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Introduction
Background
Transposition of the great arteries (TGA) is the second most common cyanotic
congenital heart defect. With advances in surgical treatment, more patients survive into
adulthood and constitute a growing patient population. Evaluation of ventricular function is
an integral part of the follow-up of TGA patients. Furthermore, the available treatment
strategies for TGA not only reflect evolving surgical techniques but also offer a unique
possibility for studying ventricular physiology under different loading conditions. Advances
in imaging techniques, especially echocardiography and magnetic resonance imaging (MRI),
permit quantification not only of global ventricular function, but also assessment of regional
myocardial function, which might add useful information when evaluating this patient group.

Transposition of the great arteries
Transposition of the great arteries is characterized by anomalous ventriculo-arterial
connections. There are two forms, D-transposition, the subject of this thesis, and Ltransposition or congenitally corrected transposition. L-transposition is described by
discordant atrioventricular and ventriculo-arterial connections and will not be discussed
further here.
D-transposition of the great arteries (henceforth referred to simply as transposition or
TGA) represents 5-7 % of congenital heart disease and is the second most common cyanotic
defect after tetralogy of Fallot (1). It affects primarily males, with a male:female ratio of 2:1.
The morphology is described by atrioventricular concordance and ventriculo-arterial
discordance, i.e. while the atria and ventricles are connected in the normal arrangement, the
anatomic right ventricle (RV) connects to the aorta and the anatomic left ventricle (LV) to the
pulmonary artery (Figure 1). Furthermore, the aorta is located anteriorly and to the right and
the great arteries run in parallel instead of in their normal, almost perpendicular relation. The
result is two separate, parallel circulations rather than a systemic and pulmonary circulation
connected in series: De-oxygenated blood from the systemic circulation enters the right
atrium and continues through the RV into the aorta, while oxygenated blood returning from
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the pulmonary circulation to the left side of the heart is pumped back into the pulmonary
circulation.
Transposition is often associated with other cardiac defects, the most common being
ventricular and/or atrial septal defect, patent ductus arteriosus and LV outflow tract
obstruction, as well as coarctation of the aorta, pulmonary stenosis, atrioventricular valve
atresia and ventricular hypoplasia.

Figure 1
Transposition of the great arteries. The aorta is connected to the right ventricle, the
pulmonary artery to the left ventricle. The aorta is located anteriorly and to the right, and the
great arteries run in parallel instead of in their normal perpendicular relation. Illustration by
Ted Bloodheart, reproduced with permission from The Children’s Hospital Los Angeles.
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After birth, the connections between the left and right sides of the circulation, both
physiological (foramen ovale and ductus arteriosus) and pathological (atrial or ventricular
septal defect), ensure that oxygenated blood enters the systemic circulation. When the
physiological connections close cyanosis ensues, depending on the size of the atrial or
ventricular septal defect, if present. Palliation may be obtained by balloon atrial septostomy
(Rashkind procedure) and pharmacological treatment to keep the ductus arteriosus open.
However, definite treatment is surgery, with the two main approaches being the atrial and the
arterial switch procedures.

Surgical treatment
The atrial switch procedure was introduced in 1959 by Senning (2). The Senningoperation is a physiological correction and consists of a reconstruction of the atrial septum to
create a baffle that diverts systemic venous return from the right to the left atrium and
pulmonary venous return from the left to the right atrium (Figure 2). The RV then remains the
systemic ventricle. Mustard modified this procedure in 1964 (3), creating the atrial baffle
from pericardial tissue. Subsequently, synthetic material was used for the baffle. Late
complications are primarily arrhythmias due to atrial scarring, RV failure, tricuspid
regurgitation and baffle obstruction or leak (1, 4, 5). Ten-year survival is approximately 90%
for patients without associated lesions, while 20-year survival is about 80% (6, 7).
The arterial switch procedure was first performed in 1975 by Jatene (8) and modified
by Lecompte in 1981 (9). It is an anatomical correction where the great arteries are transected
and switched to their normal position. The coronary arteries are excised from the native aortic
root, which becomes the neo-pulmonary root, and re-implanted in the neo-aortic root (the
native pulmonary root) (Figure 3). This restores the LV as the systemic ventricle. Recognized
complications are ostial coronary artery stenoses, supravalvular pulmonary artery stenosis
and aortic regurgitation (10-12). Long-term follow-up data are lacking due to this being a
relatively new procedure, but data at 10 years show around 90% survival, remaining the same
at 15 years follow-up (13, 14).
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Figure 2
Atrial switch in the manner described by Senning. The interatrial septum is incised and
reconstructed to create a baffle that directs blood from the pulmonary venous atrium (PVA)
over to the right side of the heart and into the right ventricle (RV), and from the systemic
venous atrium (SVA) into the left ventricle (LV). Ao, aorta; PA, pulmonary artery.
Illustration from Gaca et al. Repair of congenital heart disease: a primer – part 1. Radiology
2008;247:617-63. Reproduced with permission from Dr Ana Maria Gaca and the
Radiological Society of North America.
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Figure 3
Arterial switch. The coronary arteries are excised (A) and implanted (B) in the neo-aortic
(native pulmonary) root. The great arteries are transected, the pulmonary artery shifted
forward (C) and sutured to the neo-pulmonary (native aortic) root, while the aorta is sutured
to the neo-aortic root (D). Illustration from Gaca et al. Repair of congenital heart disease: a
primer – part 1. Radiology 2008;247:617-63. Reproduced with permission from Dr Ana
Maria Gaca and the Radiological Society of North America.
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Ventricular function
Assessment of ventricular function is essential in the follow-up of operated TGA
patients. However, this poses a challenge in TGA subjects for several reasons. Traditionally,
ventricular function has been evaluated in terms of global function. However, measures of
global function such as ejection fraction (EF) may be normal despite changes in regional
function and incipient myocardial function may be overlooked. Additionally, there might be
changes in contraction pattern related to gross architectural differences between normal hearts
and TGA hearts, confounding the assessment of ventricular function. Furthermore, in atrial
switch-operated patients, the altered loading conditions might influence the contraction
pattern, which does not necessarily represent myocardial dysfunction. For instance, reduced
longitudinal function has been reported in atrial switch-operated patients and interpreted as
reduced ventricular function (15, 16). However, longitudinal shortening represents only one
aspect of myocardial deformation, and possible adaptive changes in other dimensions should
be defined before ventricular dysfunction can be established.
Contraction of myocardial fibres causes both longitudinal and circumferential
shortening, as well as resultant radial thickening. In addition, contraction of fibres arranged
obliquely to the ventricular long axis gives rise to ventricular torsion or twist. These elements
of myocardial deformation all contribute to ventricular ejection and may be affected to
various degrees in cardiac disease. In summary, myocardial function should ideally be
assessed not only globally, but also on a regional level and in several dimensions.
Myocardial deformation may be assessed non-invasively by echocardiography or
MRI. Both techniques permit quantification of regional myocardial deformation:
Echocardiography through the modalities of tissue Doppler imaging (TDI) and the more
recently commercially available speckle tracking echocardiography (STE); MRI through MRI
tagging. Using these techniques, the movement and deformation of a myocardial segment can
be measured throughout the cardiac cycle.

