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Objective: Early results for anatomic repair of congenitally corrected transposition of the great arteries
(ccTGA) are excellent. However, the development of left ventricular dysfunction late after repair remains a
concern. In this study we sought to determine factors leading to late left ventricular dysfunction and the impact
of cardiac resynchronization as a primary and secondary (upgrade) mode of pacing.

Methods: From 1992 to 2012, 106 patients (median age at surgery, 1.2 years; range, 2 months to 43 years) with
ccTGA had anatomic repair. A retrospective review of preoperative variables, surgical procedures, and postop-
erative outcomes was performed.

Results: In-hospital deaths occurred in 5.7% (n ¼ 6), and there were 3 postdischarge deaths during a mean
follow-up period of 5.2 years (range, 7 days to 18.2 years). Twelve patients (12%) developed moderate or severe
left ventricular dysfunction. Thirty-eight patients (38%) were being paced at latest follow-up evaluation. Seven-
teen patients had resynchronization therapy, 9 as an upgrade from a prior dual-chamber system (8.5%) and 8 as a
primary pacemaker (7.5%). Factors associated with left ventricular dysfunction were age at repair older than 10
years, weight greater than 20 kg, pacemaker implantation, and severe neo-aortic regurgitation. Eight of 9 pa-
tients undergoing secondary cardiac resynchronization therapy (upgrade) improved left ventricular function.
None of the 8 patients undergoing primary resynchronization developed left ventricular dysfunction.

Conclusions: Late left ventricular dysfunction after anatomic repair of ccTGA is not uncommon, occurring
most often in older patients and in those requiring pacing. Early anatomic repair and cardiac resynchroniza-
tion therapy in patients requiring a pacemaker could preclude the development of left ventricular dysfunction.
(J Thorac Cardiovasc Surg 2014;148:254-8)
Congenitally corrected transposition of the great arteries
(ccTGA) is a complex cardiac anomaly representing approx-
imately 1% of all congenital heart defects.1 Classic or phys-
iologic repair of this condition has beenpossible since the late
1950s.2 However, in patients undergoing a physiologic
approach, as well as in patients not undergoing surgery, the
morphologic right ventricle (RV) remains connected to the
systemic circulation, leading to late RV dysfunction and
tricuspid regurgitation with disappointing late results. In
fact, systemic ventricular failure may affect as many as
40% of patients within 3 years of physiologic repair, and
56% of unoperated patients older than age 45 years.3,4

The guarded outcomes of the morphologic RV in the sys-
temic circulation provided the impetus for the surgical man-
agement of ccTGA to evolve from physiologic to anatomic
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repair, which restores the morphologic left ventricle (LV)
into the systemic circulation.5,6 The so-called double switch
entails an atrial switch (Senning or Mustard procedure), and
an arterial switch, Rastelli procedure, or, more recently, an
aortic translocation procedure to restore the atrioventricular
and ventricle-arterial concordance.7,8 Excellent results of
this approach have been reported consistently since the
mid-1990s and, therefore, this approach has been widely
adopted.9 Nevertheless, the development of latemorphologic
LV dysfunction still develops in a significant proportion of
patients undergoing anatomic repair.10

Neo-aortic regurgitation (neo-AR) and previous left
ventricular (LV) retraining with pulmonary artery banding
(PAB) have been reported as determinants of LV dysfunc-
tion after anatomic repair of ccTGA.11,12 We have
previously published a higher incidence of left ventricular
dysfunction in those patients requiring pacing and with
prolonged QRS for age and suggested that cardiac
resynchronization therapy (CRT) could be of value in this
population.10 However, other factors contributing to LV
dysfunction are poorly understood. Management of LV
dysfunction in patients undergoing anatomic repair of
ccTGA is controversial.

