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UTCOMES IN PEDIATRIC CARDIAC SURGERY

ate Outcomes in Patients With
urgically Treated Congenital Heart Disease

my 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.
Semin Thorac Cardiovasc Surg Pediatr Card Surg Ann 8:145-156 © 2005 Elsevier Inc. All
rights reserved.

KEYWORDS: Heart defects, congenital, follow-up studies, tetralogy of Fallot, transposition of

great vessels, hypoplastic left heart syndrome
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ptimal late outcomes are the holy grail of medicine.
Although the emphasis of innovation is often initially

n short-term measures of success, the ultimate goal of ther-
py is improved long-term functional status and quality of
ife (QOL). Review of the table of contents of this issue reveals
his underlying theme running directly or indirectly through
any of the articles.
The meanings of “late” and “outcomes” have historically

een from the perspective of the cardiologist and/or surgeon
nd rarely from the perspective of the patient or parent. Not
nfrequently, “late” outcome studies in the literature for con-
enital heart disease (CHD) span a decade or less, certainly
ot how a parent (or a child) would envision a truly long-
erm result. Parents of children with CHD are asking for
redictions that span a lifetime and exactly how long that

ifetime will be. These data are unavailable. In addition, “out-
ome” studies most commonly deal with mortality and,
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ccasionally, reintervention or functional outcomes. Patients’
erspectives and interests are frequently quite different and

nclude lifestyle limitations (eg, exercise restrictions, medica-
ion burden, doctor visits), self-image (eg, surgical incisions,
rowth failure), the ability to work in a normal job, the ability
o obtain health and life insurance, and other important
ealth-related QOL issues. Now that it is expected that chil-
ren with CHD will become adults with surgically managed
HD, these outcomes become paramount.
Evaluating and improving late outcomes is a challenging en-

eavor. Often, better short-term results lead to and may be a
rerequisite for improved long-term results. However, in many

nstances a therapy that seems beneficial in the short-term has
nforeseen long-term implications. Most practitioners would be
illing to undertake more complex initial management if it

learly would lead to improved long-term results. Thus, long-
erm outcome studies are vital. These studies require decades
f follow-up, and their interpretation is almost invariably
omplicated by changes in management in the intervening
ears. It is in this context that we offer this overview of late
utcomes in CHD.
The diversity of cardiac malformations, their natural his-

ory, and the surgical procedures devised to treat them make

ummarizing late outcomes for CHD in one review difficult.
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146 A.H. Schultz and G. Wernovsky
e focus on late outcomes of CHD after surgery, first ad-
ressing general principles applicable to many forms of CHD
nd then discussing late outcomes in more depth for three
ommon lesions: tetralogy of Fallot (TOF), D-transposition
f the great arteries (D-TGA), and hypoplastic left heart syn-
rome (HLHS). The major late morbidities are summarized

n Table 1.

eneral Principles in
ate Outcomes
f Surgically Treated
ongenital Heart Disease
ortality

ortality associated with CHD has been declining over the
ast several decades. In a study from the Centers for Disease
ontrol, deaths in which CHD was the underlying or con-

ributing cause of death declined 39% between 1979 and
997 from 2.5 to 1.5 per 100,000.1 Mortality from CHD

able 1 Summary of Major Late Morbidities After Surgery for

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)

bbreviations: CHD, congenital heart disease; D-TGA, D-transposit
ecreased in nearly all age groups, particularly in children c
ess than 5 years of age. In a population-based study, opera-
ive mortality also declined between 1965 and 1989 for TOF,
entricular septal defect (VSD), and D-TGA.2 However, long-
erm follow-up data are insufficient to demonstrate any
hange in late mortality after surgery for CHD overall.2 Sud-
en late death after surgery for CHD is problematic in certain
efects, the most common of which are TOF, coarctation,
ortic stenosis (AS), and D-TGA.3 No difference was seen in
he rate of late sudden death in TOF, AS, or coarctation when
omparing patients operated on before and after 1980. The
isk of late death for these three lesions seemed to increase at
0 to 25 years after the initial operation. It cannot be deter-
ined if the increased risk of late mortality in CHD is due to

he intrinsic CHD, its management in an earlier era, or a
ombination of factors.

eoperations
significant fraction of patients requires reoperation after

nitial repair or palliation of CHD. In many cases this need is
redictable, such as in staged reconstructive procedures,

enital Heart Disease

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

the great arteries; QOL, quality of life.
Cong
onduit or prosthetic valve placement in small children re-
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Late outcomes in patients with surgically treated CHD 147
uiring replacement as the child grows, or bioprostheses
ith limited functional lifespan. In other instances, reopera-

ion is required for residual defects after an initial procedure
eg, mitral valvuloplasty after repair of atrioventricular septal
efect), to treat late rhythm disturbances (eg, pacemakers for
inus node dysfunction), or to treat unanticipated conse-
uences of surgical strategies (eg, aortic valve replacement
fter the arterial switch operation). Additional common ex-
mples include pulmonary valve replacement after TOF re-
air and Fontan revisions with Cox-Maze procedures.4

entricular Dysfunction and Heart Failure
atients with surgically treated CHD have a variable predis-
osition to ventricular dysfunction and heart failure. Mech-
nisms contributing to ventricular dysfunction include long-
tanding pressure or volume load, ventriculotomy,
nadequate myocardial protection during ischemic cross-
lamping, and coronary injury. It has been suggested that
atients with isolated atrial septal defect (ASD) or VSD re-
aired at a young age have low risk of late heart failure;5,6

