
ORIGINAL ARTICLE

Left Ventricular Function in Patients with Transposition of the
Great Arteries Operated with Atrial Switch

Eirik Pettersen Æ Harald Lindberg Æ Hans-Jørgen Smith Æ Bjarne Smevik Æ
Thor Edvardsen Æ Otto A. Smiseth Æ Kai Andersen

Received: 15 August 2007 / Accepted: 26 October 2007 / Published online: 27 November 2007

� Springer Science+Business Media, LLC 2007

Abstract In patients operated with atrial switch for

transposition of the great arteries (TGA), the left ven-

tricle (LV) supports the pulmonary circulation and is

thus pressure unloaded. Evaluation of LV function in this

setting is of importance, as LV functional abnormalities

have been documented and might contribute to devel-

opment of symptoms. The ventricular contraction pattern

in 14 Senning-operated TGA patients and 14 healthy

controls was studied using tissue Doppler and magnetic

resonance imaging. In the subpulmonary LV free wall,

longitudinal strain was greater than circumferential strain

(-23.6 ± 3.6% vs. -19.1 ± 3.2%, p = 0.002) as in

the normal right ventricle (RV) (-30.7 ± 3.3% vs.

-15.8 ± 1.3%, p \ 0.001), but opposite to findings in

the normal LV (-16.5 ± 1.7% vs. -25.7 ± 3.1%,

p \ 0.001). Subpulmonary strain and strain rate values

were intermediate between those in the normal LV and

RV. Ventricular free-wall torsion was reduced in the

subpulmonary LV compared with both the normal LV

(5.7 ± 3.2� vs. 16.7 ± 5.6�, p \ 0.001) and RV

(5.7 ± 3.2� vs. 11.4 ± 2.6�, p \ 0.05). Furthermore,

early diastolic filling of the subpulmonary LV differed

from that of the normal LV. The subpulmonary LV

displayed predominantly longitudinal shortening, as did

its functional counterpart, the normal RV. However, the

degree and rate of both longitudinal and circumferential

shortening were intermediate between those of the nor-

mal LV and RV. This could represent a partial

adaptation to the reduced pressure load. Decreased ven-

tricular torsion and diastolic abnormalities might indicate

subclinical ventricular dysfunction.

Keywords Transposition of great vessels �
Left ventricular function � Echocardiography �
Magnetic resonance imaging

Introduction

Patients with transposition of the great arteries (TGA)

operated with atrial switch represent a particular challenge

in the management of adults with congenital heart disease.

Systemic right ventricular (RV) dysfunction, atrioventric-

ular valve regurgitation, baffle obstruction, and

arrhythmias have been the main concerns. However, sub-

pulmonary left ventricular (LV) functional abnormalities

have also been demonstrated in these patients [11] and

might contribute to development of symptoms.

We have recently described the contraction pattern of

the systemic RV in Senning-operated TGA patients in

terms of longitudinal and circumferential shortening and

ventricular torsion [10]. The systemic RV displays the
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same strain pattern as the normal LV, suggesting an

adaptive change, whereas the strain rate is reduced and

torsion is absent, possibly indicating myocardial dysfunc-

tion. The aim of the present study was to characterize

subpulmonary LV function in a similar manner in order to

assess if and to what extent the subpulmonary LV con-

traction pattern resembles that of its functional counterpart,

the normal RV. Knowledge of how the switch in roles

between the ventricles is reflected in changes in myocardial

deformation is required when evaluating subpulmonary LV

function, important in clinical routine follow-up and when

considering a switch to anatomical correction.

Methods

The study population and methods have been described

previously[ 10] and are summarized in this section.

Study Population

All subjects gave written informed consent (minors by

proxy) to participate in the study. The protocol was

approved by the Regional Ethics Committee.

Senning-Operated TGA Patients

Fourteen TGA patients aged 18.4 ± 0.9 years (mean ±

SD) operated on as infants in the manner described by

Senning were studied.

Healthy Controls

Fourteen healthy volunteers (six women) aged 27.4 ± 1.2

years served as controls.

Echocardiography

Recordings were obtained with a GE Vingmed Vivid 7

scanner (GE Vingmed Ultrasound, Horten, Norway).

Ventricular Geometry

Ventricular geometry was described by the position of

the interventricular septum as the ratio between end-

systolic LV and RV septum-to-free wall diameters, and

by free-wall radius of curvature measured using a dedi-

cated Matlab application (MathWorks Inc., Natick, MA,

USA). LV free-wall thickness was measured from

M-mode recordings at the tip of the mitral valve in the

parasternal long-axis view.

