Status of the left ventricle after arterial switch
operation for transposition of the great arteries

Hemodynamic and echocardiographic evaluation

Background: The potential for improved preservation of systemic ventricular function represents an
important reason for the increasing popularity of the arterial switch operation. In support of this
expectation, prior studies in patients early after arterial switch operation have found normal ventricular
contractility and function. This study was conducted to extend those observations to up to 10 years of
follow-up and to directly examine the effects of a coexisting ventricular septal defect or short-term
preparatory banding of the pulmonary artery before the arterial switch operation. Methods: Patients
operated on from 1983 through 1991 were included. Echocardiographic and catheterization data were
collected as part of a prospective evaluation of outcome in all patients who undergo the arterial switch
operation at Boston Children’s Hospital, with inclusion of data from the most recent catheterization only.
Echocardiograms performed at least 6 months after the operation were included, with assessment of both
the most recent status as well as serial trends. Whenever possible, echocardiographic evaluation included
data necessary to perform analysis of ventricular mechanics including indices of afterload, preload, and
contractility. Comparison was made to normal values and between subgroups defined on the basis of an
arterial switch operation with or without ventricular septal defect and those who had a rapid two-stage
arterial switch operation. Resulfs: Invasive measures of left and right ventricular filling pressures, cardiac
index, and pulmonary vascular resistance did not differ among the three groups. Overall, echocardio-
graphic left ventricular end-diastolic dimension, wall thickness, mass, afterload (end-systolic wall stress),
function (fractional shortening and rate-corrected velocity of fiber shortening), contractility (stress-
velocity and stress-shortening relations), and preload were normal, and none of these variables was
different between the groups with and without a ventricular septal defect. Serial evaluation indicated a
slight but significant trend toward ventricular dilatation, perhaps related to a relatively high incidence
of at least mild aortic regurgitation (30%). In contrast, in the rapid two-stage group the echocardio-
graphic indices of left ventricular function (fractional shortening and velocity of fiber shortening) and
contractility (stress-velocity and stress-shortening relations) were found to be mildly but significantly
reduced compared with normal subjects and with the other arterial switch operation groups. Over the
duration of follow-up encompased by this study, no tendency toward progressive depression of function
was seen. Conclusions: As the length of observation after the arterial switch operation continues to
increase, left ventricular size, mass, functional status, and contractility continues to be normal, with no
evidence of time-related deterioration of function. As previously reported, the rapid two-stage arterial
switch operation does represent a higher risk for mild impairment of myocardial mechanics. (J THORAC
CARDIOVASC SURG 1995;109:311-21)
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Numerous reports indicate that an arterial switch
operation is preferable to intraatrial baffie repair for
correction of transposition of the great arteries, in
part because arrhythmias and ventricular dysfunc-
tion are less prevalent.”> Preservation of systemic
ventricular function was a primary theoretical justi-
fication for consideration of the anatomic repair as
potentially preferable to the repairs at the atrial
level. It is therefore of considerable importance to
critically examine the late status of the systemic
ventricle in these patients, particularly since Gra-
ham and associates® have observed a decreasing
incidence of systemic right ventricular (RV) dys-
function in patients with a more recently performed
atrial level repair of transposition of the great
arteries. We have previously described our results in
the initial cohort of patients with transposition of
the great arteries and intact ventricular septum’ and
transposition of the great arteries with ventricular
septal defect® at a mean follow-up of 1.5 years. We
have also recently reported the results of analysis of
myocardial mechanics in patients who have under-
gone preparatory pulmonary artery banding fol-
lowed by arterial switch operation 1 to 2 weeks
thereafter (rapid two-stage arterial switch opera-
tion).”® This report extends those observations to
include a larger population of patients observed for
up to 10 years and expands the observations to
compare these groups with each other and with
patients who had a rapid two-stage arterial switch
operation. Throughout this manuscript we use the
term rapid two-stage to refer to an arterial switch
operation performed after a brief (1 to 2 week)
period of preparatory pulmonary artery banding to
distinguish this from the alternative approach of
leaving the band in place for many months.