14

Aims of the thesis
The general aim of this thesis was to describe ventricular function in TGA patients operated
with atrial or arterial switch, with special emphasis on myocardial deformation assessed in
terms of longitudinal and circumferential contraction and ventricular torsion.

Specific aims:
1. From a physiological perspective, our interest was to study myocardial deformation in
TGA patients operated with atrial switch where loading conditions are altered (Papers
1 and 2), and arterial switch where the ventricles are returned to their normal roles
(Paper 3). Integrating these findings, we wished to investigate the relative
contributions of loading conditions versus possible inherent structural alterations to
ventricular contraction pattern.
2. Of clinical relevance, possible adaptive changes in contraction pattern due to altered
loading conditions should be defined before evidence of ventricular dysfunction can
be established (Paper 1). Furthermore, we sought to determine if there were signs of
incipient or manifest myocardial dysfunction at mid- to long-term follow-up after
operation for TGA (Papers 1, 2 and 3).
3. From a methodological viewpoint, we wished to investigate whether myocardial
deformation variables might provide useful information in the study and follow-up of
TGA patients (Papers 1, 2 and 3).
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Material
Paper 1 and 2
Senning-operated TGA patients. Eighteen Senning-operated TGA patients (6 women)
aged 18.4±0.9 years were identified from the hospital’s database. One patient died suddenly
before the planned examination. Three patients were excluded from analyses: Two because of
hemodynamically significant lesions, the third because of poor quality MRI recordings. Thus
14 patients were included.
Healthy controls. Fourteen healthy volunteers (4 women) aged 27.4±1.2 years served
as controls.
Operated controls. To exclude that the findings in the Senning-operated patients
might merely reflect post-operative effects, we studied 14 patients (3 women) aged 18.1±4.8
years successfully operated for congenital heart disease but with a systemic LV (3 for aortic
valvular disease, 5 for perimembranous ventricular septal defects, 6 for TGA with arterial
switch).

Paper 3
TGA patients operated with arterial switch. Twenty-two patients (7 females) with
simple TGA aged 12.4±2.3 years operated as infants with one-stage arterial switch were
identified from the hospital’s database. We selected the oldest patients and excluded patients
with complex or known residual lesions or psychomotoric disability.
Healthy controls. Twenty-two healthy volunteers (8 females) aged 12.7±2.3 years
served as controls.
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Methods
Clinical examination
All patients underwent clinical examination, including recording of blood pressure
and ECG.

Exercise testing
Paper 1 and 2
All patients performed bicycle exercise testing with an initial work load of 25 or 50
W, individualized to yield an exercise duration of about 10 minutes, increased by 25 W every
2 minutes. Ventilatory oxygen uptake (Vo2) was measured with an open circuit-technique
(EOS/SPRINT, E. Jaeger, Wurzburg, Germany).

Paper 3
All patients performed treadmill exercise testing using the Oslo protocol (17). The
tests were conducted to volitional fatigue on a motor-driven treadmill (Technogym, Italy).
Ventilatory oxygen uptake and spirometry were assessed by SensorMedics Vmax29 (Yorba
Linda, California, USA).
.

Standard echocardiographic examination
Recordings were obtained with a GE Vingmed Vivid 7 scanner (GE Vingmed
Ultrasound, Horten, Norway). All patients underwent a standard echocardiographic
examination, including measurements of ventricular dimensions and assessment of valvular
function. We also evaluated the operation result and potential complications such as baffle
leak or obstruction in the Senning-operated patients and pulmonary artery stenosis, aortic root
dilatation or aortic regurgitation in the arterial switch-operated patients.
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Assessment of global ventricular function
Global ventricular function was assessed by MRI. MRI scans were performed using a
1.5 T scanner (Magnetom Vision Plus, Siemens, Erlangen, Germany). Ventricular mass,
volumes and EF were calculated from area measurements of multiple short axis breath-hold
images covering the entire ventricle (18). In paper 3, LV volumes and EF were also assessed
by echocardiography.

