lead to a propensity for ven-
tricular ectopy.!! Finally, there are growing concerns about
the arrhythmogenic potential of the chronic pressure load on
a right ventricle in the systemic circulation, such as in HLHS
or atrial repair of D-TGA.!?

Endocarditis

The risk of endocarditis is reduced by corrective surgery in
left-to-right shunt defects, provided that no residual shunt is
present. Consequently, SBE prophylaxis is no longer recom-
mended 6 months after complete closure of the defect.!® This
recommendation was borne out by a population-based study
of the risk of endocarditis after CHD surgery.!* No patient
after surgery for secundum ASD, isolated VSD without resid-
ual shunt, patent ductus arteriosus, or pulmonic stenosis (PS)
was observed to develop endocarditis. However, the risk of
endocarditis persists for patients with abnormal valves, pros-
thetic material, residual shunts, and complex CHD. The
highest cumulative incidence of endocarditis was found in
patients with valvar AS, 13.3% at 25 years. It is unclear

whether the newer trans-catheter interventions will alter the
frequency of late endocarditis because the follow-up is too
short.

Exercise Limitations

Exercise capacity after surgical repair of different forms of
CHD varies depending on whether a complete repair versus
palliation can be achieved, the presence of residual shunt or
valvar dysfunction, and the status of the conduction system.
In patients with large ASDs, exercise capacity and lung func-
tion were abnormal preoperatively but normalized by 10
years postoperatively.!> Patients with surgically treated AS
had normal exercise duration on a treadmill test in follow-up,
although many had a blunted blood pressure response.!®
Patients with more complex lesions, including TOF, D-TGA,
and lesions managed with surgical reconstruction culminat-
ing in the Fontan circulation, have exercise capacities that are
diminished to differing degrees.!’-1° Mechanical and chrono-
tropic impairment contribute to the decrease in exercise ca-
pacity. Patients typically report less subjective impairment
than is indicated by objective testing, reinforcing the notion
that the impact on lifestyle from late sequelae is different from
the clinician’s and patient’s perspective.

Neurocognitive Outcomes

Intense interest has been focused on neurocognitive out-
comes in patients with CHD, particularly among those with
complex lesions undergoing neonatal cardiac surgery. The
longest reported follow-up of a prospectively studied cohort
of such patients is now 8 years;?° much remains to be learned
about how cardiac surgery in the neonate affects long-term
outcomes. Among patients who underwent surgery in the
neonatal period or early infancy for complex CHD in the late
1980s to early 1990s, mean IQ scores are generally found to
be within the normal range but slightly lower than the gen-
eral population mean.?0-2* Performance 1Q is often more af-
fected than verbal 1Q.23?* Abnormalities of visual-spatial and
visual-motor integration and executive function are noted.
There is a frequent need for remedial educational services.?°
The mechanisms of brain injury are multifactorial, are most
likely cumulative, and are beyond the scope of this discus-
sion. Several review articles describe in more detail the results
of these investigations.?>2"

Pregnancy in Women
with Congenital Heart Disease

Pregnancy imposes a hemodynamic burden that is usually
well tolerated by women with normal hearts. As more women
with surgically repaired or palliated CHD reach child-bearing
age, pregnancy in CHD has become an important issue.
Eisenmenger syndrome carries an extremely high risk of ma-
ternal mortality (~45%).28 Reports of large series of women
with various forms of heart disease indicate a low maternal
mortality (~1%) among the self-selected group of women
who become pregnant.?’ Among patients with CHD, pre-
pregnancy functional class, ventricular dysfunction, cyano-
sis, outflow tract obstruction, mitral stenosis, pulmonary hy-
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pertension, and the need for anticoagulation are predictors of
maternal morbidity.??->2 The miscarriage rate among women
with mixed forms of heart disease is elevated above normal3?
and is 39% among those with the Fontan circulation.>* Ma-
ternal cyanotic heart disease is associated with a high rate of
premature birth (37%) and a mean birth weight of 2,575g.%°
Neonatal complications are more common in pregnancies of
women with heart disease.?? In addition, the recurrence risk
for CHD in the child is elevated above the population risk and
varies with the underlying maternal lesion.30-6