We report our experience with anatomic repair of ccTGA
in 106 consecutive patients, especially focusing on late out-
comes, in particular the development of late LV
ery c July 2014
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Abbreviations and Acronyms
ccTGA ¼ congenitally corrected transposition of

the great arteries
CRT ¼ cardiac resynchronization therapy
LV ¼ left ventricle
neo-AR ¼ neo-aortic regurgitation
PAB ¼ pulmonary artery banding
RV ¼ right ventricle
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dysfunction. Factors associated with this complication and
management strategies are presented.
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MATERIALS AND METHODS
Study Population

From June 1992 through June 2012, 106 consecutive patients, 67 males

(63.2%), with ccTGA underwent an anatomic repair. The median age at sur-

gery was 1.2 years (range, 2 months to 43 years), and the median weight was

9.4 kg (range, 3.4-58.5 kg). The segmental anatomywas S, L, L in 93 patients

(87.7%) and I, D, D in 13 patients (12.3%). Levocardia was present in

69 patients (65.0%), dextrocardia was present in 26 patients (24.5%), and

mesocardia was present in 11 patients (10.5%). Associated anomalies

included ventricular septal defects in 93 patients (87.7%), pulmonary steno-

sis in 42 patients (39.6%), pulmonary atresia in 31 patients (29.2%), and

Ebsteinoid dysplasia of the left-sided tricuspid valve in 23 patients (21.7%).

Surgical Technique
Before anatomic repair, 29 patients (27.4%) had a modified Blalock-

Taussing shunt and 30 patients (28.3%) had PAB to retrain the LVor prevent

overcirculation. An atrial switch was accomplished by a modified Senning

procedure in 35 patients (33%) and aMustard surgery in 71 patients (67%).

Forty-two patients (39.6%) had aRastelli procedure for LVoutflowobstruc-

tion, and 62 (58.5) underwent an arterial switch for restoration of the

ventriculo-arterial concordance. Two patients with severe subpulmonary

stenosis (1.9%) had an aortic translocation procedure late in our experience.

We have previously described in detail the procedures performed to restore

the atrioventricular concordance (Mustard or Senning) as well as the

ventriculoarterial concordance (arterial switch, and Rastelli and Nikaidoh

procedures).7,8 The surgical technique characteristics are shown in

Table 1. Our protocol for CRT in pediatric patients also has been reported.13

Data Collection and Statistical Analysis
This study was performed at Children’s Hospital in Boston and was

approved by the Institutional Review Board. Data were obtained from a

retrospective review of hospital charts and medical records preoperatively

and postoperatively. Individual patient consent for this study was waived.

The degree of LV dysfunction was determined by echocardiographic qual-

itative assessment before repair and serial follow-up echocardiograms. To

confirm that LV dysfunction was present, magnetic resonance imaging was

reviewed when available and/or the echocardiographic end-systolic wall

stress to fractional-shortening relationship. In patients with LV dysfunc-

tion, coronary angiograms were reviewed when available. LV dysfunction

was considered significant if graded as being moderate or severe. The de-

gree of neo-AR was determined with Doppler echocardiography by the

vena contracta jet width. In patients requiring a pacemaker and/or CRT im-

plantation, electrocardiograms were reviewed.

Relationships between patients and surgical characteristics and the pres-

ence of significant LV dysfunction were examined using the Fisher exact
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test or the c2 test when appropriate; continuous variables, such as age at

surgery, were categorized before the analyses were performed. A P value

of .05 or less was considered significant.
RESULTS
In-hospital mortality rate was 5.7% (n ¼ 6). One patient

with preoperative severe tricuspid regurgitation went on
extracorporeal membrane oxygenation after anatomic
repair and successfully was bridged to heart transplantation.
The late mortality rate was 3% (n ¼ 3). One patient died of
leukemia, another patient with pulmonary atresia and mul-
tiple aortic to pulmonary artery collaterals died of right ven-
tricular failure, and the last patient had severe neo-aortic
regurgitation and LV dysfunction. Freedom from death or
transplantation is shown in Figure 1.
Excluding the 6 early deaths and for a mean follow-up