Strain and Strain Rate Measurements

Regional myocardial function was assessed by peak sys-

tolic strain and strain rate, both derived from Tissue

Doppler Imaging (TDI) recordings [12]. Strain expresses

the percent change in segment length from end diastole and

strain rate expresses the rate of deformation. Negative

strain and strain rate values represent segmental shorten-

ing; positive values represent lengthening. Longitudinal

regional function was measured in the apical, mid and

basal segment of the free wall of both ventricles (Fig. 1).

Circumferential regional function was measured in the LV

and RV free wall at the mid-ventricular level. Both lon-

gitudinal and circumferential strain by TDI have been

validated against magnetic resonance imaging (MRI) [2,

10]. All measurements were averaged over three cardiac

cycles.

Fig. 1 Color tissue Doppler

long-axis four-chamber image

from a Senning-operated patient

with TGAs showing the mid-

ventricular sampling site for

assessment of regional

myocardial function (left panel)

and the resulting longitudinal

strain curve (right panel). ECG:

electrocardiogram; LV: left

ventricle; RV: right ventricle
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Assessment of Diastolic Function

We measured peak E-wave velocity, E-wave deceleration

time, and peak A-wave velocity from spectral Doppler

tracings recorded at the tip of the mitral valve. The E/A

ratio was calculated. Peak E0 velocity was measured from

the color TDI recordings in the lateral part of the mitral

plane and the E/E0 ratio was calculated. All measurements

were averaged over three cardiac cycles.

MRI Scanning

Magnetic resonance imaging scans were performed using a

1.5-T scanner (Magnetom Vision Plus; Siemens, Erlangen,

Germany). LV mass, volumes, and ejection fraction (EF)

were calculated from area measurements of multiple short-

axis breath-hold images covering the entire LV acquired

using the spoiled gradient echo technique. The interven-

tricular septum was included in measurements of

subpulmonary LV mass.

MRI Tagging

Striped tags were prescribed separately in two orthogonal

orientations (45� and 135�) using spatial modulation of

magnetization in a grid pattern with a 8-mm distance

between tags (Fig. 2). The time resolution was 35 ms. Ima-

ges were acquired at breath-holds and triggered by ECG.

Free-Wall Ventricular Torsion

Ventricular free-wall torsion from end diastole to end

systole was calculated as the difference between basal and

apical rotation measured using harmonic phase imaging

(HARP, version 1.0; Diagnosoft Inc. Palo Alto, CA) [5, 7].

The end diastole was defined at peak R of the QRS com-

plex, the end systole at the smallest cavity area. To

standardize short-axis image planes between individuals,

the basal cine image was defined just distal to the atrio-

ventricular valve annulus, and the apical level was defined

just proximal to the level with luminal closure at end

systole.

Statistical Analysis

All data are presented as mean ± SD. Statistical analysis

was performed using GraphPad Prism version 4.00. The

Student’s t-test was used for comparisons between two

groups and one-way analysis of variance (ANOVA) with

post- hoc Bonferroni correction was used for comparisons

among more than two groups. Pearson’s correlation coef-

ficient was used where appropriate. A value of p \ 0.05

was considered significant.

Results

Patient Characteristics

Characteristics of the Senning-operated TGA patients have

been published previously [10]. Key clinical variables

along with echocardiographic and MRI data for the TGA

patients compared with the controls are presented in

Table 1. None of the patients had baffle obstruction, left

ventricular outflow tract obstruction, or intraventricular

conduction abnormalities.

Ventricular Geometry

The TGA patients had a lower ratio between the LV and

RV diameters than the normal subjects (0.83 ± 0.20 vs.

1.90 ± 0.35, p \ 0.001). The radius of curvature of the

subpulmonary LV free wall was greater than that of the

normal LV (3.29 ± 0.80 cm vs. 2.37 ± 0.29 cm,

p \ 0.001) but similar to the normal RV free-wall radius of

curvature (3.29 ± 0.80 cm vs. 3.09 ± 0.49 cm, NS). The

subpulmonary LV free-wall thickness did not differ sig-

nificantly from the normal LV free-wall thickness,

although there was a trend toward lower values in the

subpulmonary LV (0.65 ± 0.08 cm vs. 0.71 ± 0.10 cm,

p = 0.09).