Functional Status and Quality of Life

The late morbidities outlined above, the difficulty obtaining
insurance, and the need for life-long medical follow-up,
chronic medications, and SBE prophylaxis may collectively
affect overall health-related QOL. Some long-term follow-up
series have reported New York Heart Association (NYHA)
functional class, frequency of medication use, and propor-
tion of patients employed. In the Second Joint Study on the
Natural History of Congenital Heart Defects (NHS-2) 92%,
97%, and 94% of the surviving, surgically managed, full par-
ticipants with AS, PS, and VSD, respectively, were in NYHA
class 1.37-3% Cardiac medications were used by 10.1%, 3.9%,
and 4.2%, respectively. Across all defects managed surgically
in NHS-2, 72.3% of subjects were employed.*

Relatively few studies have used validated instruments to
assess QOL.*! Lane et al*? assessed QOL in adults attending
an Adult Congenital Heart Disease clinic using the Medical
Outcomes Study short form-36 (SF-36) questionnaire. Al-
though the response rate was only 59%, they found that
patients with CHD scored lower on the physical functioning
and general health perception domains than the general pop-
ulation. Kamphuis et al*® examined health-related QOL and
health status in Danish adults with previously operated com-
plex CHD, using the SF-36 and a QOL instrument developed
in the Netherlands. The study population was born between
1968 and 1982; 49% of the cohort died before the study in
1999, and 16% were excluded due to language barriers or
important learning disabilities. On both instruments, do-
mains evaluating physical or gross motor functioning and
vitality had scores lower than the general population. No
differences were seen on domains that evaluated fine motor,
social, cognitive, and emotional functions. NYHA class cor-
related significantly with physical or gross motor function-
ing. Thus, NYHA class may provide a good estimate of phys-
ical functioning but does not comprehensively evaluate
health-related QOL in CHD.

Late Outcomes for
Individual Lesions

Knowledge of late outcomes guides the choice of current
surgical management strategy and provides insight into the
expected clinical course. This information is useful for coun-
seling patients and their families, whether the counseling is
offered to the parents of a newborn in 2005 or to a patient
who underwent surgery for CHD in 1975. Similarly, clini-

cians need to be well versed in the late outcomes of past
management strategies so that complications in older pa-
tients can be anticipated and managed appropriately. In the
sections that follow, we discuss the three most common cy-
anotic lesions: TOF, D-TGA, and HLHS. As a frame of refer-
ence, we provide an overview of prevailing management
strategies circa 1975, 1985, and 1995, followed by a discus-
sion of the corresponding late outcomes. These discussions
illustrate the challenges in predicting true late outcomes for
our current patients as management strategies evolve.

Tetralogy of Fallot

TOF has the longest history of surgical treatment of any cy-
anotic lesion, with a 60-year history of palliation and a 50-
year history of repair.** The era of surgical therapy for cya-
notic heart disease began in 1945 with Blalock and Taussig’s
report of palliation of three patients with TOF by systemic to
pulmonary artery shunt.*> In 1955, Lillehei et al*® reported
the first intracardiac correction of TOF.

Management of Tetralogy of Fallot
Circa 1975 and its Late Follow-up
In 1975, diagnosis was suspected clinically and confirmed by
cardiac catheterization; the prevailing philosophy was elec-
tive repair in childhood, with palliative shunts and propran-
olol therapy used for cyanotic neonates and infants. The
strategy of primary repair in infancy was reported in 1973,%
but typically operations were performed in toddlers or
school-age children. One third to one half of patients had a
palliative procedure before surgical repair.*®->° Thus, long-
standing volume overload and pulmonary artery distortion
were not uncommon and influence the long-term outcome in
series from that era. A ventriculotomy was almost always
used, and transannular patches, when used, were extensive.
Temperature management on cardiopulmonary bypass was
highly variable.”!-> Normothermic or moderately hypother-
mic aortic cross-clamping or topical cooling of the heart were
used in the early 1970’s;°35%% the use of cardioplegia was
first reported in 1978.52 Operative mortality was 5% to
109%.51.53-56

Late survival of patients who underwent surgical repair of
TOF in these early years has been good, especially in contrast
to the natural history of TOF, which rarely allowed survival
to adulthood. Murphy et al*® reported an 86% survival at 32
years among patients operated on between 1955 and 1960
who survived the immediate postoperative period, and Nol-
lert et al*® reported an 89% 30-year actuarial survival of pa-
tients corrected between 1958 and 1977 who survived the
first postoperative year. In both studies, survival was slightly
less than expected for the normal population. In the Nollert
study, mortality was linear for the first 25 years after opera-
tion (0.24% per year) but then increased significantly to
0.94% per year. Similarly, in a population-based study, the
risk of sudden death after repair of TOF increased 20 years
postoperatively.® These observations raise the concern that
survivors of TOF repair in this early era of cardiac surgery
may not begin to experience late morbidity and mortality
until several decades postoperatively.
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The risk of sudden death after TOF repair has been recog-
nized since the early 1970s. The incidence of sudden death
after TOF repair is 1.2% at 10 years postoperatively, 2.2% at
20 years, 4% at 25 years, and 6% at 30 years.® Ventricular
arrhythmias likely account for the majority of cases of sudden
death. QRS duration longer than 180 milliseconds, older age
at repair, a history of atrial flutter or fibrillation, prior Water-
ston or Potts shunts, pulmonary regurgitation, residual right
ventricular hypertension and/or outflow tract obstruction,
left ventricular dysfunction, and perioperative transient AV
block have been associated with sudden death.!057-59

