
IN ORDER TO UTILIZE THE LEFT VENTRICLE AS

systemic ventricle for the long term in patients
with the combination of concordant atrioventricu-

lar and discordant ventriculo-arterial connections, or
transposition, the recognized standard surgical treat-
ment is now the arterial switch procedure,1 even in

the presence of increased risk factors such as low body
weight and a solitary coronary artery.2 The ability of
the left ventricle to sustain the systemic circulation,
however, starts slowly to decline when patients with an
intact ventricular septum reach the age of two to three
weeks. The capability can remain, dependent upon
the patency of the arterial duct, the level of pulmonary
vascular resistance, the size of the inter-atrial commu-
nication, and the presence of obstruction within the
left ventricular outflow tract.

There is also the potential, nonetheless, to retrain
the left ventricle. This procedure was first reported
by Yacoub and his associates in 1977,3 prior to the
era of the neonatal switch procedure,4 with a rapid
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Abstract Objective: To evaluate the feasibility of the arterial switch for surgical repair of transposition, defined
as the combination of concordant atrioventricular and discordant ventriculo-arterial connections, after late referral.
Methods: From March 2000 to August 2001, six children underwent an arterial switch procedure following left
ventricular preparation because of late referral. The mean age at referral was 8.3 months, with a range from 3 to
25 months, and mean body weight was 5.3 kg, with a range from 3.7 to 9.3 kg. The mean saturation of oxygen
was 57%, with a range from 50 to 72%. Associated defects included a restrictive ventricular septal defect in three
patients, aortic coarctation in one, and partially anomalous pulmonary venous connection in one. The mean
interval between referral and the arterial switch procedure was 3.7 months, within a range from 1 to 7 months.
A mean of 1.5 surgical procedures were undertaken to prepare the left ventricle, the most being 3 procedures,
including combinations of creation of an inter-atrial communication in four patients, banding of the pulmonary
trunk in five, and creation of a systemic-to-pulmonary arterial shunt in three. We evaluated left ventricle ejection
and shortening fractions, left ventricular diastolic diameter and volume, right and left ventricular wall thick-
nesses, and the ratio of right to left ventricular values by echocardiography at referral, immediately before, and
one week after the arterial switch procedure. Results: All children are alive and well, with a mean follow-up of
17 months, ranging from 9 to 26 months. Echocardiography showed a statistically significant decrease of the ratio
between right and left ventricular wall thicknesses, from 1.33 � 0.26 at referral to 0.79 � 0.08 before the
switch procedure (p � 0.005). Left ventricular function was adequate after arterial switch, with a mean ejection
fraction of 79.3%, ranging from 66 to 87%, and a mean shortening fraction of 41.7%, ranging from 30 to
49%. Conclusions: Despite late referral, and initially inadequate left ventricular volume and mural thickness,
children with transposition can successfully be treated with the arterial switch procedure, provided that the left
ventricle is adequately prepared, using echocardiography to monitor left ventricular morphology and function.

Keywords: Congenital cardiac surgery; banding of pulmonary trunk; transposition of the great arteries

Correspondence to: Antonio F. Corno, MD, FRCS, FETCS, Cardiovascular Surgery,
Centre Hospitalier Universitaire Vaudois (CHUV), 46 rue du Bugnon, CH-1011
Lausanne, Switzerland. Tel: �41 21 314 2280; Fax: �41 21 314 2278; E-mail:
Antonio.Corno@chuv.hospvd.ch

Presented at the 37th Annual General Meeting of the Association for European
Pediatric Cardiology, Porto, May 15–18, 2002

Accepted for publication 16 August 2002

1301-09.qxd  21/Jan/03  3:06 PM  Page 49

https://doi.org/10.1017/S104795110300009X Published online by Cambridge University Press

https://doi.org/10.1017/S104795110300009X


two-stage technique for retraining being reported 
by Jonas and colleagues in 1989.5 Subsequent to this,
several investigators6–9 have reported the feasibility of
performing the arterial switch procedures in patients
with intact ventricular septum immediately after the
critical period of 2–3 weeks of age without retrain-
ing the left ventricle, with or without the need for
postoperative extra-corporeal membrane oxygenation
temporarily to support a ventricle not yet ready to
sustain the systemic circulation.