Fig. 2 Example of tagged MRI image in a Senning-operated patient

with TGA obtained at the level just distal to the atrioventricular valve

annulus. The figure also illustrates the leftward shift of the

interventricular septum rendering the subpulmonary LV more similar

to the normal RV in the short-axis section. LV:, left ventricle; RV:

right ventricle
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Systolic Properties

Longitudinal and circumferential strain and strain rate by

TDI in the subpulmonary LV compared to the normal LV

and RV are presented in Table 2. All values in the text are

from the mid segment, unless otherwise stated.

Strain

In the subpulmonary LV free wall, the extent of longitu-

dinal shortening was greater than circumferential

shortening (-23.6 ± 3.6% vs. -19.1 ± 3.2%, p = 0.002),

which was also the case in the normal RV free wall (-

30.7 ± 3.3% vs. -15.8 ± 1.3%, p \ 0.001). This is in

contrast to the finding of lower longitudinal than

circumferential strain in the normal LV (-16.5 ± 1.7% vs.

-25.7 ± 3.1%, p \ 0.001). Of note, however, is that for

both longitudinal and circumferential strain, the values in

the subpulmonary LV were intermediate between those of

the normal LV and RV, with the normal LV having the

highest circumferential strain and the normal RV having

the highest longitudinal strain.

Strain Rate

In the subpulmonary LV free wall, the rate of longitudinal

and circumferential shortening was not significantly dif-

ferent (-1.9 ± 0.4 s-1 vs. -1.9 ± 0.4 s-1, NS). The

normal LV, however, displayed greater circumferential

than longitudinal rate of shortening, whereas the opposite

Table 1 Characteristics of the

TGA patients

Note: Values are mean ± SD.

A: peak mitral flow at atrial

contraction; E: peak mitral flow

early in diastole; E0: peak tissue

velocity early in diastole; EF:

ejection fraction; LV: left

ventricle; MRI: magnetic

resonance imaging; TGA:

transposition of the great

arteries

Healthy controls TGA patients p-Value

Male/female patients (n) 8/6 10/4

Age (years) 27.4 ± 1.2 18.4 ± 0.9 \0.001

Body surface area (m2) 1.91 ± 0.17 1.81 ± 0.21 NS

Systolic/diastolic blood pressure (mm Hg) 121 ± 7/74 ± 7 118 ± 10/72 ± 8 NS

Echocardiography

Mitral valve regurgitation, grade 0/1/2/3/4 9/5/0/0/0 9/5/0/0/0

E wave (m/s) 0.87 ± 0.14 0.93 ± 0.17 NS

A wave (m/s) 0.40 ± 0.09 0.38 ± 0.11 NS

E/A ratio 2.32 ± 0.71 2.67 ± 0.82 NS

E wave deceleration time (ms) 160 ± 22 117 ± 19 \0.001

E0 (m/s) 0.15 ± 0.02 0.10 ± 0.02 \0.001

E/E0 ratio 5.70 ± 0.83 9.45 ± 2.95 \0.001

MRI

LV end-diastolic volume (ml) 120 ± 37 116 ± 29 NS

LV end-systolic volume (ml) 47 ± 10 54 ± 15 NS

LV EF (%) 59 ± 7 53 ± 11 NS

LV mass (g) 121 ± 34 124 ± 29 NS

Table 2 Assessement of

regional myocardial function in

the free wall of the

subpulmonary LV compared to

the LV and RV in healthy

controls

Values are mean ± SD. LV: left

ventricle; RV: right ventricle;

Subpulm.: subpulmonary

LV control p-Value Subpulm. LV p-Value RV control

Longitudinal strain (%)

Apical segment -18.3 ± 4.0 \0.05 -21.8 ± 4.3 \0.001 -30.6 ± 4.2

Mid segment -16.5 ± 1.7 \0.001 -23.6 ± 3.6 \0.001 -30.7 ± 3.3

Basal segment -16.6 ± 2.7 \0.001 -25.1 ± 4.9 \0.05 -30.1 ± 4.9

Circumferential strain (%)

Mid segment -25.7 ± 3.1 \0.001 -19.1 ± 3.2 \0.01 -15.8 ± 1.3

Longitudinal strain rate (s-1)

Apical segment -1.7 ± 0.4 NS -2.0 ± 0.4 \0.05 -2.5 ± 0.4

Mid segment -1.7 ± 0.3 NS -1.9 ± 0.4 \0.05 -2.3 ± 0.4

Basal segment -1.6 ± 0.5 NS -2.0 ± 0.5 NS -2.2 ± 0.7

Circumferential strain rate (s-1)

Mid segment -2.4 ± 0.5 \0.01 -1.9 ± 0.4 NS -1.5 ± 0.4
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pattern was found in the normal RV. There was no sig-

nificant difference in longitudinal strain rate between the

subpulmonary and normal LV or in circumferential strain

rate between the subpulmonary LV and the normal RV.