owever, among patients with ASD repaired at �24 years of
ge between 1956 and 1960, heart failure occurred in 25%.
eart failure and ventricular dysfunction are common in

dults with D-TGA after the Mustard procedure, congenitally
orrected transposition, and the Fontan circulation.7

hythm Disturbances
rrhythmias are common late after CHD surgery. Atrial fi-
rillation or flutter is common after Fontan palliation, atrial
witch procedures, and ASD closure.5,8,9 Sinus node dysfunc-
ion is common after extensive atrial surgery and may require
acing.9 Complete heart block may be induced at surgery;
ome patients with lesser conduction disturbances may
rogress to complete heart block over time. Ventricular ar-
hythmias are of increased concern with longer duration of
ollow-up, particularly after TOF repair.10 Long-standing
entricular pressure and/or volume load, such as in aortic or
ulmonary valve disease, may lead to a propensity for ven-
ricular ectopy.11 Finally, there are growing concerns about
he arrhythmogenic potential of the chronic pressure load on
right ventricle in the systemic circulation, such as in HLHS
r atrial repair of D-TGA.12

ndocarditis
he risk of endocarditis is reduced by corrective surgery in

eft-to-right shunt defects, provided that no residual shunt is
resent. Consequently, SBE prophylaxis is no longer recom-
ended 6 months after complete closure of the defect.13 This

ecommendation was borne out by a population-based study
f the risk of endocarditis after CHD surgery.14 No patient
fter surgery for secundum ASD, isolated VSD without resid-
al shunt, patent ductus arteriosus, or pulmonic stenosis (PS)
as observed to develop endocarditis. However, the risk of

ndocarditis persists for patients with abnormal valves, pros-
hetic material, residual shunts, and complex CHD. The
ighest cumulative incidence of endocarditis was found in

atients with valvar AS, 13.3% at 25 years. It is unclear s
hether the newer trans-catheter interventions will alter the
requency of late endocarditis because the follow-up is too
hort.

xercise Limitations
xercise capacity after surgical repair of different forms of
HD varies depending on whether a complete repair versus
alliation can be achieved, the presence of residual shunt or
alvar dysfunction, and the status of the conduction system.
n patients with large ASDs, exercise capacity and lung func-
ion were abnormal preoperatively but normalized by 10
ears postoperatively.15 Patients with surgically treated AS
ad normal exercise duration on a treadmill test in follow-up,
lthough many had a blunted blood pressure response.16

atients with more complex lesions, including TOF, D-TGA,
nd lesions managed with surgical reconstruction culminat-
ng in the Fontan circulation, have exercise capacities that are
iminished to differing degrees.17-19 Mechanical and chrono-
ropic impairment contribute to the decrease in exercise ca-
acity. Patients typically report less subjective impairment
han is indicated by objective testing, reinforcing the notion
hat the impact on lifestyle from late sequelae is different from
he clinician’s and patient’s perspective.

eurocognitive Outcomes
ntense interest has been focused on neurocognitive out-
omes in patients with CHD, particularly among those with
omplex lesions undergoing neonatal cardiac surgery. The
ongest reported follow-up of a prospectively studied cohort
f such patients is now 8 years;20 much remains to be learned
bout how cardiac surgery in the neonate affects long-term
utcomes. Among patients who underwent surgery in the
eonatal period or early infancy for complex CHD in the late
980s to early 1990s, mean IQ scores are generally found to
e within the normal range but slightly lower than the gen-
ral population mean.20-24 Performance IQ is often more af-
ected than verbal IQ.23,24 Abnormalities of visual-spatial and
isual-motor integration and executive function are noted.
here is a frequent need for remedial educational services.20

he mechanisms of brain injury are multifactorial, are most
ikely cumulative, and are beyond the scope of this discus-
ion. Several review articles describe in more detail the results
f these investigations.25-27

regnancy in Women
ith Congenital Heart Disease

regnancy imposes a hemodynamic burden that is usually
ell tolerated by women with normal hearts. As more women
ith surgically repaired or palliated CHD reach child-bearing

ge, pregnancy in CHD has become an important issue.
isenmenger syndrome carries an extremely high risk of ma-

ernal mortality (�45%).28 Reports of large series of women
ith various forms of heart disease indicate a low maternal
ortality (�1%) among the self-selected group of women
ho become pregnant.29 Among patients with CHD, pre-
regnancy functional class, ventricular dysfunction, cyano-

is, outflow tract obstruction, mitral stenosis, pulmonary hy-



p
m
w
a
t
p
N
w
f
v

F
T
i
c
a
s
f
t
N
9
t
c
a
i

a
a
O
t
p
a
u
h
p
i
1
1
i
m
v
d
s
r
i
i
h

L
I
K
s
e
s
o
w

c
m
t
s
a
e
s
s
i
o

T
T
a
y
n
r
p
t

M
C
I
c
t
o
s
b
s
p
s
w
s
u
T
h
m
u
fi
1

T
t
t
y
w
l
t
fi
l
s
t
0
r
p
s
m

148 A.H. Schultz and G. Wernovsky
ertension, and the need for anticoagulation are predictors of
aternal morbidity.29-32 The miscarriage rate among women
ith mixed forms of heart disease is elevated above normal33

nd is 39% among those with the Fontan circulation.34 Ma-
ernal cyanotic heart disease is associated with a high rate of
remature birth (37%) and a mean birth weight of 2,575g.35