Methods

Patient selection. All patients who had undergone the
arterial switch operation for transposition of the great
arteries at Boston Children’s Hospital from January 1,
1983, to December 31, 1991, were eligible for inclusion.
These patients comprised three groups: (1) patients with
transposition of the great arteries with intact ventricular
septum or hemodynamically insignificant ventricular sep-
tal defect; (2) patients with transposition of the great
arteries with ventricular septal defect sufficiently large to
justify surgical closure, and (3) patients with transposition
of the great arteries with low left ventricular (LV) pres-
sure who had a rapid two-stage arterial switch operation
consisting of banding of the pulmonary artery with an
arterial switch operation 1 week to 2 months thereafter.”
Specifics of this patient population, including anatomic
variations, age at repair, prior procedures, and other
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clinical data, have been reported in detail elsewhere.’
Case finding was performed by review of the computer-
ized arterial switch operation database, which has been
prospectively maintained since 1985, with cross checks to
the cardiology departmental clinical database at Chil-
dren’s Hospital. No patients were excluded from this
review. Previous manuscripts have reported the results in
the first 49 survivors of an arterial switch for transposition
of the great arteries with intact ventricular septum™ 2 and
the first 62 patients undergoing an arterial switch opera-
tion with ventricular septal defect closure for transposi-
tion of the great arteries with ventricular septal defect.”
These patients are also included in this report. This study
was approved by the Children’s Hospital Human Investi-
gation Committee in November 1992.

Follow-up protocol. Whenever geographically feasible,
all patients after the arterial switch operation have been
included in a prospective evaluation of outcome according
to a protocol that we have previously reported.’> %> This
protocol includes clinical evaluation, electrocardiography,
use of a Holter monitor, echocardiography, and cardiac
catheterization at about 1 year after the arterial switch
operation and noninvasive evaluations annually thereaf-
ter. Because the majority of these patients are observed at
other institutions, participation in the protocol at Chil-
dren’s Hospital in Boston is variable with a bias toward
patients who live in the northeastern United States.

Review of clinical, catheterization, and echocardio-
graphic data. Data collected in all eligible patients up to
January 1, 1994, were reviewed, including all procedures
and interventions and current clinical status. All catheter-
ization data and angiograms were reviewed by one of us
(G.W.) for pressure and saturation results, cardiac index,
and any identified residua. Oximetry was used for detec-
tion of significant intracardiac shunting. LV and RV
pressures and pressures above and below the arterial
anastomoses were recorded and peak-to-peak gradients
were calculated at each site. Hemodynamic measurements
used in this analysis were taken before angiography or any
interventional procedures. When there was significant
respiratory variation in the ventricular end-diastolic pres-
sure tracings, the mean right atrial and pulmonary capil-
lary wedge pressures were substituted for RV and LV
end-diastolic pressures, respectively. Values for cardiac
index determined by the Fick method or by thermodilu-
tion were used to calculate pulmonary vascular resistance.
We have previously described the immediate postopera-
tive evolution of LV function after the arterial switch
operation for transposition of the great arteries with intact
ventricular septum’ and transposition of the great arteries
with ventricular septal defect’ in detail. Therefore, only
echocardiograms performed more than 6 months after
arterial switch operation are included in this report. Only
echocardiographic studies performed at our institution
are included, to ensure standardization of methods used
for assessment of ventricular mechanics. All available
catheterization data were included whether obtained at
Children’s Hospital or at outside institutions.

Echocardiographic assessment. Patients were sedated
with chloral hydrate, 50 to 100 mg/kg, when judged
necessary. The echocardiographic examination was per-
formed with a Hewlett-Packard Sonos 500, 1000, or 1500
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(Hewlett-Packard Co., Palo Alto, Calif.) or an Acuson 128
echocardiographic machine (Acuson, Inc., Mountain
View, Calif.). Transducers appropriate for body size were
used. All examinations included two-dimensional echo-
cardiographic imaging of the L'V from subcostal, apical,
and parasternal views. The presence and severity of aortic
insufficiency was assessed by color Doppler echocardiog-
raphy and graded on a four-point scale by measuring the
size of the proximal regurgitant jet width on color Doppler
echocardiography (absent; up to 4 mm, mild; 4 to 6 mm,
moderate; >6 mm, severe).’® Patients with evidence of
elevated RV systolic pressure by pulmonary or tricuspid
regurgitation on Doppler echocardiography or RV vol-
ume overload owing to pulmonary or tricuspid regurgita-
tion were excluded from quantitative analysis of cardiac
mechanics. After a circular short-axis LV configuration
throughout the cardiac cycle was confirmed by visual
inspection, a high-speed (100 mm/sec) hard-copy two-
dimensional echocardiogram-directed M-mode of the LV
in the parasternal short axis was performed simulta-
neously with an electrocardiogram, a phonocardiogram, a
carotid or axillary pulse tracing, and peripheral monitor-
ing of the blood pressure. A Dinamap 845 vital signs
monitor (Critikon, Inc., Tampa, Florida) was used to
obtain brachial blood pressure.