Retraining the left ventricle because of late refer-
ral has also been reported, but generally in patients
within the first stages of infancy.10–13 Reports of
retraining followed by the arterial switch in older
patients, excluding those with right ventricular fail-
ure after an atrial switch, are anecdotal.10 We report
here our experience with retraining the left ventricle a
group of consecutive patients who successfully under-
went an arterial switch procedure despite a very late
referral, having a mean age of over 8 months.

Materials and methods

From March 2000 to August 2001, we performed the
arterial switch procedure in six consecutive children
after left ventricular preparation because of late refer-
ral, this sequence representing our overall experience
with this protocol. Their mean age at referral was 
8.3 months, with a range from 3 to 25 months, and
the mean body weight was 5.3 kg, with a range from
3.7 to 9.3 kg. The mean systemic saturation of oxygen,
measured percutaneously, was 57%, with a range from
50 to 72%. A restrictive ventricular septal defect was
present in three patients, aortic coarctation in one,
and partially anomalous pulmonary venous connection
in another.

A mean of 1.5, and up to 3, different surgical pro-
cedures were performed in each patient to prepare 
the left ventricle. Enlargement of a restrictive inter-
atrial communication, or creation of a new defect,
both procedures always performed on cardiopulmonary
bypass through median sternotomy, was needed in
four patients. Banding of the pulmonary trunk was
required in five, along with aortic coarctectomy using
an extended end-to-end anastomosis in one, and 

a modified Blalock-Taussig shunt was constructed in
three patients. Re-operation was required to adjust the
band placed round the pulmonary trunk in 3 patients,
and to adjust the systemic-to-pulmonary arterial shunt
in 2 patients.

We evaluated ejection and shortening fraction, left
ventricular diastolic diameter and volume, right and
left ventricular wall thickness, and the ratio of the
right to the left ventricular values by echocardiogra-
phy at referral, immediately before, and one week after
the arterial switch. Results are expressed as mean �
standard deviation, using Student’s t test to compare
the values at referral with those found before and after
the switch procedure. A p value of less than 0.05 was
accepted as statistically significant.

The left ventricle was judged to be ready to sustain
the systemic circulation when echocardiography
revealed reversal of the ratio of the thickness of the
right and left ventricular free walls with respect to
the value at the time of referral, with concomitant
increases in the left ventricular diameter and volume.
At this moment, we proceeded to perform the arterial
switch procedure.

Results

Within a mean interval of 3.7 months, and a range
from 1 to 7 months after referral, all 6 children had
undergone an arterial switch procedure. At the same
time, we removed all bands placed around the pul-
monary trunk, and closed all systemic-to-pulmonary
arterial shunts, as well as closing all inter-atrial com-
munications. The restrictive ventricular septal defects
present in 3 patients were closed with single suture,
and the partially anomalous pulmonary venous con-
nection was repaired in the last patient. No patient
required extra-corporeal membrane oxygenation after
surgery. There were no early or late deaths, and all
children are well at a mean follow-up of 17 months,
with a range from 9 to 26 months. Left ventricular
function was adequate one week after the arterial
switch, with a mean ejection fraction of 79.3%, rang-
ing from 66 to 87%, and a mean shortening fraction
of 41.7%, ranging from 30 to 49%. These values
remained stable through the follow-up (Table 1).
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Table 1. Follow-up for left ventricular function after arterial switch

Referral Pre-switch Post-switch

RV wall (mm) 5.0 � 1.6 4.7 � 0.9 ns 3.9 � 0.8 ns
LV wall (mm) 4.0 � 1.7 6.0 � 1.6 ns 5.4 � 1.0 ns
RV/LV ratio 1.33 � 0.26 0.79 � 0.08 p � 0.005 0.72 � 0.11 p � 0.005
LV diameter (mm) 22.6 � 6.4 25.9 � 3.4 ns 30.1 � 3.4 p � 0.05
LV volume (cm3/m2) 33 � 17 72 � 16 p � 0.01 71 � 22 p � 0.05

Abbreviations: LV: left ventricle; RV: right ventricle; ns: not significant
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Discussion

Despite the fact that potential late problems of the
arterial switch still remain mostly unknown, this pro-
cedure remains the operation of choice for patients
with transposition, since it restores to the morpho-
logically left ventricle its appropriate role of support-
ing the systemic circulation.1 When the ventricular
septum is intact, however, or when there is a restrictive
ventricular septal defect, the left ventricle requires a
retraining in patients beyond the neonatal period if
it is to be adequate to sustain the systemic circulation.
Our knowledge on the remodelling of the left ventri-
cle in young children is still very limited. The main
issues to be defined remain the following:

� The criterions that indicate adequate left ventric-
ular retraining.