eonatal complications are more common in pregnancies of
omen with heart disease.33 In addition, the recurrence risk

or CHD in the child is elevated above the population risk and
aries with the underlying maternal lesion.30,36

unctional Status and Quality of Life
he late morbidities outlined above, the difficulty obtaining

nsurance, and the need for life-long medical follow-up,
hronic medications, and SBE prophylaxis may collectively
ffect overall health-related QOL. Some long-term follow-up
eries have reported New York Heart Association (NYHA)
unctional class, frequency of medication use, and propor-
ion of patients employed. In the Second Joint Study on the
atural History of Congenital Heart Defects (NHS-2) 92%,
7%, and 94% of the surviving, surgically managed, full par-
icipants with AS, PS, and VSD, respectively, were in NYHA
lass I.37-39 Cardiac medications were used by 10.1%, 3.9%,
nd 4.2%, respectively. Across all defects managed surgically
n NHS-2, 72.3% of subjects were employed.40

Relatively few studies have used validated instruments to
ssess QOL.41 Lane et al42 assessed QOL in adults attending
n Adult Congenital Heart Disease clinic using the Medical
utcomes Study short form-36 (SF-36) questionnaire. Al-

hough the response rate was only 59%, they found that
atients with CHD scored lower on the physical functioning
nd general health perception domains than the general pop-
lation. Kamphuis et al43 examined health-related QOL and
ealth status in Danish adults with previously operated com-
lex CHD, using the SF-36 and a QOL instrument developed

n the Netherlands. The study population was born between
968 and 1982; 49% of the cohort died before the study in
999, and 16% were excluded due to language barriers or

mportant learning disabilities. On both instruments, do-
ains evaluating physical or gross motor functioning and

itality had scores lower than the general population. No
ifferences were seen on domains that evaluated fine motor,
ocial, cognitive, and emotional functions. NYHA class cor-
elated significantly with physical or gross motor function-
ng. Thus, NYHA class may provide a good estimate of phys-
cal functioning but does not comprehensively evaluate
ealth-related QOL in CHD.

ate Outcomes for
ndividual Lesions
nowledge of late outcomes guides the choice of current

urgical management strategy and provides insight into the
xpected clinical course. This information is useful for coun-
eling patients and their families, whether the counseling is
ffered to the parents of a newborn in 2005 or to a patient

ho underwent surgery for CHD in 1975. Similarly, clini- u
ians need to be well versed in the late outcomes of past
anagement strategies so that complications in older pa-

ients can be anticipated and managed appropriately. In the
ections that follow, we discuss the three most common cy-
notic lesions: TOF, D-TGA, and HLHS. As a frame of refer-
nce, we provide an overview of prevailing management
trategies circa 1975, 1985, and 1995, followed by a discus-
ion of the corresponding late outcomes. These discussions
llustrate the challenges in predicting true late outcomes for
ur current patients as management strategies evolve.

etralogy of Fallot
OF has the longest history of surgical treatment of any cy-
notic lesion, with a 60-year history of palliation and a 50-
ear history of repair.44 The era of surgical therapy for cya-
otic heart disease began in 1945 with Blalock and Taussig’s
eport of palliation of three patients with TOF by systemic to
ulmonary artery shunt.45 In 1955, Lillehei et al46 reported
he first intracardiac correction of TOF.

anagement of Tetralogy of Fallot
irca 1975 and its Late Follow-up

n 1975, diagnosis was suspected clinically and confirmed by
ardiac catheterization; the prevailing philosophy was elec-
ive repair in childhood, with palliative shunts and propran-
lol therapy used for cyanotic neonates and infants. The
trategy of primary repair in infancy was reported in 1973,47

ut typically operations were performed in toddlers or
chool-age children. One third to one half of patients had a
alliative procedure before surgical repair.48-50 Thus, long-
tanding volume overload and pulmonary artery distortion
ere not uncommon and influence the long-term outcome in

eries from that era. A ventriculotomy was almost always
sed, and transannular patches, when used, were extensive.
emperature management on cardiopulmonary bypass was
ighly variable.51-55 Normothermic or moderately hypother-
ic aortic cross-clamping or topical cooling of the heart were
sed in the early 1970’s;53,54,56 the use of cardioplegia was
rst reported in 1978.52 Operative mortality was 5% to
0%.51,53-56

Late survival of patients who underwent surgical repair of
OF in these early years has been good, especially in contrast

o the natural history of TOF, which rarely allowed survival
o adulthood. Murphy et al48 reported an 86% survival at 32
ears among patients operated on between 1955 and 1960
ho survived the immediate postoperative period, and Nol-

ert et al49 reported an 89% 30-year actuarial survival of pa-
ients corrected between 1958 and 1977 who survived the
rst postoperative year. In both studies, survival was slightly

ess than expected for the normal population. In the Nollert
tudy, mortality was linear for the first 25 years after opera-
ion (0.24% per year) but then increased significantly to
.94% per year. Similarly, in a population-based study, the
isk of sudden death after repair of TOF increased 20 years
ostoperatively.3 These observations raise the concern that
urvivors of TOF repair in this early era of cardiac surgery
ay not begin to experience late morbidity and mortality

ntil several decades postoperatively.
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Late outcomes in patients with surgically treated CHD 149
The risk of sudden death after TOF repair has been recog-
ized since the early 1970s. The incidence of sudden death
fter TOF repair is 1.2% at 10 years postoperatively, 2.2% at
0 years, 4% at 25 years, and 6% at 30 years.3 Ventricular
rrhythmias likely account for the majority of cases of sudden
eath. QRS duration longer than 180 milliseconds, older age
t repair, a history of atrial flutter or fibrillation, prior Water-
ton or Potts shunts, pulmonary regurgitation, residual right
entricular hypertension and/or outflow tract obstruction,
eft ventricular dysfunction, and perioperative transient AV
lock have been associated with sudden death.10,57-59