Reoperation has been performed in a minority (7% to
10%) of patients after TOF repair in long-term follow-up
series. ¥30 Actuarial survival with freedom from reoperation
is 88% at 30 years.* The most common reason for reopera-
tion was residual or recurrent VSD; pulmonary valve replace-
ment was rare. However, in a recent series from Toronto, the
frequency of late reoperations after repair of TOF is increas-
ing; pulmonary valve replacement accounts for 38% of
these.%0

Semilunar valve function is of concern on the right and left
sides of the heart. Pulmonary regurgitation often results from
transannular patching or pulmonary valvotomy, whereas the
aortic annulus and root may dilate over time, leading to in-
sufficiency. At least moderate pulmonary insufficiency oc-
curred in 54% of patients in a six-center study for whom
echocardiography data were available.!® Mean follow-up af-
ter initial repair was 21 years. Pulmonary insufficiency has
been associated with sudden death, exercise intolerance, and
tachyarrhythmias.!-61.62 Pulmonary valve replacement stabi-
lizes right ventricular size and QRS duration and improves
symptoms of congestive heart failure; data are conflicting as
to whether right ventricular function improves postopera-
tively.0305 Appropriate timing of pulmonary valve replace-
ment is being debated.

Aortic root dilation occurred in 14.8% of a cohort of adults
(mean age 31 years) with TOF and was progressive, but aortic
valve or root replacement remains rare.%%-5¢ Patients with aor-
tic root dilation had a longer shunt-to-repair interval and a
higher prevalence of pulmonary atresia and right aortic arch.
Given the different surgical strategy from this era, the fre-
quency of and indications for future reoperation in TOF are
unlikely to be well predicted by these initial long-term fol-
low-up series.

Exercise capacity of patients operated on in this early era is
consistently lower than population norms, although the de-
gree of impairment is variable.527 In a review of all studies of
exercise capacity in TOF (spanning different eras), mean
work capacity was 85% of predicted, and Vo,max averaged
81% of predicted.!” Pulmonary insufficiency has been impli-
cated as a cause of reduced exercise tolerance,%® whereas
restrictive right ventricular diastolic physiology has a benefi-
cial effect.®

In a description of 43 women with TOF (including eight
women with unrepaired TOF) who had 112 pregnancies,
miscarriage occurred in 27% of pregnancies, but only 1.2%
of completed pregnancies were preterm.®® Six of the 35
women with repaired TOF had cardiovascular complications

during the pregnancy, including arrhythmias, LV dysfunc-
tion, and progressive RV dilatation.

To our knowledge, no large study of QOL using validated
instruments has been performed in adults after TOF repair.
Several long-term follow-up series have reported gross mea-
sures of functional status and QOL at late follow-up: 90% to
95% of patients report being in NYHA class I or II, 71% to
85% are employed, 17% to 25% take routine medications,
and 50% participate in recreational sports.*8-5°

Bacha et al’® reported on long-term survivors who had
primary repair of TOF at <24 months of age at Children’s
Hospital, Boston between 1972 and 1977. Unlike most pa-
tients treated in that era, no palliative procedures were per-
formed, so the volume load associated with a shunt was
averted and the duration of cyanosis was shortened. There
are important differences between this cohort and patients
managed currently. Postoperative care was according to the
standards of the era, and the VSD was typically closed
through a ventriculotomy. Actuarial survival was 86% at 20
years, freedom from reintervention was 79% at 20 years, and
one patient underwent a pulmonary valve replacement.