period of 5.2 years (range, 7 days to 18.2 years), 12 patients
(12%) developed significant LV dysfunction. A complete or
high-degree heart block requiring a pacemaker implanta-
tion developed in 15 patients preoperatively, in 12 patients
at surgery, and in 11 patients postoperatively. Of the total 38
patients requiring a pacemaker, 12 patients developed post-
operative LV dysfunction during follow-up evaluation. CRT
was performed in 17 patients, 9 as an upgrade from a previ-
ous dual-chamber system and 8 as a primary pacing system.
LV function on late follow-up evaluation was normal in 70
patients, mildly depressed in 18 patients, and significantly
(moderately or severely) depressed in 12 patients. With
respect to CRT, LV function improved in 8 of 9 patients
undergoing a CRT upgrade. Moreover, none of the patients
undergoing CRT as their primary pacing system developed
LV dysfunction through the follow-up period. Of the 30 pa-
tients undergoing PAB before anatomic repair, 4 patients
developed LV dysfunction during follow-up evaluation.
Two patients in the arterial-switch group developed signif-
icantly neo-AR and LV dysfunction. One of those patients
with a pacemaker died suddenly at home, and the other
patient underwent a neo-aortic valve replacement. Interest-
ingly, neither of the patients had undergone previous PAB.
In univariate analysis, late LV dysfunction was related
significantly to weight greater than 20 kg or age older
than 10 years at anatomic repair, severe neo-aortic valve
regurgitation, and a ventricular pacemaker. PAB did not
come up as a significant factor for this late complication.
No risk factor for LV dysfunction was found in multivariate
analysis. An analysis of potential risk factors for late LV
dysfunction is shown in Table 2.
DISCUSSION
Anatomic repair of ccTGA provides an excellent alterna-

tive to traditional or physiologic surgical management. The
reported low surgical morbidity and mortality of anatomic
repair of ccTGA, combined with its good midterm out-
comes, have extended the applicability of the procedure to
rdiovascular Surgery c Volume 148, Number 1 255



TABLE 1. Surgical characteristics

Variable Number (%)

Atrioventricular switch

Mustard 71 (67)

Modified Senning 35 (33)

Ventriculo-arterial switch

Arterial switch 62 (58.5)

Rastelli 42 (39.6)

Aortic translocation 2 (1.9)

TABLE 2. Univariable analysis of surgical and postoperative potential

risk factors for significant left ventricular dysfunction (moderate or

severe depression) at follow-up evaluation

Risk factor Number

LV dysfunction,

N (%)

P

value

Age at repair (y) <.001

<1 44 3 (6.8)

1-9 46 4 (8.7)

�10 10 5 (50.0)

Weight at repair (kg) <.001

<10 54 3 (7.0)

10-19 29 1 (3.4)

�20 17 8 (47.1)

Segmental anatomy 1

S, L, L 87 11 (12.6)

I, D, D 13 1 (7.7)

Pulmonary artery banding prior to

anatomic repair

.75

No 70 8 (11.4)

Yes 30 4 (13.3)

AV surgical procedure .51

Mustard 69 7 (10.1)

Senning 31 5 (16.1)

VA surgical procedure .02

Arterial switch 60 7 (11.7)

Rastelli 39 4 (10.3)

Nikaidoh 1 1 (100)

Severe neo-aortic regurgitation .01

No 98 10 (10.2)

Yes 2 2 (100)

Ventricular pacemaker <.001

No 63 0 (0)

Yes 37 12 (32.4)

Biventricular pacemaker .03

No 83 7 (8.4)

Yes 17 5 (29.4)

Primary biventricular pacemaker .60
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the vast majority of patients with ccTGA.9-12,14,15 However,
different groups have experienced late deterioration of LV
function in this subset of patients.9 We report a series of
106 consecutive patients undergoing anatomic repair of
ccTGA during a 20-year time frame. In our series, LV
dysfunction was related to older age and higher weight at
repair, severe neo-aortic valve regurgitation, and the need
for pacemaker implantation. CRT was performed in 17 pa-
tients, in 9 patients as an upgrade from a dual-chamber
system and in 8 patients as a primary pacing system.
Encouragingly, LV function improved in 8 of 9 patients
upgraded to CRT. Moreover, none of the patients undergo-
ing CRTas their primary pacing system have developed LV
dysfunction.

Deterioration of LV function after anatomic repair for
ccTGA has been reported in multiple case series.16-20

One of the factors reported to be related to LV
dysfunction is retraining of the morphologic LV by
means of a PAB.21 Retraining of the morphologic LV in
preparation for anatomic repair with a PAB was first
performed by Mee.22 In late follow-up evaluation of his
pioneering series, 84 patients (45 with ccTGA) underwent
PAB before anatomic repair.23 Older age at PAB was found
to correlate with mortality. We recently reported our
FIGURE 1. Freedom from death or heart transplantation after anatomic

repair of ccTGA.