Reoperation has been performed in a minority (7% to
0%) of patients after TOF repair in long-term follow-up
eries.48-50 Actuarial survival with freedom from reoperation
s 88% at 30 years.48 The most common reason for reopera-
ion was residual or recurrent VSD; pulmonary valve replace-
ent was rare. However, in a recent series from Toronto, the

requency of late reoperations after repair of TOF is increas-
ng; pulmonary valve replacement accounts for 38% of
hese.60

Semilunar valve function is of concern on the right and left
ides of the heart. Pulmonary regurgitation often results from
ransannular patching or pulmonary valvotomy, whereas the
ortic annulus and root may dilate over time, leading to in-
ufficiency. At least moderate pulmonary insufficiency oc-
urred in 54% of patients in a six-center study for whom
chocardiography data were available.10 Mean follow-up af-
er initial repair was 21 years. Pulmonary insufficiency has
een associated with sudden death, exercise intolerance, and
achyarrhythmias.10,61,62 Pulmonary valve replacement stabi-
izes right ventricular size and QRS duration and improves
ymptoms of congestive heart failure; data are conflicting as
o whether right ventricular function improves postopera-
ively.63-65 Appropriate timing of pulmonary valve replace-
ent 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
alve or root replacement remains rare.60,66 Patients with aor-
ic root dilation had a longer shunt-to-repair interval and a
igher prevalence of pulmonary atresia and right aortic arch.
iven the different surgical strategy from this era, the fre-
uency of and indications for future reoperation in TOF are
nlikely to be well predicted by these initial long-term fol-

ow-up series.
Exercise capacity of patients operated on in this early era is

onsistently lower than population norms, although the de-
ree of impairment is variable.62,67 In a review of all studies of
xercise capacity in TOF (spanning different eras), mean
ork capacity was 85% of predicted, and VO2max averaged
1% of predicted.17 Pulmonary insufficiency has been impli-
ated as a cause of reduced exercise tolerance,68 whereas
estrictive right ventricular diastolic physiology has a benefi-
ial effect.62

In a description of 43 women with TOF (including eight
omen with unrepaired TOF) who had 112 pregnancies,
iscarriage occurred in 27% of pregnancies, but only 1.2%

f completed pregnancies were preterm.69 Six of the 35

omen with repaired TOF had cardiovascular complications t
uring the pregnancy, including arrhythmias, LV dysfunc-
ion, and progressive RV dilatation.

To our knowledge, no large study of QOL using validated
nstruments has been performed in adults after TOF repair.
everal long-term follow-up series have reported gross mea-
ures of functional status and QOL at late follow-up: 90% to
5% of patients report being in NYHA class I or II, 71% to
5% are employed, 17% to 25% take routine medications,
nd 50% participate in recreational sports.48-50

Bacha et al70 reported on long-term survivors who had
rimary repair of TOF at �24 months of age at Children’s
ospital, Boston between 1972 and 1977. Unlike most pa-

ients treated in that era, no palliative procedures were per-
ormed, so the volume load associated with a shunt was
verted and the duration of cyanosis was shortened. There
re important differences between this cohort and patients
anaged currently. Postoperative care was according to the

tandards of the era, and the VSD was typically closed
hrough a ventriculotomy. Actuarial survival was 86% at 20
ears, freedom from reintervention was 79% at 20 years, and
ne patient underwent a pulmonary valve replacement.

anagement of Tetralogy of Fallot
irca 1985 and its Late Follow-up
y 1985, primary repair in infancy was increasingly used at
elected large-volume centers.51,55 Early neonatal correction
ith profound hypothermia and circulatory arrest was being
roposed. However, the Pediatric Cardiac Care Consortium
PCCC), which had 12 member institutions of variable size
cross the United States, reported that 35% of patients re-
aired between 1986 and 1990 had a prior palliative shunt.71

he percentage of initial shunts at the member institutions
anged from 8% to 70%. The mean age at repair was 2.4
ears, and in-hospital mortality was 6.6%. The use of cardio-
legia for myocardial protection was well established, and
ther aspects of intraoperative support management were
eing actively investigated. Thus, this cohort represents a
eterogeneous surgical approach, age at repair, and comor-
idities.
There is little late follow-up data that can be linked specif-

cally to patients operated on in this time period. Yetman et
l72 reported on 74 patients repaired between 1982 and
992, 22 of whom had been repaired before 18 months of
ge. There were no demonstrable differences in exercise ca-
acity between those operated on early versus later (peak VO2

0% v 75% predicted, ventilatory anaerobic threshold 69% v
5% predicted). DeRuijter et al73 examined the effects of
ulmonary regurgitation in 171 patients repaired at a mean
f 1.9 years of age between 1977 and 2000. Right ventricular
ilation was noted in 38% at a mean of 9.6 years of follow-up,
nd 9% underwent pulmonary valve replacement at a mean
f 9.2 years after initial repair.