Management of Tetralogy of Fallot

Circa 1985 and its Late Follow-up

By 1985, primary repair in infancy was increasingly used at
selected large-volume centers.’!-> Early neonatal correction
with profound hypothermia and circulatory arrest was being
proposed. However, the Pediatric Cardiac Care Consortium
(PCCQ), which had 12 member institutions of variable size
across the United States, reported that 35% of patients re-
paired between 1986 and 1990 had a prior palliative shunt.”?
The percentage of initial shunts at the member institutions
ranged from 8% to 70%. The mean age at repair was 2.4
years, and in-hospital mortality was 6.6%. The use of cardio-
plegia for myocardial protection was well established, and
other aspects of intraoperative support management were
being actively investigated. Thus, this cohort represents a
heterogeneous surgical approach, age at repair, and comor-
bidities.

There is little late follow-up data that can be linked specif-
ically to patients operated on in this time period. Yetman et
al” reported on 74 patients repaired between 1982 and
1992, 22 of whom had been repaired before 18 months of
age. There were no demonstrable differences in exercise ca-
pacity between those operated on early versus later (peak Vo,
70% v 75% predicted, ventilatory anaerobic threshold 69% v
75% predicted). DeRuijter et al”® examined the effects of
pulmonary regurgitation in 171 patients repaired at a mean
of 1.9 years of age between 1977 and 2000. Right ventricular
dilation was noted in 38% at a mean of 9.6 years of follow-up,
and 9% underwent pulmonary valve replacement at a mean
of 9.2 years after initial repair.

Management of Tetralogy of Fallot
Circa 1995 and its Late Follow-up
As the field moved into the 1990s, preoperative catheteriza-
tion was replaced by echocardiography, and significant ad-
vances were made in postoperative care. The fraction of pa-
tients palliated initially with a shunt continued to decline.
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The PCCC reported that between 1991 and 1995, 22% of
patients had a shunt before definitive repair.”! The mean age
at repair in this consortium decreased to 1.35 years, and
mortality declined to 2.3%. Surgical management of neo-
nates with critical CHD expanded, and several large centers
adopted primary repair in cyanotic neonates with TOF as
their preferred strategy.”* The optimal approach in this pa-
tient group—shunt followed by later repair or primary re-
pair—continues to be debated in 2005, as illustrated else-
where in this issue. Finally, the multiple genetic associations
with TOF, most importantly the 22q11 deletion syndrome,
were increasingly recognized.” Many of these genetic abnor-
malities have significant implications for long-term outcomes
that are hard to separate from the management of the cardiac
malformation (eg, neurodevelopmental outcomes).

Hirsch et al™* reported on their center’s experience with
complete repair of TOF in 61 neonates operated on between
1988 and 1999. There was one in-hospital death and four
late deaths, with an actuarial survival of 95% at 5 years.
Freedom from reoperation was 58% at 5 years. Excellent
survival after TOF repair is achievable, even with operation in
the neonatal period. However, the frequencies of morbidities
well described among patients operated on circa 1975 are
undefined for the infant who has undergone routine repair in
the recent era.

Summary: Late Outcomes in Tetralogy of Fallot
Adults with TOF face the sequelae of medical and surgical
management strategies used during their infancy and child-
hood. From a clinician’s perspective, they enjoy excellent
actuarial survival rates, and reintervention has been infre-
quent. However, there is growing concern about the long-
term effects of pulmonary regurgitation and ventricular dys-
rhythmias, with their attendant influences on functional
status, exercise tolerance, and the risk (fear) of sudden death.
These late outcomes may or may not be applicable to the
current generation of infants with TOF undergoing primary
repair. Follow-up studies are needed in more contemporary
cohorts to define their truly late outcomes.

Transposition of the Great Arteries

Palliation of D-TGA became possible in 1950 with the devel-
opment of the Blalock-Hanlon atrial septectomy, which im-
proved intercirculatory mixing.”® A physiologic repair using
native atrial tissue was first reported by Senning’” in 1957,
followed by Mustard’s’® success with an atrial switch using a
pericardial baffle in 1963. Atrial switches became widely
used in the 1960s and 1970s in a growing population of
children stabilized in the neonatal period by a Rashkind
transcatheter atrial septostomy.” In 1975, Jatene®® reported
the first successful arterial switch operation (ASO), ushering
in anew era of surgery for D-TGA. Despite an initial difficulty
with high operative mortality, the ASO had become the pre-
dominant surgical strategy at most institutions by the late
1980s.8!