Still, there was a trend toward the subpulmonary LV values

being intermediate between those found in the normal LV

and RV. As for strain, the normal LV displayed the highest

circumferential strain rate and the normal RV displayed the

highest longitudinal strain rate.

Ventricular Torsion

In the basal part of the subpulmonary LV free wall, there

was, on average, a small clockwise rotation, and in the

apical part, there was counterclockwise rotation, although

interindividual variation was quite large (Table 3). The

resulting free-wall torsion was significantly less in the

subpulmonary LV than in the normal LV and RV; in both

there was basal clockwise and more pronounced apical

counterclockwise rotation.

Diastolic Properties

Peak E and A velocity and the E/A ratio were not different

between the subpulmonary LV and the normal LV.

Deceleration time in the subpulmonary LV, however, was

markedly shorter than in the normal LV. E0 was also sig-

nificantly lower in the subpulmonary LV, with a

consequently slightly higher E/E0 ratio for this ventricle.

There was no correlation between subpulmonary LV mass

and measures of diastolic function.

Discussion

The present study demonstrates that there is predominant

longitudinal shortening in the subpulmonary LV free wall,

as in the normal RV. However, the degree and rate of both

longitudinal and circumferential shortening were interme-

diate between those of the normal LV and RV. These

findings might reflect a partially adaptive response to the

altered loading conditions mediated through changes in

ventricular geometry. Notably, subpulmonary LV free-wall

torsion was less than in both the normal LV and RV.

Furthermore, there were differences in early diastolic fill-

ing between the subpulmonary and the normal LV. This

could indicate subclinical myocardial dysfunction, but the

findings might also be the result of changes in loading

conditions.

Systolic Properties

Strain

In the subpulmonary LV free wall, longitudinal strain was

greater than circumferential strain, similar to the pattern in

its functional counterpart, the normal RV. The role of the

LV as subpulmonary ventricle thus seems to be reflected in

the shortening pattern of its free wall. We have previously

shown that the systemic RV displays the same strain pat-

tern as its functional counterpart, the normal LV [10].

However, whereas the strain values of the systemic RV

were similar to those in the normal LV, the strain values in

the subpulmonary LV were intermediate between the nor-

mal LV and RV. The subpulmonary LV contraction pattern

might thus represent a partially adaptive response to the

pressure unloading inherent in this setting mediated

through alterations in ventricular geometry. Changes in

ventricular geometry include a leftward shift of the inter-

ventricular septum, reflected in a lower LV/RV diameter

ratio in the TGA patients and an increased free- wall radius

of curvature in the subpulmonary LV compared to the

normal LV. These changes render the subpulmonary LV

more similar to the normal RV in the short-axis section,

which might contribute to the observed changes in the

shortening pattern, possibly through changes in regional

afterload. Furthermore, the lack of a significant difference

in ventricular mass between the subpulmonary and normal

LV could suggest that myocardial structure is relatively

preserved in the subpulmonary LV. This mighty partly

explain why the strain values of the subpulmonary LV

remain intermediate between those of the normal LV and

RV.

Table 3 Free-wall rotation and resulting torsion in the subpulmonary LV compared to the LV and RV in healthy controls

LV control p-value Subpulm. LV p-value RV control

Free wall

Apical rotation (�) -13.2 ± 6.0 \0.001 -4.7 ± 6.4 NS -8.2 ± 2.7

Basal rotation (�) 3.5 ± 2.3 NS 1.0 ± 6.4 NS 3.1 ± 1.2

Torsion (�) 16.7 ± 5.6 \0.001 5.7 ± 3.2 \0.05 11.4 ± 2.6

Values are mean ± SD. LV: left ventricle; RV: right ventricle; Subpulm.: subpulmonary
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Strain Rate

As previously reported, in the systemic RV there was

dissociation between strain and strain rate, with strain

being similar to that of the normal LV and the strain rate

being significantly lower, both in the longitudinal and

circumferential direction [10]. This discrepancy between

strain and strain rate might indicate incipient myocardial

dysfunction, as strain rate could be a more sensitive

marker of myocardial contractility [13]. In the subpul-

monary LV, however, there was no such dissociation

between strain and strain rate, as both were intermediate

between values in the normal LV and RV. Furthermore,

the lower longitudinal strain rate in the subpulmonary LV

compared with its functional counterpart, the normal RV,

was accompanied by a trend toward higher circumferen-

tial strain rate. The strain rate findings might thus suggest

a partial adaptation of the subpulmonary LV to the

reduced pressure load.