Analysis of ventricular size, wall thickness, and me-
chanics. The indirect carotid or axillary pulse tracing in
addition to the endocardial border of the ventricular
septum and the endocardial and epicardial borders of the
posterior wall of the LV on the M-mode recording were
hand-digitized on a custom programmed microcomputer-
based digitizing station by one of us. Measurements
obtained by averaging data from three cardiac cycles were
ventricular short-axis dimensions, LV posterior wall thick-
ness, fractional shortening, mean velocity of circumferen-
tial fiber shortening corrected for heart rate (VCFc), LV
mass calculated by the formula of Devereux and associ-
ates,"* and LV meridional wall stress calculated according
to Grossman, Jones, and McLaurin!%:

_ (P)(D)L3S
~ (h)(1 — [W/D])(4)

where WS is the wall stress (gm/cm?), P is the pressure
(mm Hg), D is the internal LV dimension (cm), h is the
LV posterior wall thickness (cm), and 1.35 is the conver-
sion factor from mm Hg to gm/cm?. End-diastolic dimen-
sion was taken as the maximum dimension. End-systolic
measurements were determined at the first high-fre-
quency component of the aortic valve closure sound
recorded on the phonocardiogram. The end-systolic pres-
sure was obtained by assigning the systolic pressure to the
peak and the diastolic pressure to the nadir of the pulse
tracing and calculation of intervening values by linear
interpolation according to the method of Stefadouros,'?
Marsh,** and their coworkers.

The relation between VCFc and LV wall stress at
end-systole has been previously shown to be a preload-
independent and afterload-adjusted index of contractili-
ty."> In contrast, the relation between fractional shorten-
ing and end-systolic stress is a contractility index that is
adjusted for afterload but sensitive to preload. These
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relationships were determined relative to a large popula-
tion of normal controls and expressed as z-scores of the
distribution in normal individuals, as follows. The relation
of VCFc to end-systolic stress was calculated relative to
the distribution of this relation in normal subjects as the
stress-velocity index, defined as the number of standard
deviations from the normal population mean VCFc for
the given level of end-systolic stress. Thus a stress-velocity
index of 0 is the normal mean value and the normal 95%
confidence interval is —2 to 2. The end-systolic stress/
fractional shortening relation was quantified as the stress-
shortening index, which is the number of standard devia-
tions from the population mean fractional shortening for
the given end-systolic stress. The effect of preload on LV
performance is represented by the difference between
these two indices and is quantified as the functional
preload index, defined as stress-shortening index — stress-
velocity index.

Statistical analysis. Values are reported as mean * 1
standard deviation unless otherwise indicated. To adjust
for age and growth-related changes in ventricular mechan-
ics, we expressed all echocardiographic variables as z-
scores relative to the normal distribution. Normal data for
these parameters were determined in 180 normal children
aged 1 week to 10 years studied in our echocardiographic
laboratory by means of a similar protocol to the study
population. This normal population has been described in
detail previously.'® For fractional shortening, velocity of
shortening, wall stress, and contractility, the z-score rela-
tive to age was used; for LV dimension, wall thickness,
and mass, the z-score relative to body surface area was
used. Z-scores indicate the position of each measurement
relative to the normal population expressed as standard
deviations from the mean, where both the mean and
standard deviations are specific for the age or body
surface area (BSA). In addition, to facilitate comparison
with data reported by others, we also report dimension,
thickness, and mass appropriately adjusted for BSA. Lin-
ear measurements (dimension and wall thickness) were
divided by BSA®® and mass by BSA!®. Comparisons
between groups were performed by analysis of variance. A
Fisher exact test was used to compare groups regarding
the prevalence of decreased contractility and aortic insuf-
ficiency. The relationship between time and the echocar-
diographic indices measured on the serial examinations
was assessed by repeated-measures analysis of variance.