Assessment of ventricular geometry
Ventricular geometry was described by the position of the interventricular septum
(IVS) as the ratio between the end-systolic septum to free-wall internal diameters of the two
ventricles. In paper 1 and 2, we also measured free wall radius of curvature using a dedicated
Matlab application (MathWorks Inc., Natick, MA, USA) (Figure 4).

Figure 4
Echocardiographic short-axis section of the heart in a Senning-operated patient schematically
illustrating measurement of right and left ventricular diameters (RVd and LVd) in panel A
and radius of curvature (r) in panel B. Notice the near circular shape of the systemic right
ventricle and the reversal of the septal curvature compared to a normal heart.
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Assessment of myocardial deformation
Myocardial deformation was assessed in terms of longitudinal and circumferential
shortening as well as ventricular torsion. In evaluating myocardial deformation, two
echocardiographic techniques – TDI (paper 1 and 2) and STE (paper 3) – and MRI tagging
were used.

Tissue Doppler imaging
Tissue Doppler imaging is based on the measurement of tissue velocities utilizing the
Doppler principle. While moving blood reflects low amplitude and high velocity Doppler
signals, the myocardium generates signals of high amplitude and low velocity. Therefore
tissue velocities can be captured by reducing the threshold of the velocity filter (to detect the
low tissue velocities) and lowering the gain amplification (to eliminate the low amplitude
blood flow signals). A sample volume, or region of interest, may be placed in the
myocardium and regional tissue velocity can then be measured. The velocity obtained
represents the component of motion of a given segment in the direction parallel to the
ultrasound beam. Velocity measurement is thus angle dependent. It is also sensitive to frame
rate, and a low frame rate may cause an underestimation of peak values. A further limitation
is that the velocity of one myocardial segment is dependent on function in neighbouring
segments (tethering effect) and is affected by cardiac translation (movement of the entire
heart within the thorax). Consequently, tissue velocity does not represent true regional
function, but is rather the resultant velocity vector along the axis of the ultrasound beam.
In order to quantify true regional function, the techniques of strain rate and strain
measurement were introduced (19, 20). The Lagrangian strain H of an object is the change in
object length (L-L0) relative to its unstressed length (L0):
H=(L-L0)/L0
By definition then, negative values represent shortening or compression of the object – in this
case a myocardial segment - and positive values represent lengthening. Derivation of H yields
strain rate, i.e. the rate of deformation of the segment. However, when utilizing TDI, segment
length is not measured directly but deformation is calculated from instantaneous velocities.
Using a sample volume with a fixed offset distance ('x), a velocity difference across this
distance (v(x)-v(x+'x)) is calculated. When dividing the velocity difference by the distance
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of the offset distance, we obtain the instantaneous velocity gradient or natural, as opposed to
Lagrangian, strain rate:
SR=(v(x)-v(x+'x))/'x
By integrating strain rate over time, natural strain is obtained. The method has been validated
against both sonomicrometry (20) and MRI (21). As can be seen from the equation,
calculation of strain rate depends on measurement of velocities along the ultrasound beam.
Assuming that tethering and translation equally affects the points between which the velocity
gradient is measured, these movements should not significantly affect strain and strain rate.
However, these measures are still angle dependent (20, 22).

Speckle tracking echocardiography
Speckle tracking echocardiography is a technique aiming to overcome the angle
dependency of tissue Doppler imaging. It is based on tracking the movement of speckles,
myocardial acoustic markers (23). The speckles in the grey scale image are the result of the
interference pattern generated from the ultrasound beams. This pattern follows the movement
of the myocardium and remains relatively stable, and can be tracked from frame to frame.
From this tracking, the deformation of the myocardium throughout the cardiac cycle can be
calculated and data for velocities, strain rate and strain can be extracted. In this case,
Lagrangian strain is measured. The method has been validated against both sonomicrometry
(24) and MRI tagging (25).
Rotation can also be assessed; the ventricular centre of gravity is determined and a
region’s rotation relative to this centre is calculated (26). Although the speckle pattern of a
region is relatively stable, it is affected by out-of-plane motion and small changes in the
interference pattern over time. Therefore, if frame rate becomes too low, the speckle pattern
may have changed sufficiently from one frame to the next for tracking to become inaccurate.

Magnetic resonance imaging tagging
Tags are patterns of demagnetization superimposed on tissue. When the tissue is
deformed, the tag lines will be deformed correspondingly. The deformation of the tag lines
relative to one another can then be used to calculate tissue deformation (27, 28). In our study,
the myocardium was tagged at end-diastole and deformation followed through systole.
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Striped tags were prescribed separately in two orthogonal orientations (45° and 135°) using
spatial modulation of magnetization in a grid pattern with 8 mm distance between tags
(Figure 5). Time resolution was 35 milliseconds. Images were acquired at breath holds and
triggered by ECG. Recordings were analyzed by Harmonic Phase Imaging (HARP, version
1.0, Diagnosoft Inc. Palo Alto, CA) (29).