anagement of Tetralogy of Fallot
irca 1995 and its Late Follow-up
s the field moved into the 1990s, preoperative catheteriza-

ion was replaced by echocardiography, and significant ad-
ances were made in postoperative care. The fraction of pa-

ients palliated initially with a shunt continued to decline.
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150 A.H. Schultz and G. Wernovsky
he PCCC reported that between 1991 and 1995, 22% of
atients had a shunt before definitive repair.71 The mean age
t repair in this consortium decreased to 1.35 years, and
ortality declined to 2.3%. Surgical management of neo-
ates with critical CHD expanded, and several large centers
dopted primary repair in cyanotic neonates with TOF as
heir preferred strategy.74 The optimal approach in this pa-
ient group—shunt followed by later repair or primary re-
air—continues to be debated in 2005, as illustrated else-
here in this issue. Finally, the multiple genetic associations
ith TOF, most importantly the 22q11 deletion syndrome,
ere increasingly recognized.75 Many of these genetic abnor-
alities have significant implications for long-term outcomes

hat are hard to separate from the management of the cardiac
alformation (eg, neurodevelopmental outcomes).
Hirsch et al74 reported on their center’s experience with

omplete repair of TOF in 61 neonates operated on between
988 and 1999. There was one in-hospital death and four

ate deaths, with an actuarial survival of 95% at 5 years.
reedom from reoperation was 58% at 5 years. Excellent
urvival after TOF repair is achievable, even with operation in
he neonatal period. However, the frequencies of morbidities
ell described among patients operated on circa 1975 are
ndefined for the infant who has undergone routine repair in
he recent era.

ummary: Late Outcomes in Tetralogy of Fallot
dults with TOF face the sequelae of medical and surgical
anagement strategies used during their infancy and child-
ood. From a clinician’s perspective, they enjoy excellent
ctuarial survival rates, and reintervention has been infre-
uent. However, there is growing concern about the long-
erm effects of pulmonary regurgitation and ventricular dys-
hythmias, with their attendant influences on functional
tatus, exercise tolerance, and the risk (fear) of sudden death.
hese late outcomes may or may not be applicable to the
urrent generation of infants with TOF undergoing primary
epair. Follow-up studies are needed in more contemporary
ohorts to define their truly late outcomes.

ransposition of the Great Arteries
alliation of D-TGA became possible in 1950 with the devel-
pment of the Blalock-Hanlon atrial septectomy, which im-
roved intercirculatory mixing.76 A physiologic repair using
ative atrial tissue was first reported by Senning77 in 1957,

ollowed by Mustard’s78 success with an atrial switch using a
ericardial baffle in 1963. Atrial switches became widely
sed in the 1960s and 1970s in a growing population of
hildren stabilized in the neonatal period by a Rashkind
ranscatheter atrial septostomy.79 In 1975, Jatene80 reported
he first successful arterial switch operation (ASO), ushering
n a new era of surgery for D-TGA. Despite an initial difficulty
ith high operative mortality, the ASO had become the pre-
ominant surgical strategy at most institutions by the late
980s.81

anagement of D-Transposition of the
reat Arteries Circa 1975 and its Late Follow-up
atients born with D-TGA in the 1970s would have typically

ndergone a cardiac catheterization and a Rashkind balloon
eptostomy, followed by a Blalock-Hanlon atrial septectomy
via a thoracotomy) if mixing was still inadequate. An atrial
witch was typically performed at 1 to 4 years of age, and the
esultant delay in repair was associated with decreased func-
ional status and intelligence testing.82 Cardioplegia was not
n routine use; operations were performed with hypothermic
ardiopulmonary bypass or deep hypothermic circulatory ar-
est.9 Early mortality in this era ranged from 0.9% to
6.5%.9,83

The long-term survival of these patients has been good,
lthough not as favorable as reported for TOF. Actuarial sur-
ival at 25 years (including early mortality) is 74% to 77%,9,84

ith 67% survival at 30 years.83 In one study, the instanta-
eous risk of late death seems to increase after about 10 years
ostoperatively.9 The most problematic long-term cardiovas-
ular issues have been (1) loss of sinus rhythm, (2) atrial
achyarrhythmias, (3) baffle obstruction or leak, (4) decline
n systemic right ventricular function, and (5) sudden death.
mong operative survivors, 40% to 63% are still in sinus
hythm 20 to 25 years postoperatively,9,84 with 5.5% to 22%
equiring pacemaker placement, depending on the length of
ollow-up.83,85 Atrial flutter is the most common atrial tachy-
rrhythmia, occurring in 24% of survivors by 20 years.9 Re-
ntervention for baffle leak or obstruction is reported in 5% to
1% of patients.9,84 Concern that the right ventricle may not
e able to sustain systemic work for decades in some patients
eems to be borne out as this patient group is observed over
ime. Serial echocardiographic assessment of right ventricu-
ar function has been performed at approximately 14 and 25
ears after surgery. Ventricular function in all patients was
lassified as normal (68%) or mildly impaired (32%) at the
rst study. Only 4 of 47 (8%) had stable ventricular function
t follow-up, with 38% classified as moderately impaired and
3% as severely impaired.84 Relatively few heart transplants
re reported in long-term follow-up series, but myocardial
ailure accounted for 21 of 77 late deaths in one series.9 A
opulation-based study reported a cumulative incidence of
udden death in TGA of 4.9 per 1,000 patient-years.3 These
eaths are presumed to be arrhythmic and were associated
ith exercise in 81% of cases.12 In the ASO era, coronary