Management of D-Transposition of the

Great Arteries Circa 1975 and its Late Follow-up
Patients born with D-TGA in the 1970s would have typically
undergone a cardiac catheterization and a Rashkind balloon

septostomy, followed by a Blalock-Hanlon atrial septectomy
(via a thoracotomy) if mixing was still inadequate. An atrial
switch was typically performed at 1 to 4 years of age, and the
resultant delay in repair was associated with decreased func-
tional status and intelligence testing.8? Cardioplegia was not
in routine use; operations were performed with hypothermic
cardiopulmonary bypass or deep hypothermic circulatory ar-
rest.” Early mortality in this era ranged from 0.9% to
16.5%.983

The long-term survival of these patients has been good,
although not as favorable as reported for TOF. Actuarial sur-
vival at 25 years (including early mortality) is 74% to 77%,”8*
with 67% survival at 30 years.®> In one study, the instanta-
neous risk of late death seems to increase after about 10 years
postoperatively.” The most problematic long-term cardiovas-
cular issues have been (1) loss of sinus rhythm, (2) atrial
tachyarrhythmias, (3) baffle obstruction or leak, (4) decline
in systemic right ventricular function, and (5) sudden death.
Among operative survivors, 40% to 63% are still in sinus
rhythm 20 to 25 years postoperatively,”®* with 5.5% to 22%
requiring pacemaker placement, depending on the length of
follow-up.838 Atrial flutter is the most common atrial tachy-
arrhythmia, occurring in 24% of survivors by 20 years.” Re-
intervention for baffle leak or obstruction is reported in 5% to
31% of patients.”®* Concern that the right ventricle may not
be able to sustain systemic work for decades in some patients
seems to be borne out as this patient group is observed over
time. Serial echocardiographic assessment of right ventricu-
lar function has been performed at approximately 14 and 25
years after surgery. Ventricular function in all patients was
classified as normal (68%) or mildly impaired (32%) at the
first study. Only 4 of 47 (8%) had stable ventricular function
at follow-up, with 38% classified as moderately impaired and
23% as severely impaired.* Relatively few heart transplants
are reported in long-term follow-up series, but myocardial
failure accounted for 21 of 77 late deaths in one series.” A
population-based study reported a cumulative incidence of
sudden death in TGA of 4.9 per 1,000 patient-years.> These
deaths are presumed to be arrhythmic and were associated
with exercise in 81% of cases.!? In the ASO era, coronary
anomalies associated with D-TGA are increasingly recog-
nized; the role that these anomalies might play in sudden
death after atrial repairs has, to our knowledge, not been
investigated.

Despite the above cardiovascular concerns, a convenience
sample of long-term survivors without learning disabilities
reported a favorable perceived health, functional status, and
QOL.86 Distribution of NYHA class has been variable among
long-term follow-up series, ranging from 92% class I and 8%
class II at a mean of 17 years of follow-up®® to 24% class I,
53% class 11, and 23% class 11T at a median follow-up of 25
years.3* A review of 27 exercise studies in this population
notes that almost all the patients studied considered that they
were leading normal lives.!® However, work performance
was impaired, with most parameters about 75% of predicted
values. As in TOF, patient-perceived limitations are less than
objectively measured parameters might predict.

Pregnancy and childbirth are generally well tolerated in
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women after atrial switch operations, but in a minority func-
tional class and/or right ventricular function may deteriorate
and in some cases may not recover after delivery.8”

Although the follow-up studies of D-TGA after atrial repair
are important to the adult congenital heart disease commu-
nity, they are of less relevance to the patient born in the
current era with D-TGA.

Management of D-Transposition of the

Great Arteries Circa 1985 and its Late Follow-up

The transition from the atrial repair to the ASO spanned the
decade of the 1980s. By 1985, patients with D-TGA with VSD
were managed chiefly by ASO. Those with intact ventricular
septum were still being managed by either technique.®® By
the end of the decade, nearly all were undergoing ASO. Thus,
as in TOF, the current teenagers with D-TGA represent a
heterogeneous group. Of most interest to this discussion of
late outcomes is the follow-up of the early cohort of patients
repaired by ASO.