Longitudinal strain and strain rate in the subpulmonary

LV free wall have also been studied by Eyskens et al. [3],

who found reduced strain and strain rate in parts of the wall

compared with the normal LV. The present study, on the

other hand, demonstrates higher longitudinal strain and a

trend toward higher longitudinal strain rate in the subpul-

monary LV free wall compared with the normal LV. The

subpulmonary LV free-wall longitudinal strain values in

our study are comparable to those found by Eyskens et al.,

except for the basal segment, where we measured higher

strain. Our strain rate values are slightly higher than they

reported. The main reason for the discrepancy between the

studies is the higher normal values in the study by Eyskens

et al.

Ventricular Torsion

The present study demonstrates that torsion is present in

the subpulmonary LV free wall, although reduced com-

pared to the normal LV and RV. The demonstrated torsion

is in keeping with previously reported clockwise rotation of

the basal part of the subpulmonary LV lateral wall and

counterclockwise rotation of the apical part [4]. In the

normal heart, the RV twists with the LV [6], and RV tor-

sion might be partly the result of LV torsion. We have

recently shown that torsion in the systemic RV is absent

[10]. The lack of torsion in the systemic RV could influ-

ence torsion of the subpulmonary LV through ventricular

interaction. Geometric changes, including septal shift,

might also contribute to the reduced torsion of the sub-

pulmonary LV. As torsion contributes to energy-efficient

ejection, reduced torsion might represent a potential for

myocardial dysfunction.

Diastolic Properties

In the subpulmonary LV, we found reduced deceleration

time, decreased E0 and an increased E/E0 ratio compared to

the normal LV. Previous studies have demonstrated abnor-

mal diastolic filling of the subpulmonary LV in up to 80% of

patients [11] and that failure to increase atrioventricular

filling rates is the main factor limiting cardiac output during

exercise [1]. Our findings seem to suggest reduced ventric-

ular compliance. However, several factors complicate the

interpretation of the data. In Senning-operated TGA patients,

the right atrium carrying systemic venous return to the sub-

pulmonary ventricle is reconstructed to resemble a relatively

narrow tube. This might alter atrial resistance and represent

an impediment to flow. In addition, the atrioventricular

ostium is compressed due to the leftward septal shift, and the

relaxation of the ventricle itself might be affected as a result

of surgery, the altered loading conditions, or the changes in

ventricular geometry. The reduced ventricular torsion might

also contribute to a lower E0, as a lower systolic twist should

result in a lower diastolic untwist, which, in turn, could

influence early diastolic longitudinal velocities.

Limitations

The normal RV is a relatively thin-walled structures and

therefore more difficult to study with MRI. However,

several studies have proved this to be feasible [6, 9].

The MRI images were acquired using the spoiled gra-

dient echo technique. Volumes measured from images

obtained with this technique are lower than from images

obtained by steady-state free-precession imaging sequen-

ces, which yield better endocardial definition [8].

Circumferential strain and strain rate were assessed only

at the mid-ventricular level of the free wall, and regional

variations could thus be missed. Furthermore, myocardial

deformation was assessed in only two dimensions. A three-

dimensional analysis could provide further information on

subpulmonary LV mechanics.

A limitation of the strain and strain rate measurements is

that one cannot be sure that sample volumes are placed in

exactly the same segment from patient to patient, espe-

cially in the short-axis view. We tried to resolve this by

orienting the image acquisition and placing of sample

volumes by use of anatomical landmarks such as the pap-

illary muscles and the tips of the mitral valve.

Conclusion

The present study demonstrates that the subpulmonary LV

free wall has a shortening pattern with predominant
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longitudinal over circumferential shortening, as does its

functional counterpart, the normal RV. However, the

degree and rate of both longitudinal and circumferential

shortening are intermediate between those of the normal

LV and RV. This might represent a partially adaptive

response to the altered loading conditions mediated

through changes in ventricular geometry and should be

taken into account when evaluating subpulmonary LV

function. Furthermore, torsion is reduced in the subpul-

monary LV free wall compared to the normal LV and RV

and there are early diastolic filling abnormalities. Although

this might indicate subclinical myocardial dysfunction, the

findings might also be the result of changes in loading

conditions.
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