nomalies associated with D-TGA are increasingly recog-
ized; the role that these anomalies might play in sudden
eath after atrial repairs has, to our knowledge, not been

nvestigated.
Despite the above cardiovascular concerns, a convenience

ample of long-term survivors without learning disabilities
eported a favorable perceived health, functional status, and
OL.86 Distribution of NYHA class has been variable among

ong-term follow-up series, ranging from 92% class I and 8%
lass II at a mean of 17 years of follow-up83 to 24% class I,
3% class II, and 23% class III at a median follow-up of 25
ears.84 A review of 27 exercise studies in this population
otes that almost all the patients studied considered that they
ere leading normal lives.18 However, work performance
as impaired, with most parameters about 75% of predicted
alues. As in TOF, patient-perceived limitations are less than
bjectively measured parameters might predict.

Pregnancy and childbirth are generally well tolerated in
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omen after atrial switch operations, but in a minority func-
ional class and/or right ventricular function may deteriorate
nd in some cases may not recover after delivery.87

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

anagement of D-Transposition of the
reat Arteries Circa 1985 and its Late Follow-up
he transition from the atrial repair to the ASO spanned the
ecade of the 1980s. By 1985, patients with D-TGA with VSD
ere managed chiefly by ASO. Those with intact ventricular

eptum were still being managed by either technique.88 By
he end of the decade, nearly all were undergoing ASO. Thus,
s in TOF, the current teenagers with D-TGA represent a
eterogeneous group. Of most interest to this discussion of

ate outcomes is the follow-up of the early cohort of patients
epaired by ASO.

Long-term survival after ASO has been excellent and may
rove better than long-term survival after atrial switch. The
ongenital Heart Surgeon’s Society’s multi-institution study
nrolled 829 neonates from 24 institutions between 1985
nd 1989 who were managed surgically according to the
hoice of the treating physician.89 This cohort provided a
nique opportunity to study patients treated concurrently
ith different surgical techniques, although assignment to

urgical treatment was not random, so baseline difference
etween the groups could exist. Operative mortality at the
ime was 14.9% for ASO, 14.2% for the Senning procedure,
nd 3.6% for the Mustard procedure; 17-year survival esti-
ates were 81%, 74%, and 94%, respectively. The hazard

unction for instantaneous death, although higher in the early
hase for ASO, has a higher constant phase risk of death for
he atrial repair group. If prior trends continue, a crossover of
he mortality curves was expected to occur shortly after 17
ears. Given that early phase mortality has been substantially
educed for ASO, long-term survival will likely be superior to
hat after atrial switch procedures. Two other long-term fol-
ow-up series that include patients from the early ASO era
eport 15-year survival of 86% to 88%.90,91

Other long-term outcomes of interest in patients after ASO
nclude the need for reoperation, coronary patency, neo-aor-
ic valve competency, left ventricular function, rhythm dis-
urbances, and functional status (including neurodevelop-
ental outcome). In one series, freedom from reoperation in

urvivors of the perioperative period was 82% at 15 years;91

n another series that included operative and transcatheter
nterventions, freedom from reoperation was slightly less
han 60% at 15 years.92 Pulmonary stenosis was the most
ommon reason for reintervention, accounting for 30% to
5% of procedures.90-92 To our knowledge, no study has
etermined the true frequency of late coronary obstruction
fter ASO. In the two most frequently cited series, only 43%
o 64% of survivors of the perioperative period underwent
oronary angiography, and in these series, follow-up was
hort.93,94 Given these limitations, these studies found that

.4% to 14.6% of patients repaired with usual coronary s
ransfer techniques had significant obstruction. Significant
oronary stenosis or occlusion can be present in otherwise
symptomatic patients.93 Although the long-term implica-
ions of neonatal coronary surgery in adulthood are un-
nown, the impact of adult cardiovascular disease (eg, hyper-
ension, coronary artery disease, diabetes) will almost
ertainly be of greater significance in these patients than in
hose with normal hearts.

Neo-aortic insufficiency of moderate to severe degree has
een uncommon to date (1% to 7%); in contrast, trivial to
ild neo-aortic insufficiency is common (29% to 34%) at a
ean follow-up of approximately 8 years.95-97 Neo-aortic

oot dilation is common and may have significant implica-
ions in adulthood as afterload increases. In a recent report
rom Boston, freedom from aortic root dilation (Z score �3)
as only 51% at 10 years, and patients operated on more

ecently seem to be dilating earlier.97 However, dilation does
ot seem to be progressive once a Z score �3 is reached.
hus, the functional fate of the neo-aortic root is unclear and
ay prove to be the most significant long-term issue in early

dulthood. In contrast to the atrial level repairs, systemic
entricular function is normal in 97% to 99 % of patients,90-92

nd significant arrhythmias are rare.92 Freedom from perma-
ent pacemaker implantation at 15 years after ASO is 98%, in
ontrast to 89% after an atrial repair.89 Functional status is
xcellent, with physical and psychosocial health status simi-
ar to the general population at 8 years of age98 and with 97%
f patients in NYHA class I.92 Exercise capacity in early child-
ood is normal.99