Results

Patients. A total of 470 patients have undergone
the arterial switch operation for transposition of the
great arteries at our institution during the 1983
through 1991 time interval. Of these, 254 had an
arterial switch operation for transposition of the
great arteries with intact ventricular septum, 190
had arterial switch operation for transposition of the
great arteries with ventricular septal defect, and 26
had rapid two-stage arterial switch operation for
transposition of the great arteries with low LV
pressure. Prior surgical procedures had been per-
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formed in some patients. Among the patients with
intact ventricular septum, two patients had coarcta-
tion repair and one had an atrial septectomy with
Blalock-Taussig shunt. In the patients with ventric-
ular septal defect, 49 had a prior operation (11
coarctation only, 14 pulmonary artery banding only,
15 coarctation with pulmonary artery band, 3 pul-
monary artery band with repair of interrupted aortic
arch, 3 pulmonary artery band and Blalock-Taussig
shunt, 3 Blalock-Taussig shunt only). Over the en-
tire study period there have been 40 deaths (8.5%),
with a mortality rate of 6.7% (17/254) in the intact
ventricular septum group, 10.5% (20/190) in the
ventricular septal defect group, and 11.5% (3/26) in
the rapid two-stage group. Therefore, 430 patients
were eligible for study inclusion.

Hemodynamic evaluation. Postoperative hemo-
dynamic data were obtained at cardiac catheteriza-
tion at a mean follow-up of 1.6 years after the
operation (range 2 months to 10 years) in 330 (76%)
of the 430 hospital survivors, 184 of 237 (78%) with
intact ventricular septum, 127 of 170 (74%) with
ventricular septal defect, and 19 of 23 (82%) with a
rapid two-stage repair. For all patients, the mean
cardiac index was 4.0 = 1.0 L/min per square meter
(range 2.0 to 8.0 L/min per square meter). The
end-diastolic pressure in the RV was 6 = 3 mm Hg
(range 1 to 15 mm Hg) and in the LV, 8 £ 3 mm Hg
(range 3 to 18 mm Hg). The mean pulmonary artery
pressure was 14 = 6 mm Hg (range 7 to 73 mm Hg),
with a mean pulmonary vascular resistance of 311 *
150 dynes-sec:cm > (range 90 to 1770 dynes-
sec*cm ). Comparison of the distribution of LV
and RV end-diastolic pressures, cardiac index, and
pulmonary vascular resistance among the three
groups is shown in Fig. 1. For patients with hemo-
dynamic data, two of the intact septum group and 33
of the ventricular septal defect group had surgical
procedures before the arterial switch operation. As
a group, the hemodynamic variables were not dif-
ferent in these patients compared with the group of
patients who did not have a prior operation.

Echocardiographic evaluation. Of 430 late survi-
vors, 364 (84%) underwent echocardiographic eval-
vation 6 months or more after the operation (201/
237 = 85% with intact ventricular septum, 142/170
= 83% with ventricular septal defect, and 21/23 =
91% with rapid two-stage arterial switch operation).
These examinations were performed 3.5 + 2.2 years
after the operation (range = 6 months to 10.6
years). The mean duration of follow-up was not
different among the three groups (3.8 *+ 2.4 years for
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intact ventricular septum, 3.2 = 2.0 years for ven-
tricular septal defect, and 3.2 + 1.4 years for rapid
two-stage group), although the maximum length of
follow-up was shorter for the rapid two-stage group
(5.3 years versus 10.6 years for intact ventricular
septum group and 9.9 years for ventricular septal
defect group). Of these, 160 of 364 (44%) had
quantitative analysis of ventricular mechanics at a
latest median follow-up of 2.7 *+ 2.2 years after the
operation (96/184 [52%] with intact ventricular sep-
tum, 45/142 [32%] with ventricular septal defect,
and 19/21 [90%)] with a rapid two-stage repair).
Serial data consisting of two to four echocardio-
graphic evaluations at more than 6 months after the
operation were obtained in 58 patients. Seven of the
ventricular septal defect group were among those
patients who had surgical procedures before the
arterial switch operation. Prior surgical procedure
did not appear to affect any of the echocardio-
graphic variables (by multivariate analysis of vari-
ance), and therefore results are not separately re-
ported.