Long-term survival after ASO has been excellent and may
prove better than long-term survival after atrial switch. The
Congenital Heart Surgeon’s Society’s multi-institution study
enrolled 829 neonates from 24 institutions between 1985
and 1989 who were managed surgically according to the
choice of the treating physician.®® This cohort provided a
unique opportunity to study patients treated concurrently
with different surgical techniques, although assignment to
surgical treatment was not random, so baseline difference
between the groups could exist. Operative mortality at the
time was 14.9% for ASO, 14.2% for the Senning procedure,
and 3.6% for the Mustard procedure; 17-year survival esti-
mates were 81%, 74%, and 94%, respectively. The hazard
function for instantaneous death, although higher in the early
phase for ASO, has a higher constant phase risk of death for
the atrial repair group. If prior trends continue, a crossover of
the mortality curves was expected to occur shortly after 17
years. Given that early phase mortality has been substantially
reduced for ASO, long-term survival will likely be superior to
that after atrial switch procedures. Two other long-term fol-
low-up series that include patients from the early ASO era
report 15-year survival of 86% to 88%.70-1

Other long-term outcomes of interest in patients after ASO
include the need for reoperation, coronary patency, neo-aor-
tic valve competency, left ventricular function, rhythm dis-
turbances, and functional status (including neurodevelop-
mental outcome). In one series, freedom from reoperation in
survivors of the perioperative period was 82% at 15 years;’!
in another series that included operative and transcatheter
interventions, freedom from reoperation was slightly less
than 60% at 15 years.®?> Pulmonary stenosis was the most
common reason for reintervention, accounting for 30% to
75% of procedures.”?2 To our knowledge, no study has
determined the true frequency of late coronary obstruction
after ASO. In the two most frequently cited series, only 43%
to 64% of survivors of the perioperative period underwent
coronary angiography, and in these series, follow-up was
short.93°* Given these limitations, these studies found that
3.4% to 14.6% of patients repaired with usual coronary

transfer techniques had significant obstruction. Significant
coronary stenosis or occlusion can be present in otherwise
asymptomatic patients.®® Although the long-term implica-
tions of neonatal coronary surgery in adulthood are un-
known, the impact of adult cardiovascular disease (eg, hyper-
tension, coronary artery disease, diabetes) will almost
certainly be of greater significance in these patients than in
those with normal hearts.

Neo-aortic insufficiency of moderate to severe degree has
been uncommon to date (1% to 7%); in contrast, trivial to
mild neo-aortic insufficiency is common (29% to 34%) at a
mean follow-up of approximately 8 years.”>%7 Neo-aortic
root dilation is common and may have significant implica-
tions in adulthood as afterload increases. In a recent report
from Boston, freedom from aortic root dilation (Z score =3)
was only 51% at 10 years, and patients operated on more
recently seem to be dilating earlier.” However, dilation does
not seem to be progressive once a Z score =3 is reached.
Thus, the functional fate of the neo-aortic root is unclear and
may prove to be the most significant long-term issue in early
adulthood. In contrast to the atrial level repairs, systemic
ventricular function is normal in 97% to 99 % of patients,*-9?
and significant arrhythmias are rare.? Freedom from perma-
nent pacemaker implantation at 15 years after ASO is 98%, in
contrast to 89% after an atrial repair.3” Functional status is
excellent, with physical and psychosocial health status simi-
lar to the general population at 8 years of age®® and with 97%
of patients in NYHA class 1.”2 Exercise capacity in early child-
hood is normal.”®

Neurodevelopmental outcome has been extensively stud-
ied in the Boston Circulatory Arrest Trial, which enrolled
neonates with D-TGA between 1988 and 1992. Eight-year
follow-up demonstrated mean full-scale IQ 97.1, mean per-
formance 1Q 94.9, and mean verbal 1Q 99.8.2° All of these
results fall within the normal range, but full-scale IQ and
performance 1Q are statistically lower than the population
norm of 100. Deficits were noted in other outcomes, includ-
ing academic achievement, fine motor function, visual-spa-
tial skills, working memory, hypothesis generating and test-
ing, sustained attention, and higher-order language skills.

Management of D-Transposition of the Great
Arteries Circa 1995 and its Late Follow-up

By the mid 1990s, the ASO had essentially completely re-
placed the atrial level switch, except in rare complicated an-
atomic or clinical situations. The first decade of routine use of
the ASO was marked by a decline in the operative mortality
rates in several large seriest® 1! and increasing success with
complex coronary patterns. Dibardino et al'®? reported an
overall 1.6% early mortality at their center since 1995; no
patient was denied ASO on the basis of a coronary anomaly.
Actuarial analysis of this series shows 96% survival and 90%
freedom from reoperation at 7 years. In contrast, a publica-
tion from the PCCC using slightly older data (1992 to 1996)
reported an overall hospital mortality of 15.1% with marked
variation in mortality by center, ranging from 0% to 50%.'%
This study reminds us that publication bias favors good re-
sults, and although most results of the ASO in the literature
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are outstanding, a subset of patients may not be enjoying
such outcomes. Finally, prenatal diagnosis became increas-
ingly common in the 1990s and has been embraced by clini-
cians as a mechanism to improve outcomes; however, a ben-
eficial effect on long-term outcome has yet to be
demonstrated. !t