� The optimal method for retraining.
� The quality of the myocardial tissue generated by

retraining.

Several parameters, all obtained by echocardio-
graphic investigation, have been proposed to monitor
the remodelling. These include the shape of the ven-
tricular septum, as an indirect index of the ratio of
pressures between the right and left ventricles,14,15

as well as left ventricular ejection and shortening
fractions, left ventricular diastolic diameter and vol-
ume, left ventricular mass, and left ventricular mural
thickness.11,12,15–17

The echocardiographic methods currently avail-
able, however, have a major limitation. Both the left
ventricular volume and mass are calculated using
algorithms, considering the left ventricular cavity as
an approximation of a sphere.18 This situation, of
course, is far from reality.

In our experience, therefore, we decided arbitrarily
to monitor the ratio between right and left free ven-
tricular mural thickness, and to proceed with the
switch procedure once the ratio with respect to the
value at the time of referral was reversed, providing
this was concomitant with an increase of the left ven-
tricular diameter and volume. In fact, a substantial
change in this ratio was found subsequent to surgical
preparation of the left ventricle, from a value of 1.33 �
0.26 at the moment of referral to one of 0.79 � 0.08
(p � 0.005) at the time we proceeded to perform the
arterial switch. The ratio improved still further after
the arterial switch.

In terms of the surgical procedures for retrain-
ing, we used several operations. The most important
step is banding of the pulmonary trunk, associated
with creation of a systemic-to-pulmonary arterial
shunt.3,5,10–13,15–17 We also judged it necessary in some
of our patients to create an inter-atrial communication,

or enlarge an existing restrictive one, because of very
low pre-operative systemic arterial saturations, antici-
pating otherwise a poor tolerance of the necessary
banding of the pulmonary trunk.

As an alternative to training the left ventricle before
the arterial switch, it is possible to use extra-corporeal
membrane oxygenation, or mechanical assistance, to
support the left ventricle until it becomes capable of
sustaining the systemic circulation.8,9

Despite the observation that such mechanical
assistance after the arterial switch has the advantage
of supporting a left ventricle which is perfused with
oxygenated blood, in comparison to the hypoxic
myocardium found in the setting of left ventricular
retraining with a banded pulmonary trunk, mechan-
ical assistance in children remains a very demanding
procedure in terms of technical staff, equipment and
disposable materials, and blood products, and suffers
a substantial rate of complications,9,19 probably
greater than those that follow banding of the pulmo-
nary trunk.20

A limiting factor in banding for left ventricular
retraining, nonetheless, is the great difficulty, partic-
ularly evident in this group of patients, in appropri-
ately adjusting the band, obtaining the correct balance
between the need for an adequate left ventricular
afterload and the consequent left ventricular dysfunc-
tion. Half of our patients needed a repeated surgical
procedure to adjust the band, a feature reported also
by others.10–12 They also required a prolonged stay in
the intensive care unit, again as reported by others.20

The upper age limit for retraining the left ventricle
remains to be defined, even if previous studies demon-
strated the possibility of myocardial hyperplasia, that
is mitosis with an increased number of myocytes,
only within the first few weeks after birth.21 After this
period, the ventricle responds to pressure overload
by hypertrophying, this ultimately being a negative
process.

In our experience, the oldest patient was referred
at 25 months of age, but there are reports of left ven-
tricular retraining because of right ventricular failure
years after atrial rerouting, with a subsequent arterial
switch proving successful even in adults.10,22,23

As to the quality of the myocardium generated,
despite the successful clinical results, including our
experience with echocardiographic documentation
of adequate left ventricular function, so far no infor-
mation is available on this topic. Recent experimen-
tal studies24,25 have provided new information on the
mechanism of myocardial adaptation to the sudden
pressure overload, but we have still to clarify the
structural and molecular changes induced in myo-
cardium by the acute pressure overload. We still
remain uncertain concerning the negative conse-
quences induced by chronic hypoxia on myocardial
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structure, metabolism and function.26,27 Clarifica-
tion of gene expression, nonetheless, will probably
provide the molecular bioengineering knowledge
needed to modulate the abnormal adaptive responses
of the myocardium.
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