Aortic insufficiency. Because of the potential ad-
verse effect of aortic regurgitation on myocardial
mechanics, we report findings in this regard in
detail. The number of patients in each group who
also had echocardiographic evaluation of ventricular
mechanics with no insufficiency, mild, moderate, or
severe insufficiency of the neoaortic valve is shown
in Table I. Data are shown for all patients who had
late echocardiographic assessment. In addition, the
data are shown for the subgroup of patients who had
assessment of myocardial mechanics. Overall, 30%
of patients had aortic regurgitation. The percent of
patients with no regurgitation, mild, and moderate
regurgitation was not different in the group of
patients who had assessment of myocardial mechan-
ics as in the group as a whole, implying that the
effects of aortic regurgitation on myocardial me-
chanics should be adequately represented by the
subgroup with available studies. The frequency of
mild versus no regurgitation was significantly higher
in the rapid two-stage arterial switch operation
group than in the other groups.

LV mass, end-diastolic dimension, wall thickness,
and end-systolic stress. The means for values in-
dexed relative to BSA and for the BSA-relative
z-scores of LV mass, end-diastolic dimension, and
wall thickness for the transposition of the great
arteries with intact ventricular septum, transposition
of the great arteries with ventricular septal defect,
and rapid two-stage arterial switch operation groups
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Fig. 1. Comparison of the distributions of RV end-diastolic pressure (mm Hg), LV end-diastolic pressure
(mm Hg), cardiac index, and pulmonary vascular resistance (dynes - sec - cm™) in the three groups of
patients (IVS, arterial switch operation in patients with transposition of the great arteries and intact
ventricular septum; V8D, arterial switch operation in patients with transposition of the great arteries and
ventricular septal defect; 2-Stage, rapid two-stage arterial switch operation). There were no significant
differences among the three groups for the distribution of any of these variables.

are shown in Table II. The end-systolic wall stress
and the age-relative end-systolic stress z-scores are
also listed for each group. The data distributions for
these variables are presented in Fig. 2.

LV systolic performance. For each of the three
groups, the means for the echocardiographic func-
tion indices, as well as their age-relative z-scores, are
indicated in Table II, and the data distribution is
illustrated in Fig. 3. The mean value for each of
these variables in the intact ventricular septum and
ventricular septal defect groups was not significantly
different from each other nor from the normal
population mean value. However, for each of these
four variables the rapid two-stage group had values

that were significantly different from the other two
groups and significantly below the normal range for
age. LV function and contractility indices did not
vary as a function of time since surgery in the group
as a whole, or in any of the three subgroups. This
issue was also separately addressed in the patients
with serial examinations, as discussed later.

Serial evaluations and trends over time. Because
of the absence of significant differences in outcome
measures between the intact ventricular septum and
ventricular septal defect groups identified at late
evaluation and the limited number of serial evalua-
tions of L'V mechanics, we combined the available
serial data in these two subgroups. We also exam-
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Table 1. Incidence of aortic regurgitation classified according to severity in patients after arterial switch

operation
s VSD 28-A80
LV function LV function LV function
All patients group All patients group All patients group

No. % No. % No. % No. % No. % No. %

None 121 68 59 62 88 72 32 71 6 32 6 32
Mild 53 30 35 37 30 25 12 27 13 69 13 69
Moderate 4 2 2 2 4 3 1 2 0 0 0 0
Severe 0 0 0 0 0 0 0 0 0 0 0 0

IVS, Arterial switch operation in patients with transposition of the great arteries and intact ventricular septum; VSD, arterial switch operation in patients with
transposition of the great arteries and ventricular septal defect; 25-450, rapid two-stage arterial switch operation; All patients, results in all patients with late
echocardiograms; LV function group, results in the subgroup of patients who had late assessment of myocardial mechanics.