Summary

The medium- and long-term outcomes for D-TGA are reas-
suring, although older patients after atrial repair are at risk for
arrhythmia, ventricular failure, and sudden death. Although
these sequelae are not likely to affect younger children with
ASO to the same degree, new and emerging difficulties, such
as coronary disease or aortic root dilation, may become the
“Achilles heel” of the new approach. The transition of surgical
management from the atrial to the arterial repair and its
emerging sequelae reminds us of two important facts: (1)
Innovation based on past results is necessary to improve
overall outcomes, and (2) naiveté that the heart is “corrected”
cannot replace systematic, comprehensive follow-up.

Hypoplastic Left Heart Syndrome

Hypoplastic left heart syndrome (HLHS) was the last com-
mon type of complex CHD to become amenable to surgical
therapy. It was not until 1983 that Norwood et al'® reported
successful palliation of a patient with HLHS to the Fontan
circulation. Thus, the longest follow-up for any patient with
HLHS is just over 20 years, although additional predictions
can be extrapolated from data on late outcomes of the Fontan
palliation for other forms of CHD.

Management of Hypoplastic Left Heart

Syndrome Circa 1985 and its Late Follow-up

The mid-1980s was early in the evolution of surgical pallia-
tion for HLHS, which was available at relatively few centers.
Nonintervention (“compassionate care”) was the standard at
most hospitals. Mortality was high with surgery, with long-
term survival of only ~30% for children treated in the mid-
1980s at two high-volume institutions.!%6197 The prevailing
surgical strategy was to place a shunt large enough to last
approximately 2 years and then to convert from the Stage I
Norwood directly to a Fontan (unfenestrated). Restriction at
the atrial septum, arch obstruction, and pulmonary artery
distortion were common surgical sequelae, and the myocar-
dial effects of long-term volume overload (until the Fontan
operation) are now being recognized.

Aside from mortality, limited long-term follow-up data are
available on the survivors of the early era of palliation for
HLHS, likely because of the rarity of long-term survival. Co-
hen et al'% reported on the fate of the neo-aortic root in 53
patients with HLHS born before 1995. At a median duration
of follow-up of 9.2 years, 98% had a neo-aortic annulus Z
score >2, a similar finding to the pattern of neo-aortic root
dilation after ASO. Some degree of neo-aortic insufficiency
was present in 61%,but was greater than mild in only 6%.
Mahle et al?? reported on 143 school-aged survivors of staged
palliation for HLHS born before 1992. There were three late
deaths, and two patients underwent heart transplantation.

Parents of 83% of the remaining patients returned a question-
naire. At a mean age of 9 years, health by parental report was
excellent in 45%, good in 40%, fair in 12%, and poor in 9%.
Nineteen percent had been held back in school, and 34%
required special instruction. Standardized testing was per-
formed on a convenience sample of 28 patients who resided
locally. Median values for full-scale 1Q, verbal 1Q, and per-
formance 1Q were 86, 90, and 83, respectively. Mental retar-
dation (IQ <70) was noted in 18% of subjects. Rogers et al'®®
reported a 64% incidence of mental retardation among 11
preschool-aged survivors of surgery for HLHS. Joshi et al!!?
reported the results of exercise testing in seven early Fontan
survivors with HLHS. Mean Vo, was 25.9 ml/kg/min, with
the normal range specified as 35.6 to 61.3. These results were
comparable to those of subjects with Fontan palliation for
other forms of single ventricle physiology.

Management of Hypoplastic Left Heart Syndrome
Circa 1995 and its Late Follow-up
By 1995, surgical palliation of HLHS was more widely ac-
cepted and performed, although by no means was it consid-
ered the standard of care. Chang et al,!!! using national hos-
pital discharge data for 1993 through 1997, reported that
48% of neonates with a diagnosis of HLHS died in the hos-
pital without surgery or were discharged home without sur-
gery. The management of an additional 23% was undefined
due to transfer to another institution. For neonates in 1995
who underwent surgical treatment, several surgical innova-
tions in the previous decade had decreased the early mortal-
ity of HLHS, including superior cavopulmonary connection
as “second stage” operation!® and fenestration of the baffle at
Fontan completion.!!>!* Survival at many institutions im-
proved to approximately 65% to 70% at 5 years of age. 10114
Unplanned reintervention after Stage I Norwood recon-
struction most commonly occurs early in infancy, typically
for recurrent coarctation, which occurs in up to 20% of pa-
tients.!1>116 Restriction at the atrial septum recurred in 4% of
patients who underwent Stage I reconstruction between
1984 and 2000.!'" Additional series evaluating neurodevel-
opmental outcome, with somewhat overlapping surgical eras
to those cited previously, have been performed. Kern et al'!®
studied 14 patients over 3 years of age with HLHS who had
undergone operations for HLHS between 1990 and 1996.
Median full-scale, verbal, and performance 1Q were 88, 91,
and 83, respectively. Goldberg et al'!” reported on 26 pa-
tients with HLHS whose initial surgical palliation was per-
formed between 1989 and 1994. This group had a mean
full-scale 1Q of 94 and verbal and performance scores of 99
and 90, respectively, which were not different from the gen-
eral population.