Neurodevelopmental outcome has been extensively stud-
ed in the Boston Circulatory Arrest Trial, which enrolled
eonates with D-TGA between 1988 and 1992. Eight-year
ollow-up demonstrated mean full-scale IQ 97.1, mean per-
ormance IQ 94.9, and mean verbal IQ 99.8.20 All of these
esults fall within the normal range, but full-scale IQ and
erformance IQ are statistically lower than the population
orm of 100. Deficits were noted in other outcomes, includ-

ng academic achievement, fine motor function, visual-spa-
ial skills, working memory, hypothesis generating and test-
ng, sustained attention, and higher-order language skills.

anagement of D-Transposition of the Great
rteries Circa 1995 and its Late Follow-up
y the mid 1990s, the ASO had essentially completely re-
laced the atrial level switch, except in rare complicated an-
tomic or clinical situations. The first decade of routine use of
he ASO was marked by a decline in the operative mortality
ates in several large series100,101 and increasing success with
omplex coronary patterns. Dibardino et al102 reported an
verall 1.6% early mortality at their center since 1995; no
atient was denied ASO on the basis of a coronary anomaly.
ctuarial analysis of this series shows 96% survival and 90%

reedom from reoperation at 7 years. In contrast, a publica-
ion from the PCCC using slightly older data (1992 to 1996)
eported an overall hospital mortality of 15.1% with marked
ariation in mortality by center, ranging from 0% to 50%.103

his study reminds us that publication bias favors good re-

ults, and although most results of the ASO in the literature



a
s
i
c
e
d

S
T
s
a
t
A
a
“
m
e
I
o
c

H
H
m
t
s
c
H
c
p

M
S
T
t
N
m
t
1
s
a
N
t
d
d
o

a
H
h
p
o
s
d
w
M
p
d

P
n
e
N
r
f
l
f
d
r
p
r
s
t
c
o

M
C
B
c
e
p
4
p
g
d
w
t
i
a
F
p

s
f
t
p
1
o
t
s
u
M
a
t
f
f
a
e

S
o
L
a
f
d
p

152 A.H. Schultz and G. Wernovsky
re outstanding, a subset of patients may not be enjoying
uch outcomes. Finally, prenatal diagnosis became increas-
ngly common in the 1990s and has been embraced by clini-
ians as a mechanism to improve outcomes; however, a ben-
ficial effect on long-term outcome has yet to be
emonstrated.104

ummary
he medium- and long-term outcomes for D-TGA are reas-
uring, although older patients after atrial repair are at risk for
rrhythmia, ventricular failure, and sudden death. Although
hese sequelae are not likely to affect younger children with
SO to the same degree, new and emerging difficulties, such
s coronary disease or aortic root dilation, may become the
Achilles heel” of the new approach. The transition of surgical
anagement from the atrial to the arterial repair and its

merging sequelae reminds us of two important facts: (1)
nnovation based on past results is necessary to improve
verall outcomes, and (2) naïveté that the heart is “corrected”
annot replace systematic, comprehensive follow-up.

ypoplastic Left Heart Syndrome
ypoplastic left heart syndrome (HLHS) was the last com-
on type of complex CHD to become amenable to surgical

herapy. It was not until 1983 that Norwood et al105 reported
uccessful palliation of a patient with HLHS to the Fontan
irculation. Thus, the longest follow-up for any patient with
LHS is just over 20 years, although additional predictions

an be extrapolated from data on late outcomes of the Fontan
alliation for other forms of CHD.

anagement of Hypoplastic Left Heart
yndrome Circa 1985 and its Late Follow-up
he mid-1980s was early in the evolution of surgical pallia-

ion for HLHS, which was available at relatively few centers.
onintervention (“compassionate care”) was the standard at
ost hospitals. Mortality was high with surgery, with long-

erm survival of only �30% for children treated in the mid-
980s at two high-volume institutions.106,107 The prevailing
urgical strategy was to place a shunt large enough to last
pproximately 2 years and then to convert from the Stage I
orwood directly to a Fontan (unfenestrated). Restriction at

he atrial septum, arch obstruction, and pulmonary artery
istortion were common surgical sequelae, and the myocar-
ial effects of long-term volume overload (until the Fontan
peration) are now being recognized.
Aside from mortality, limited long-term follow-up data are

vailable on the survivors of the early era of palliation for
LHS, likely because of the rarity of long-term survival. Co-
en et al108 reported on the fate of the neo-aortic root in 53
atients with HLHS born before 1995. At a median duration
f follow-up of 9.2 years, 98% had a neo-aortic annulus Z
core �2, a similar finding to the pattern of neo-aortic root
ilation after ASO. Some degree of neo-aortic insufficiency
as present in 61%,but was greater than mild in only 6%.
ahle et al22 reported on 143 school-aged survivors of staged

alliation for HLHS born before 1992. There were three late

eaths, and two patients underwent heart transplantation. t
arents of 83% of the remaining patients returned a question-
aire. At a mean age of 9 years, health by parental report was
xcellent in 45%, good in 40%, fair in 12%, and poor in 9%.
ineteen percent had been held back in school, and 34%

equired special instruction. Standardized testing was per-
ormed on a convenience sample of 28 patients who resided
ocally. Median values for full-scale IQ, verbal IQ, and per-
ormance IQ were 86, 90, and 83, respectively. Mental retar-
ation (IQ �70) was noted in 18% of subjects. Rogers et al109

eported a 64% incidence of mental retardation among 11
reschool-aged survivors of surgery for HLHS. Joshi et al110

eported the results of exercise testing in seven early Fontan
urvivors with HLHS. Mean VO2 was 25.9 mL/kg/min, with
he normal range specified as 35.6 to 61.3. These results were
omparable to those of subjects with Fontan palliation for
ther forms of single ventricle physiology.