Table II. LV echocardiographic parameters, presented as overall values and subdivided into groups

Vs VSD 25-4S0
LVMi (gm/m’) 94 + 28 110 + 20 109 + 40
LVMz (SD) ~0.06 = 0.85 1.01 = 1.98 0.30 = 0.98
EDDi (cm/m) 4.16 = 0.46 4.17 £ 0.47 432 037
EDDz (SD) —0.15 £ 2.87 -0.17 * 2.16 0.61 = 1.04
EDhi (cm/m) 0.76 = 0.12 0.84 * 0.24 0.80 = 0.16
EDhz (SD) —0.04 = 1.06 0.99 +2.32 0.26 = 1.36
ESS (gm/cm?) 36.7+11.8 342+x 142 403 = 14.8
ESSz (SD) 0.16 + 1.57 —0.51 = 2.02 0.73 = 1.94
VCFec (circ/sec) 112 x0.11 112 = 0.12 0.99 = 0.12*
VCFcz (SD) -0.27 * 1.51 0.12 = 1.61 -2.02 = 1.59%%
FS (%) 369 + 3.5 37.9 £5.01 33.6 = 3.9*
FSz (SD) -023 =144 0.44 +1.96 ~1.65 = 1.52*F
SVI (SD) 0.08 = 1.35 0.07 = 1.46 —143 = 1.58*f
SSI (SD) 0.12 = 1.58 0.64 + 1.84 —1.32 = 1.58*f
FPI (SD) 0.04 = 0.96 057 =174 0.11 = 0.97

IV, Single-stage arterial switch operation in patients with transposition of the great arteries and intact ventricular septum; VSD, single-stage arterial switch
operation in patients with transposition of the great arteries and ventricular septal defect; 25-4S0, rapid two-stage arterial switch operation; LVMi and LVMz,
LV mass, index to BSA'> and z-score relative to BSA, respectively; SD, standard deviation; EDDi and EDDz, LV end-diastolic dimension, indexed to BSA%3,
and z-score relative to BSA, respectively; EDhi and EDhz, LV end-diastolic posterior wall thickness, indexed to BSA®>, and z-score relative to BSA,
respectively; ESS and ESSz, end-systolic stress and z-score relative to age, respectively; VCFc and VCFez, rate-corrected velocity of fiber shortening and
z-score relative to age, respectively; FS and FSz, percent fractional shortening and z-score relative to age, respectively; SVI, stress-velocity index; SSI,

stress-shortening index; FPI, functional preload index.
*p < 0.05 versus IVS and VSD groups.
ip < 0.05 versus normal range.

ined several variables (RV or LV outflow obstruc-
tion, severity of aortic regurgitation, and surgical
procedures before arterial switch operation) to at-
tempt to detect potential bias in the inclusion of
patients in the subgroup who had serial assessment
of LV function. The only factor that was different
between those who did and did not have serial
examinations available was severity of RV outflow
obstruction (patients with significant RV outflow
obstruction were excluded from assessment of myo-
cardial mechanics). Ten of the 19 patients with rapid
two-stage arterial switch operation had serial data
and a total of 48 other patients had serial evaluation.

When serial trends were evaluated for each of the
echocardiographic variables in each of the these two
groups, several trends became apparent. In the
patients after a one-stage procedure, LV mass and
dimension z-score both demonstrated a significant
direct relationship to length of follow-up, indicating
an increase out of proportion to body growth. All
other variables, including indices of function and
contractility, showed no change with time. In the
patients after a rapid two-stage arterial switch oper-
ation, there was a significant fall in wall thickness
z-score and rise in dimension z-score with a conse-
quent rise in end-systolic stress z-score over time.
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Fig. 2. Comparison of the distributions of IV end-diastolic dimension z-score (standard deviation),
end-diastolic posterior LV wall thickness z-score (standard deviation), LV mass z-score (standard
deviation), and end-systolic meridional wall stress z-score (gm/cm?) in the three groups of patients
(abbreviations as in Fig. 1). There were no significant differences among the three groups for the

distributions of any of these variables.