Speculation on Late Outcomes

of Hypoplastic Left Heart Syndrome

Little long-term follow-up data beyond mortality are avail-
able for patients who have undergone staged reconstruction
for HLHS. Further conclusions must be extrapolated from
data on the Fontan palliation in other lesions. The most com-
parable cohort reported underwent lateral tunnel Fontan be-
tween 1987 and 1991 at a single institution with a mean of
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10.2 years of follow-up.'2° Of the 220 patients, 26 (12%) had
HLHS. Median age at Fontan completion was 3.9 years, and
fenestration was used in 63%. Freedom from new atrial
tachyarrhythmias was 91% at 10 years, and 6% of patients
underwent pacemaker placement in the follow-up period.
Two patients developed hemiplegia 3 and 14 months after
Fontan operation. Physician-assigned NYHA class distribu-
tion was class I, 41%:; class 11, 53%; and class 111, 6%.

The National Heart, Lung and Blood Institute-sponsored
Pediatric Heart Network (PHN) performed a multi-center
cross-sectional study of 544 children with a Fontan circula-
tion aged 6 to 18 years, recently reported in abstract
form.121-12% The median age at Fontan was 2.9 years. At the
study evaluation, 32% of patients were not in sinus rhythm.
Other medical morbidities included ventricular dysfunction
(13%), thrombosis (6%), stroke (3%), and protein-losing en-
teropathy (PLE) (4%). PLE has been reported in other series
to occur in 2.6% to 13.4% of patients after the Fontan oper-
ation and is associated with a 59% 5-year survival.12>-127 The
PHN study administered a generic QOL instrument, the
Child Health Questionnaire. Physical and psychosocial sum-
mary scores were below normal.

Exercise capacity in the Fontan circulation is diminished
due to abnormal stroke volume and chronotropic impair-
ment, with maximal Vo, ranging from 43% to 64% of nor-
mal.!° The PHN study reported a peak Vo, of 65% predicted,
higher peak Vo, was correlated with younger age at testing
and younger age at first volume unloading surgery (superior
cavopulmonary anastomosis or Fontan completion).!?*
Mahle et al'?8 reported good maximal Vo, (76% of predicted)
in 46 children after lateral tunnel Fontan, 41% of whom had
HLHS. Mean age at volume unloading surgery was 2.7 years.
Earlier age at volume unloading was associated with im-
proved aerobic capacity. These data provide hope that cur-
rent management strategies will result in improved long-term
outcomes.

The management of HLHS continues to evolve. Relative to
the treatment of lesions such as TOF and D-TGA, the evolu-
tionary process is much more active. Examples include the
modification of Stage I reconstruction using a right ventricle
to pulmonary artery conduit,'?® the choice between a lateral
tunnel and extracardiac Fontan, modifications of cardiopul-
monary bypass during Stage I surgery (eg, continuous cere-
bral perfusion), and proposed interventional catheter tech-
niques to replace one or more stages of the Fontan. These
innovations promise that assessing long-term outcomes in
HLHS will continue to be a moving target for the foreseeable
future and requires that systematic long-term studies follow
any new approach.

Summary

The future for children and young adults born with CHD
remains both optimistic and uncertain. What clinicians con-
sider the most important “outcomes” (eg, mortality and rein-
tervention) may be different from the outcomes considered
important to our patients (eg, QOL), their parents (eg, early
functional limitations and recurrence risks), and society (eg,

cost of long-term sequelae). Truly “late” results await decades
and decades of follow-up, when our management strategies
will have changed significantly. Although they have im-
proved upon the natural history of most lesions, surgical (and
now transcatheter) interventions have created an “unnatural
history” that requires ongoing, life-long, systematic follow-

up.
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