anagement of Hypoplastic Left Heart Syndrome
irca 1995 and its Late Follow-up
y 1995, surgical palliation of HLHS was more widely ac-
epted and performed, although by no means was it consid-
red the standard of care. Chang et al,111 using national hos-
ital discharge data for 1993 through 1997, reported that
8% of neonates with a diagnosis of HLHS died in the hos-
ital without surgery or were discharged home without sur-
ery. The management of an additional 23% was undefined
ue to transfer to another institution. For neonates in 1995
ho underwent surgical treatment, several surgical innova-

ions in the previous decade had decreased the early mortal-
ty of HLHS, including superior cavopulmonary connection
s “second stage” operation105 and fenestration of the baffle at
ontan completion.112-114 Survival at many institutions im-
roved to approximately 65% to 70% at 5 years of age.106,114

Unplanned reintervention after Stage I Norwood recon-
truction most commonly occurs early in infancy, typically
or recurrent coarctation, which occurs in up to 20% of pa-
ients.115,116 Restriction at the atrial septum recurred in 4% of
atients who underwent Stage I reconstruction between
984 and 2000.117 Additional series evaluating neurodevel-
pmental outcome, with somewhat overlapping surgical eras
o those cited previously, have been performed. Kern et al118

tudied 14 patients over 3 years of age with HLHS who had
ndergone operations for HLHS between 1990 and 1996.
edian full-scale, verbal, and performance IQ were 88, 91,

nd 83, respectively. Goldberg et al119 reported on 26 pa-
ients with HLHS whose initial surgical palliation was per-
ormed between 1989 and 1994. This group had a mean
ull-scale IQ of 94 and verbal and performance scores of 99
nd 90, respectively, which were not different from the gen-
ral population.

peculation on Late Outcomes
f Hypoplastic Left Heart Syndrome
ittle long-term follow-up data beyond mortality are avail-
ble for patients who have undergone staged reconstruction
or HLHS. Further conclusions must be extrapolated from
ata on the Fontan palliation in other lesions. The most com-
arable cohort reported underwent lateral tunnel Fontan be-

ween 1987 and 1991 at a single institution with a mean of
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0.2 years of follow-up.120 Of the 220 patients, 26 (12%) had
LHS. Median age at Fontan completion was 3.9 years, and

enestration was used in 63%. Freedom from new atrial
achyarrhythmias was 91% at 10 years, and 6% of patients
nderwent pacemaker placement in the follow-up period.
wo patients developed hemiplegia 3 and 14 months after
ontan operation. Physician-assigned NYHA class distribu-
ion was class I, 41%; class II, 53%; and class III, 6%.

The National Heart, Lung and Blood Institute-sponsored
ediatric Heart Network (PHN) performed a multi-center
ross-sectional study of 544 children with a Fontan circula-
ion aged 6 to 18 years, recently reported in abstract
orm.121-124 The median age at Fontan was 2.9 years. At the
tudy evaluation, 32% of patients were not in sinus rhythm.
ther medical morbidities included ventricular dysfunction

13%), thrombosis (6%), stroke (3%), and protein-losing en-
eropathy (PLE) (4%). PLE has been reported in other series
o occur in 2.6% to 13.4% of patients after the Fontan oper-
tion and is associated with a 59% 5-year survival.125-127 The
HN study administered a generic QOL instrument, the
hild Health Questionnaire. Physical and psychosocial sum-
ary scores were below normal.
Exercise capacity in the Fontan circulation is diminished

ue to abnormal stroke volume and chronotropic impair-
ent, with maximal VO2 ranging from 43% to 64% of nor-
al.19 The PHN study reported a peak VO2 of 65% predicted;
igher peak VO2 was correlated with younger age at testing
nd younger age at first volume unloading surgery (superior
avopulmonary anastomosis or Fontan completion).124

ahle et al128 reported good maximal VO2 (76% of predicted)
n 46 children after lateral tunnel Fontan, 41% of whom had
LHS. Mean age at volume unloading surgery was 2.7 years.
arlier age at volume unloading was associated with im-
roved aerobic capacity. These data provide hope that cur-
ent management strategies will result in improved long-term
utcomes.
The management of HLHS continues to evolve. Relative to

he treatment of lesions such as TOF and D-TGA, the evolu-
ionary process is much more active. Examples include the
odification of Stage I reconstruction using a right ventricle

o pulmonary artery conduit,129 the choice between a lateral
unnel and extracardiac Fontan, modifications of cardiopul-
onary bypass during Stage I surgery (eg, continuous cere-

ral perfusion), and proposed interventional catheter tech-
iques to replace one or more stages of the Fontan. These

nnovations promise that assessing long-term outcomes in
LHS will continue to be a moving target for the foreseeable

uture and requires that systematic long-term studies follow
ny new approach.

ummary
he future for children and young adults born with CHD
emains both optimistic and uncertain. What clinicians con-
ider the most important “outcomes” (eg, mortality and rein-
ervention) may be different from the outcomes considered
mportant to our patients (eg, QOL), their parents (eg, early

unctional limitations and recurrence risks), and society (eg,
ost of long-term sequelae). Truly “late” results await decades
nd decades of follow-up, when our management strategies
ill have changed significantly. Although they have im-
roved upon the natural history of most lesions, surgical (and
ow transcatheter) interventions have created an “unnatural
istory” that requires ongoing, life-long, systematic follow-
p.
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