Similar to the one-stage group, indices of function
and contractility showed no significant relationship
to time since operation.

Discussion

In patients observed for up to 10 years after
arterial switch operation in infancy for transposition
of the great arteries with intact ventricular septum
or with ventricular septal defect, we found cardiac
index, LV filling pressures, dimension, wall thick-
ness, and parameters of systolic function, loading
conditions, and contractility to be normal. These
findings confirm our previous observations reported
earlier in the postoperative course of these pa-
tients.»> Also, as we have previously reported,®
patients who have undergone the rapid two-stage

arterial switch operation contrast with these findings
by manifesting mild depression of function and
contractility. However, taken as a group, these find-
ings support the hypothesis that improved preserva-
tion of systemic ventricular function can be achieved
with the arterial switch operation compared with
atrial level repair.

Previous reports. Other investigators have re-
ported normal LV mass,'” volume,'® ejection frac-
tion,'?! dimension,?> % shortening fraction,?>%*
stress-velocity index,'®? and stress-shortening in-
dex® in patients who have previously undergone an
arterial switch operation for transposition of the
great arteries with either intact ventricular septum
or ventricular septal defect. Although some investi-
gators report depressed function after arterial
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Fig. 3. Comparison of the distributions of LV rate-corrected velocity of fiber shortening z-score (standard
deviation), fractional shortening z-score (standard deviation), stress-velocity index (standard deviation),
and stress-shortening index (standard deviation), in the three groups of patients (abbreviations as in Fig,
1). For each of these variables the mean value in the rapid two-stage group was significantly lower than that
for the other two groups and was also significantly different from that of the normal population mean.

switch operation, they have included patients who
have undergone a prolonged period of preparatory
pulmonary artery banding,?® making the data more
difficult to interpret. Although elevated end-dia-
stolic volume has been occasionally observed after
arterial switch operation,® a large percentage of
these patients had residua (aortic regurgitation and
residual ventricular septal defect) that appeared
responsible. Because of the frequency of aortic
regurgitation,’® enlarged bronchial collateral ves-
sels,”” and occasional mild stenosis at the aortic
anastomosis, mild elevation of LV mass and volume
may be expected and does not imply abnormal
myocardial function. In series that included patients
who had undergone a two-stage arterial switch
operation with a prolonged period of banding, a

more globular then normal shape has been ob-
served.”® However, we and others have found ven-
tricular shape to be normal in groups that included
only patients after primary repair or after rapid
two-stage arterial switch operation,’> % 1®

In addition to a more spherical LV shape,®®
pulmonary artery banding of several months’ dura-
tion followed by arterial switch operation has been
reported to result in depressed contractility, 2% 3¢
abnormal regional wall motion,®" myocardial perfu-
sion abnormalities,®* reduced ejection fraction,® %
insufficiency of the neoaortic valve,® and elevated
LV volumes.*® These abnormalities do not appear to
be progressive but have led to some concern about
the ultimate outcome from this procedure. Our
results show that the rapid two-stage arterial switch
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operation, in which the duration of preparatory
banding is limited to 1 week, may not totally allevi-
ate this concern. The degree of dysfunction we
observed in these patients was mild, was not associ-
ated with symptoms, and did not progress on serial
evaluation. Nevertheless, prolonged observation will
be required to determine if this represents a signif-
icant long-term problem for this subgroup.

Review of serial data. Ventricular function and
contractility were found to have no significant rela-
tionship to time since surgery for either the primary
or rapid two-stage arterial switch operation groups.
For the patients either with ventricular septal defect
or with intact ventricular septum who underwent
arterial switch operation without prior “preparato-
ry”’ banding and had serial evaluation of ventricular
mechanics, there was a small but significant trend
toward increasing dimension and mass z-scores over
time, implying that both increased at a rate greater
than appropriate for the increase in body size. The
hypertrophy was proportional to the rise in diame-
ter, so that thickness/dimension and mass/volume
ratio remained normal. The trend was similar in the
rapid two-stage group although this did not achieve
statistical significance over the shorter duration of
follow-up in this patient group. The reason for this
trend is not known, although the frequency of
enlarged bronchial collaterals and relatively high
incidence of aortic regurgitation, even if mild, may
contribute.