No 92 12 (13.0)

Yes 8 0 (0)

Secondary upgrade of pacemaker to

biventricular

.001

No 91 7 (7.7)

Yes 9 5 (55.6)

Biventricular pacemaker <.001

No 83 7 (8.4)

Primary 8 0 (0)

Upgrade/resynchronization 9 5 (55.6)

Excluding 6 early deaths. LV, Left ventricle; AV, atrioventricular; VA, ventri-

culoarterial.

256 The Journal of Thoracic and Cardiovascular Surg
experience on the use of PAB in retraining the LV in
ccTGA.24 Late LV dysfunction was significantly more
frequent in older patients, both at PAB and at anatomic
repair, with cut-off values of 2 and 3 years of age, respec-
tively. In the current series, which included those patients
who did not require LV retraining before anatomic repair,
PAB was not related to the development of LV dysfunction,
ery c July 2014
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indicating that age, neo-AR, and pacing have a major
impact on the preservation of LV function. The presence
of morphologic LVobstruction was common in this cohort,
with 73 patients (69%) having pulmonary atresia (n ¼ 42)
or pulmonary stenosis (n¼ 31). Thus, we tended to perform
the anatomic repair at an earlier age (median age at
anatomic repair, 1.2 years) to avoid PAB.

Neo-AR recently was reported as a factor influencing late
outcomes in patients undergoing anatomic repair for
ccTGA.25 In our series, severe neo-AR was present in
only 2 patients, both of whom had an arterial switch and sig-
nificant LV dysfunction. One patient died suddenly from a
ventricular arrhythmia and the other patient underwent
neo-aortic valve replacement. Despite the fact that severe
neo-AR was seen exclusively in arterial-switch patients,
this group did not show significant differences compared
with the Rastelli group in terms of poor LV function.

The most frequent early complication after surgical
correction of ccTGA10 was complete heart block. Patients
with ccTGA are at risk of complete heart block evenwithout
surgery owing to the location and characteristics of the
conduction system.26 Tachyarrhythmias can contribute to
LV dysfunction via reduced cardiac output at higher heart
rates and the negative inotropic effects of antiarrhythmic
drugs. In our series, all patients who developed significant
LV dysfunction had a pacemaker. Biventricular pacing or
CRT routinely is used in the management of symptomatic
heart failure in adults with decreased ventricular function
and ventricular dyssynchrony associated with left bundle
branch block or complete heart block. Improvement of
cardiac performance after CRT has been linked to increased
arterial pressure, cardiac output, and external work achieved
by the heart, and, more recently, improved coronary blood
flow.27 Although some groups have reported protocols for
the use of CRT in children,13 there is no standard approach
to treating pediatric patients with congenital heart dis-
ease.28-30 In our series, CRT was performed in 17 patients,
in 9 patients as an upgrade from a dual-chamber system
and in 8 patients as a primary pacing system. Fortunately,
LV function improved in 8 of 9 patients undergoing the up-
grade. This experience led to a more proactive use of CRT
when pacing was needed during anatomic repair. When
either heart block was present or likely to develop at the
time of anatomic repair, pacing leads were placed on the
atrium and both ventricles. Since initiating this approach
none of the patients undergoing CRTas their primary pacing
system have developed LV dysfunction. This fits with our
experience in d-transposition of the great arteries/ventricu-
lar septal defects when heart block develops after arterial
switch. LV dysfunction is common after pacing and
improves with CRT.31 The increased workload on the left
ventricle at the time of anatomic repair may render it espe-
cially vulnerable to pacing-induced dyssynchrony. This
suggests that pacing-induced dyssynchrony in conjunction
The Journal of Thoracic and Ca
with an anatomic repair may play a key role in the develop-
ment of LV dysfunction in this challenging population.
In conclusion, LV dysfunction after anatomic repair of

ccTGA is a serious complication. We found an association
with late-onset LV dysfunction and older age and higher
weight at repair, severe neo-aortic regurgitation, and
pacemaker implantation. CRT for patients requiring a
pacemaker has been successful in either improving LV
function after upgrade or preventing the development of
LV dysfunction when implanted primarily. CRT should be
considered as the primary mode of pacing whenever a
pacemaker is needed either at the time of anatomic repair
or postoperatively. Early anatomic repair, aggressive man-
agement of neo-AR, and CRT could prevent the develop-
ment of late LV dysfunction in this challenging population.
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