Figure 5
Short-axis magnetic resonance image of the systemic right ventricle (RV) and subpulmonary
left ventricle (LV) in a Senning-operated patient illustrating tagging lines. The deformation of
the myocardium can be measured throughout systole through movement of the tagging lines
relative to one another.
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Myocardial deformation assessment in papers 1 and 2
Measurement of myocardial shortening. Myocardial shortening was evaluated by
measuring strain and strain rate using TDI. Color TDI images (frame rate 90-240 frames per
second) of both ventricles were obtained and analyzed off-line using dedicated software
(EchoPac, GE Vingmed Ultrasound, Horten, Norway) by an observer blinded to the MRI
data. Regional myocardial function was assessed by peak systolic strain and strain rate. Enddiastole was defined at the peak R of the electrocardiographic QRS-complex, end-systole as
the first negative cross-over of the velocity curve. Longitudinal regional function was
measured in the apical, mid and basal segment of the free wall of both ventricles as well as in
the IVS using a sample volume of 6 mm (Figure 6). Circumferential regional function was
measured in the RV and LV free wall at the mid-ventricular level. All measurements were
averaged over three cardiac cycles. To validate measurements of circumferential strain,
tagged MRI images were analyzed by Harmonic Phase Imaging (HARP, version 1.0,
Diagnosoft Inc. Palo Alto, CA). Circumferential peak systolic strain at the mid-ventricular
level of the RV lateral wall was measured as a reference method for Doppler-derived
circumferential strain.
Ventricular torsion. Basal and apical systolic global rotation, i.e. rotation of the entire
short-axis slice, were measured from tagged MRI images using HARP. Ventricular torsion
was calculated as the difference between basal and apical rotation. Global rotation could not
be calculated for the normal RV, as the rotation algorithm presupposes a relatively circular
short-axis shape. However, rotation of the entire heart could be measured using the common
center of gravity of the two ventricles as a reference point, allowing extraction of regional
data for rotation of the free walls of the normal RV and subpulmonary LV.
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Figure 6
Tissue Doppler imaging. In the left hand panel is a color-coded tissue Doppler image of the
systemic right ventricle (RV) in the apical four-chamber view; the yellow line illustrates the
direction of the ultrasound beam and the yellow circle represents a sample volume placed in
the mid segment of the free wall. In the right hand panel are the derived strain and strain rate
curves. Sample volumes were placed in the apical, mid and basal segments of the ventricular
free walls and the interventricular septum (IVS) for measurement of longitudinal function, as
well as in the mid segment of the ventricular free wall in the short-axis section for
measurement of circumferential function.
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Myocardial deformation assessment in paper 3
Gray scale images (frame rate 69-112 frames per second) were analyzed off-line using
dedicated software (EchoPac, GE Vingmed Ultrasound, Horten, Norway). Regional
myocardial function was assessed by peak strain and strain rate. End-diastole was defined at
the peak R of the electrocardiographic QRS-complex, end-systole at aortic valve closure as
determined in the apical long-axis view. Timing of end-systole was then automatically
transferred to images from the other projections, adjusted for cycle length. The endocardial
border was drawn manually and the thickness of the region of interest adjusted to cover the
myocardium but exclude the pericardium. Automated tracking was performed, visually
evaluated and, if necessary, manually corrected.
Longitudinal regional function was measured in the entire LV subdivided into 6 wall
regions and in the RV free wall, each wall region automatically further subdivided into three
segments (apical, mid and basal) by the software. Circumferential regional function was
measured in the LV at the apical, mid and basal ventricular level. Each slice was
automatically subdivided in six equiangular segments corresponding to the ventricular wall
regions analyzed for longitudinal function (Figure 7). Due to inadequate image quality,
speckle tracking could not be performed on short-axis sections of the RV. Circumferential
shortening in the mid segment of the RV free wall was therefore assessed by TDI.
Longitudinal and circumferential peak systolic strain and strain rate for all segments were
obtained and averaged to express global LV longitudinal and circumferential strain and strain
rate. Ventricular rotation was assessed in the apical and basal short-axis view of the LV. Endsystolic rotation was measured in the six equiangular segments and rotation for each slice
calculated. Clockwise rotation, as viewed from the apex, was defined as positive, while
counter-clockwise rotation was defined as negative. Ventricular torsion was then calculated
as the difference between basal and apical rotation.
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Figure 7
Speckle tracking echocardiography. In the upper left hand panel, a short-axis section of the
left ventricle with schematic illustration of how endo- and epicardial borders were defined
and the slice then divided into 6 equiangular segments (corresponding to the ventricular walls
used in standard analyses of regional wall motion). In the lower left hand panel, a color-coded
M-mode recording is shown. In the right hand panel, the strain curves from the respective
segments are shown, with the white dotted line representing the average circumferential
strain. A, anterior wall; AS, anterior septum; I, inferior wall; IS, inferior septum; L, lateral
wall; P, posterior wall.
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Statistical analysis
All data are presented as mean±SD. Statistical analysis was performed using SPSS
12.0.1 and GraphPad Prism version 4.00. Student’s t-test was used for comparisons between
two groups and one-way ANOVA with post-hoc Bonferroni correction for comparisons
between more than two groups. Pearson’s correlation coefficient was used where appropriate.
Inter- and intraobserver variability were assessed by the intraclass correlation coeff value). TDI and MRI strain measurements were compared by a Bland-Altman plot. A value
of p<0.05 was considered significant.
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Summary of results
Paper 1
The contraction pattern of the systemic RV in 14 Senning-operated TGA patients was
compared with findings in the RV and LV of normal subjects (n=14) and of patients
successfully operated for congenital heart disease with a systemic LV (n=14). Ventricular
contraction pattern was described in terms of longitudinal and circumferential shortening,
assessed by TDI, and ventricular torsion, assessed by MRI.
Systemic RV EF by MRI was 47±8 %, RV EF in healthy controls was 54±5 %
(p=0.02). Peak ventilatory oxygen uptake in the Senning-patients was 65r11% of the
expected value.
In the Senning-operated patients there was a leftward shift of the IVS, manifested as a
higher ratio between the RV and LV diameter than in normal subjects (1.28±0.32 vs.
0.54±0.10, p<0.001). The radius of curvature of the systemic RV free wall was less than that
of the normal RV (2.11±0.39 cm vs. 3.09±0.49 cm, p<0.001) but similar to that of the normal
LV (2.11±0.39 cm vs. 2.37±0.29 cm, NS).
In the systemic RV free wall, circumferential strain exceeded longitudinal strain
(-23.3±3.4% vs. -15.0±3.0%, p<0.001) as in the normal LV (-25.7±3.1% vs. -16.5±1.7%,
p<0.001), but opposite to the findings in the normal RV (-15.8±1.3% vs. -30.7±3.3%,
p<0.001). Strain in the IVS in the TGA patients did not differ from normal. Strain rate values
in the systemic RV free wall and IVS of the Senning-operated patients were significantly less
than in the normal LV and IVS. There was no significant difference in strain or strain rate
between the operated controls and the healthy controls, neither for the RV nor the LV. There
was good agreement between strain obtained by TDI and MRI.
In the normal LV, there was global clockwise rotation of the base of the ventricle and
counter-clockwise rotation of the apex, 5.1±1.5° and -11.6±4.6°, respectively (p<0.001), with
resulting torsion of 16.7 ± 4.8°. Similarly, the RV free wall in the normal heart rotated with
the LV, with a resulting torsion of 11.4±2.6°. In contrast, global rotation of the systemic RV
was essentially absent both at the basal and apical levels, 0.3±1.3° and 0.0±2.1°, respectively
(NS). Consequently, there was no significant global torsion of the systemic RV (0.3±1.8°).
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Key findings: In the systemic RV as in the normal LV, there was predominant
circumferential over longitudinal free wall shortening, opposite to findings in the normal RV.
However, the systemic RV did not display torsion as found in the normal LV.