Aortic regurgitation. Although, as observed in
this study, insufficiency of the neoaortic valve has
been observed frequently after the arterial switch
operation, more than mild regurgitation has been
unusual. The frequency of aortic regurgitation is
greater in patients who have banding of the pulmo-
nary artery before the arterial switch operation. The
cause is uncertain. However, in addition to intrinsic
differences between the aortic and pulmonary
valves, which might lead to intolerance of the ana-
tomic pulmonary valve to the force of the systemic
circulation, and the fact that the surgical procedure
itself could contribute because the neoaortic root is
abnormal as a result of the coronary reimplantation
sites and the aortic circumferential suture line, the
pulmonary artery band may directly damage the
valve mechanism. Should this damage prove to be
progressive, the resulting LV volume load repre-
sents a potential risk for the myocardium.

Methodologic issues. The potential limitations of
the echocardiographic method of analysis of ventric-
ular mechanics used in this study have been previ-
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ously presented in detail.'> 1% 3%36 The analysis of
ventricular mechanics based on M-mode measures
of ventricular dimension and wall thickness is based
on the assumptions that (1) ventricular configura-
tion is normal, (2) the posterior wall thickness
obtained on M-mode is representative of the cir-
cumferential average, and (3) regional wall motion
is uniform. The first two of these issues must be
addressed by two-dimensional imaging, which in our
institution is done at the time of data collection. We
have previously justified the third of these assump-
tions by confirming that ventricular shape and re-
gional wall motion is normal in these patients as a
group,' even in patients with a rapid two-stage
arterial switch operation.® Regional wall motion
abnormalities have been reported in patients with
the more prolonged banding preparatory peri-
0d'® 3! but were similarly noted to be absent after
primary repair.3>%7

A mild to moderate degree of RV pressure and/or
volume overload was prevalent in these patients
because of insufficiency of the neopulmonary valve
and stenosis at the pulmonary arterial anastomosis
or branch pulmonary arteries.”>> Because of inter-
ventricular interdependence (“crosstalk”), RV pres-
sure and volume overload can affect both systolic
and diastolic LV function.*®4? By necessity, patients
in this category were excluded from analysis of
ventricular mechanics. Consequently, we are unable
to determine if patients after arterial switch opera-
tion with significant right-sided hemodynamic ab-
normalities have associated abnormalities of sys-
temic ventricular function. In contrast, mild valvular
and supravalvular aortic stenosis and aortic regurgi-
tation, which are not uncommonly seen in these
patients,’® do not interfere with the method of
analysis used here.*!

Limitations. Ideally, comprehensive serial evalu-
ations of all patients should be performed. The
limited number of patients from each group studied
echocardiographically relates to the number of pa-
tients who are not followed up at our institution, as
well as technical factors related to poor acoustic
access or RV pressure or volume overload in some
patients. Although the first two of these factors are
unlikely to bias this analysis because they can be
presumed to be random, abnormal right-sided he-
modynamics are known to affect LV mechanics, and
the results of this study may not be representative of
the entire group. We previously found noninvasive
parameters of diastolic function to be normal in
these patients but did not address diastolic function
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in this study. This issue is likely to be of particular
interest in the rapid two-stage group. Evaluation of
the effect on diastolic function, as well as longer
duration of follow-up, is needed before a more
definitive conclusion can be reached as to outcome
for this subgroup of patients. Although only 75% of
patients have had postoperative catheterization, pa-
tients with no evidence of significant residual hemo-
dynamic lesions were less likely to be referred for
invasive evaluation, representing probable selection
bias. Although the hemodynamic measurements in
this report may thus not be representative of the entire
arterial switch operation population, the results prob-
ably overestimate rather than underestimate the fre-
quency of abnormal values.

Conclusions. The arterial switch operation re-
sults in excellent preservation of systemic ventricular
function and myocardial contractility at up to 10
years of follow-up with no observed tendency to-
ward deterioration. The rapid two-stage arterial
switch operation is associated with a significant
incidence of mild ventricular and myocardial dys-
function, and a longer period of observation is
needed to determine the ultimate implications of
this finding.
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