Paper 2
The subpulmonary LV contraction pattern in 14 Senning-operated TGA patients was
studied and described in terms of longitudinal and circumferential shortening, assessed by
TDI, and ventricular torsion, assessed by MRI.
Subpulmonary LV EF was 53±11 %, LV EF in healthy controls was 59±7 % (NS).
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).
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 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). However, 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).
Key findings: The subpulmonary LV displayed predominantly longitudinal
shortening as did its physiological counterpart, the normal RV. However, the degree and rate
of both longitudinal and circumferential shortening were intermediate between those of the
LV and RV of the normal heart. Ventricular free wall torsion was reduced in the
subpulmonary LV compared with both the normal LV and RV.

Paper 3
Ventricular function in 22 TGA patients operated with arterial switch and 22 healthy
controls was studied. Myocardial deformation was described in terms of longitudinal and
circumferential shortening and ventricular torsion, measured by STE. Strain values from all
segments were averaged to obtain global longitudinal and circumferential strain.
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Left ventricular EF was 56±4 % in controls and 57±5 % in patients (NS) and LV
volumes and mass measured by MRI were not significantly different between the groups.
Peak ventilatory oxygen uptake in patients was 82±14 % of the expected value.
Ventricular geometry, assessed as the ratio between LV and RV end-systolic
diameters, was not significantly different between patients and controls (1.38±0.13 vs.
1.45±0.11, NS).
In the LV of both patients and controls, global circumferential strain was greater than
global longitudinal strain (-26.0±2.5 % vs. -18.3±1.3 %, p<0.001 and -26.2±2.4 % vs. 20.4±1.6 %, p<0.001, respectively). In the TGA patients, global LV longitudinal strain was
lower than in controls (-18.3±1.3 % vs. -20.4±1.6 %, p<0.001), while global longitudinal
strain rate was similar (-1.21±0.13 s-1 vs. -1.27±0.12 s-1, NS). Longitudinal strain was reduced
in all ventricular regions except the posterior wall, most pronounced in the apical segments.
LV circumferential shortening was similar in the two groups.
In the RV, longitudinal shortening was greater than circumferential shortening in both
patients and controls (-28.7±4.0 % vs. -14.5±1.8 %, p<0.0001 and -31.9±5.3 % vs. -14.3±2.2
%, p<0.0001, values from the mid segment). RV longitudinal strain was slightly, but
significantly, reduced at the mid-ventricular and apical level in patients, while there was no
significant difference in RV circumferential strain between patients and controls.
Both basal and apical rotation were reduced in patients compared to controls, and the
resulting torsion was less in patients than in controls (12.4±2.9º vs. 16.3±2.6º, p<0.001).
While rotation was distributed relatively homogenously in the normal LV, there was greater
dispersion of rotation in the LV of the TGA patients, with basal rotation being greatest in the
inferior wall and apical rotation being greatest in the anterior wall.
Key findings: In the TGA patients, there was slightly reduced longitudinal shortening
in both ventricles and reduced LV torsion, although standard measures of global ventricular
function were normal.
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Discussion
Senning-operated patients – permanently altered ventricular roles
Systemic right ventricle
In the Senning-operated patients, we found a strain pattern in the free wall of the
systemic RV with predominant circumferential over longitudinal shortening, similar to that
found in the normal LV and opposite to that found in the normal RV (Figure 8). Strain rate,
however, was significantly decreased in the systemic RV compared with the normal LV, and
ventricular torsion was absent (Figure 9).

Adaptive changes or myocardial dysfunction?
The first question that will be addressed is whether these changes in the systemic RV
are the result of a physiological adaptation to the increased load or represent impaired
myocardial function. None of the patients had clinical evidence of heart failure, and the mean
systemic RV EF was close to that reported as normal in this setting (30). Furthermore, the
strain pattern and values in the systemic RV were not significantly different from those found
in the normal LV. Moreover, the contraction pattern was uniform in all patients with systemic
RV, regardless of their RV EF. These findings suggest that the predominance of
circumferential over longitudinal shortening in the RV of the Senning-operated patients is an
adaptive response to the systemic workload.
A possible explanation for this contraction pattern might be the altered geometry of
the systemic RV. In the Senning-operated patients, there is a leftward shift of the IVS
resulting in a more circular shape of the systemic RV, reflected by an increased ratio between
RV and LV diameter. There is also a decreased RV free wall radius of curvature. This renders
the systemic RV more similar to the normal LV in a short-axis section. In addition, in the
setting of RV pressure overload it is mainly the middle circumferential layer that
hypertrophies (31, 32), making the RV also in this respect more like the normal LV, which
has a well-developed circumferential layer (33). These changes might facilitate
circumferential shortening through alterations in regional wall stress.
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Figure 8
Representative strain recordings from the systemic right ventricle (RV), the normal left
ventricle (LV) and normal RV. The systemic RV displays a shortening pattern similar to that
found in the normal LV with predominant circumferential over longitudinal shortening,
opposite to the pattern found in the normal RV.
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Figure 9
Schematic drawing of ventricular torsion. In the normal left ventricle (LV), the apex rotates
counter-clockwise in systole (viewed from the apex) and the base clockwise, creating
ventricular torsion. In the systemic right ventricle (RV), there was essentially no rotation of
apex or base and thus no ventricular torsion.

32

Another possible explanation is that there exist congenital differences in fibre
architecture between normal hearts and the hearts of patients with TGA accounting for the
respective contraction patterns. This issue will be addressed below, in the integrated
discussion of ventricular physiology.
Sterno- and pericardiotomy as a cause of the systemic RV contraction pattern should
also be considered. This hypothesis is less probable, as we did not find an altered RV
contraction pattern in the control group consisting of operated patients with a systemic LV.
Furthermore, deformation variables have been studied under open-heart surgery,
demonstrating that strain and strain rate are not affected by sterno- or pericardiotomy, while
tissue velocities are significantly altered during the operative procedure (34, 35).
While strain values were similar between the systemic RV and normal LV, strain rate
values in the systemic RV, however, were decreased compared to the normal LV. This could
indicate incipient myocardial dysfunction, as strain rate has been reported to be a more
sensitive measure of intrinsic myocardial function (36, 37). Another finding suggesting
possible myocardial dysfunction is the absence of ventricular torsion in the systemic RV. As
ventricular torsion may contribute to energy-efficient ejection (38), the lack thereof could
represent a potential for future myocardial failure. Reduced ventricular torsion has been
reported in a number of heart diseases (39-41).

Possible causes of incipient myocardial dysfunction
Systemic RV failure, along with arrhythmia, is a primary concern in the follow-up of
this patient group. The etiology of myocardial dysfunction is most likely multifactorial:
ischemia, inappropriate hypertrophy due to increased load or valvular pathology might all
contribute to its development.
The risks of ischemic damage to the systemic RV are many: the operation itself,
which involves circulatory arrest, coronary anomalies (42), as well as documented dynamic
myocardial perfusion defects (43, 44), making the RV more sensitive to cardiac stress.
Ideally, our measurements of regional deformation variables should be correlated to
angiographic findings; however, this was not clinically indicated and thus precluded for
ethical reasons.
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Myocardial hypertrophy may be inappropriate, and combined with inadequate
perfusion, may constitute a potential for development of myocardial fibrosis and depressed
function. Late gadolinium enhancement by MRI, suggestive of myocardial fibrosis, has been
documented in a significant proportion of patients with a systemic RV and found to correlate
with adverse outcome (45, 46).
Tricuspid regurgitation might also constitute a factor in the progression towards
systemic RV failure; however, in the present study, tricuspid regurgitation was of possible
hemodynamic significance only in three patients.
Some special considerations in addition to the abovementioned factors apply to the
finding of reduced ventricular torsion. In the RV, pressure overload leads to preferential
hypertrophy of the circumferential fibres, while the fraction of obliquely oriented fibres is
reduced compared to the normal RV (32). Since contraction of the obliquely oriented fibres
are responsible for ventricular torsion, a reduction in their relative share of the total
myocardial mass might lead to a reduction in torsion. The absence of torsion could also be the
result of increased afterload, mediated through changes in wall stress (47).

Subpulmonary left ventricle
In the subpulmonary LV, there was predominant longitudinal over circumferential
shortening in the free wall, as in the normal RV. However, the degree and rate of both
longitudinal and circumferential shortening were intermediate between those of the normal
LV and RV. Subpulmonary LV free wall torsion was less than in both the LV and RV of the
normal heart.
These findings indicate that the shortening pattern reflects the role of the LV as the
subpulmonary ventricle, but also only a partial adaptation to the decreased load. The factors
discussed above as influencing the contraction pattern of the systemic RV can also be applied
to the subpulmonary LV, with some modifications.
There is an increased radius of curvature as well as the previously described septal
shift, thus rendering the subpulmonary LV similar to the normal RV in the short-axis section.
The demonstrated contraction pattern might reflect changes in regional wall stress resulting
from these alterations in ventricular geometry. Ventricular mass, however, was not
significantly different between the normal LV and the subpulmonary LV. This could suggest
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that myocardial structure is relatively well preserved in the subpulmonary LV, which may
partly explain why the strain values of the subpulmonary LV remain intermediate between
those of the normal LV and RV.
The strain rate values in the subpulmonary LV are also intermediate between those in
the normal LV and RV. While the systemic RV displayed strain values similar to those of the
normal LV, but reduced strain rate values, there was no such dissociation between strain and
strain rate in the subpulmonary LV. With regard to strain rate, there is therefore no clear
indication of reduced myocardial function in the subpulmonary LV.
Reduced ventricular torsion could be a marker of incipient myocardial dysfunction,
although there are other possible explanations for this finding. The reduction in torsion in the
subpulmonary LV might be the result of absent torsion in the systemic RV. In the normal
heart, the RV twists with the LV (48), and torsion of the subpulmonary ventricle may at least
partially depend on torsion of the systemic ventricle, or the ventricle that is dominant in terms
of mass, by ventricular interaction. The leftward septal shift might also play a role in the
reduction of subpulmonary LV torsion.

Arterial switch-operated patients – normalized ventricular roles
Global ventricular function, dimensions and overall geometry were similar in the
arterial switch-operated patients and healthy controls. However, SDE disclosed changes in
myocardial deformation that were not apparent using traditional measures of ventricular
function. In the LV of patients operated with arterial switch, global longitudinal strain was
reduced compared to healthy controls, while circumferential strain was not significantly
different between the two groups. There was no difference in strain rate between the groups.
Ventricular torsion was reduced in patients, and patients showed greater regional dispersion
of rotation.
Possible reasons for the reduction in global longitudinal strain and reduced ventricular
torsion are similar to the ones discussed above regarding the Senning-operated patients,
principally ischemic myocardial damage, as well as alterations in ventricular geometry
inherent in the malformation. Patients operated with arterial switch are perhaps particularly at
risk of intraoperative ischemic damage, as the operation involves reimplantation of the
coronary arteries. Coronary occlusion and stenoses are also recognized post-operative
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complications (11). Coronary anomalies, particularly a hypoplastic LAD (49) may also
contribute to longitudinal shortening being most reduced in the apical segments. Reduced
coronary flow reserve (50) and wall motion abnormalities during stress as well as reversible
myocardial perfusion defects have been documented in this patient group (51).
The longitudinal fibres are located predominantly in the subendocardial layer, and are
therefore probably particularly susceptible to ischemic damage. Early myocardial dysfunction
would thus first become manifest as a reduction in longitudinal shortening, which has been
demonstrated in a number of cardiac diseases (52, 53). Suggesting that our findings might
represent incipient myocardial dysfunction is the recent report of reduced global ventricular
function in arterial switch-operated patients at 16-year follow-up (54). Our patients were
younger, and global ventricular failure might not yet be apparent.
Somewhat surprisingly, strain rate was not significantly reduced in the patient group,
although there was a trend towards lower values than in the healthy controls (p=0.12). There
is, however, greater variability in the strain rate measurements, which, along with a relatively
small number of patients could result in lack of statistical significance.
Alterations in ventricular geometry inherent in the malformation are a less likely
explanation for the depressed longitudinal function, as the decreased shortening was more
pronounced at the apical level. If inherent structural abnormalities were responsible, one
would expect the greatest reduction in function to be located at the basal level in relation to
the outlets of the great arteries (55). Structural differences in myocardial architecture might,
however, contribute to the greater regional dispersion of rotation with rotation being most
reduced in the anterior and anterior septal segments of the basal plane, which is the location
of the outlet tract.
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Integrated discussion of ventricular physiology and clinical significance
In summary, the systemic RV in Senning-operated patients displays a geometry and
strain pattern similar to the normal LV, as does the LV in arterial switch-operated patients.
The similarity between the normal LV and the LV of arterial switch-operated patients renders
less likely the hypothesis that congenital differences in ventricular architecture are the cause
of the observed contraction patterns in the TGA patients. The strain pattern of the systemic
ventricle in TGA patients, whether it be the RV in Senning-operated or the LV in arterial
switch-operated patients, consequently seems to be mainly the result of loading conditions
mediated through overall ventricular geometry rather than congenital differences in
ventricular architecture.
Systemic ventricular function is considered adequate in both patients groups, as both
the Senning- and arterial switch-operated patients were asymptomatic and none showed signs
of congestive heart failure. Symptoms can be underreported, though, especially in patients
with congential heart disease perhaps accustomed to a lower activity level.
However, the congenital malformation in itself with its associated perfusion
anomalies, the operative procedure and, in the case of the systemic RV, the sustained
increased load on a ventricle designed for a low-pressure circulation, most likely take their
toll on ventricular function. The demonstrated reductions in myocardial deformation probably
do indicate some degree of myocardial pathology.
Supporting the assumption of myocardial dysfunction is the finding of reduced
exercise peak ventilatory oxygen uptake in both atrial- and arterial-switch operated patients,
most pronounced in the Senning group. These findings are in keeping with those of other
studies (56-59). The diminished exercise capacity does not, however, unequivocally indicate
ventricular failure. For the Senning-operated patients, failure to increase atrioventricular
filling rates during exercise might also play a part (60). Alterations in pulmonary function
might also be responsible for the depressed peak oxygen uptake, demonstrated in patients
after surgery for a number of congenital heart conditions (61, 62).
Incipient ventricular dysfunction seems to be more advanced in the systemic RV than
in the LV of the arterial switch-operated patients. Significantly reduced EF, total absence of
torsion and depressed strain rate compared to the normal LV signify a more severe
dysfunction than a relatively small reduction in longitudinal strain and ventricular torsion.
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This suggests that the RV is perhaps less suited over time to carry the systemic load.
However, the Senning-operated patients were older and the follow-up period thus longer in
this patient group.
Ventricular geometry and strain values in the IVS of Senning-operated patients
suggest that the IVS functions as a part of the systemic ventricle and not the anatomical LV.
The IVS is displaced towards the LV cavity, and strain values are similar to those in the
normal LV and systemic RV free wall. If the IVS remained a functional part of the
subpulmonary LV, one would expect an increase in longitudinal strain in the IVS relative to
the normal LV similar to that found in the subpulmonary LV free wall.
Our findings suggest that analysis of deformation variables may provide useful
information both concerning ventricular physiology and clinical follow-up of this patient
group. In the Senning-operated patients, a strain pattern most likely the result of an adaption
to alterations in load was detected. In the case of the arterial-switch operated patients,
standard measures of global ventricular function did not disclose reduced function, while
deformation variables detected both subtle global and regional changes in myocardial
contraction.

Methodological issues
Patient and control group selection
Patients were identified from operation records at Oslo University Hospital
Rikshospitalet. Patients without associated hemodynamically significant lesions were
selected. Those unable to perform exercise testing due to physical or mental disability were
not included. The selected Senning-patients were operated over a 4-year period (1984-1987),
the arterial switch-patients over a 9-year period (1989-1997). Improvement in operator
technique and experience might reduce per- and postoperative complications, including
ischemic damage to the myocardium. However, this should not have any bearing on the main
findings concerning the ventricular shortening pattern, i.e. the balance between longitudinal
and circumferential contraction. Operator technique might be of importance with regard to
the findings suggesting decreased myocardial function, though, as duration of ischemia could
be a determinant of subsequent dysfunction. However, no correlation was found in the arterial
switch-group between strain values and time on extracorporeal circulation or aortic cross38

clamp time. Furthermore, our study groups were too small to study the effect of a possible
development in surgical technique on the relevant deformation variables.
Our study results are limited to asymptomatic patients with adequate systemic
ventricular function, as no patients with signs of overt heart failure were included. Further
studies are needed to elucidate how the contraction pattern changes with the development of
manifest heart failure.
In order to evaluate whether the observed contraction pattern in the systemic RV
could be merely a post-operative effect, we included a control group in paper 1 consisting of
patients who had undergone cardiac surgery but with normal ventricular roles, i.e. a systemic
LV. We could not exclude that the underlying condition that dictated surgery affected
ventricular function, but the objective was to assess the main features of the contraction
pattern, i.e. the balance between longitudinal and circumferential contraction more than
absolute values. The ideal control group does not exist, as it would consist of subjects without
cardiac pathology undergoing a sham operation, which of course is precluded.
The control group included, among other patient groups, 6 patients operated with
arterial switch for TGA, subjects that were part of the patient group in paper 3. While we
found no difference in paper 1 between healthy controls and the operated control group, in
paper 3 we did find a significant difference in longitudinal strain between healthy volunteers
and the patients. This is most likely due to the relatively small changes in LV function
documented in paper 3 being masked by the values from the other patients in the control
group in paper 1 and therefore not statistically significant. Again, however, the main
objective in paper 1 was to compare contraction patterns rather than absolute values.
Subjects in the healthy control group in paper 1 were slightly older than the patients. It
is, however, unlikely that this small difference in age should account for our findings, as RV
longitudinal function decreases with age (63), and we found greater RV longitudinal
contraction in the control group than in the patients.

Assessment of myocardial deformation
Tissue Doppler and speckle tracking imaging are established and validated techniques
for quantifying regional myocardial function (20, 21, 25, 26). Both techniques theoretically
permit measurement of deformation in three dimensions: longitudinal, circumferential and
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radial shortening or thickening. With TDI, however, circumferential and radial deformation
can only be assessed in certain segments due to angle dependency. In the present studies,
strain and strain rate were assessed only in two dimensions: longitudinal and circumferential.
Radial strain was not measured and might have added additional information. We found it
difficult to utilize radial strain, primarily because of tracking failure and therefore high
variability of the measurements. A further limitation is that in the RV, circumferential strain
could only be assessed by TDI due to image quality and thus only in the free wall.

Tissue Doppler imaging
As previously mentioned, the technique is dependent on angle of insonation relative to
the direction of myocardial shortening and frame rate. Care was taken to align the ultrasound
beam with the wall region where the sample volume was placed. Sector width was narrowed
to obtain the highest frame rate possible. In paper 1, frame rate was 90-240 frames/second,
which we consider sufficient to provide peak values both for strain and strain rate.
There is also a tendency for the strain curve to drift throughout the cardiac cycle. This
is corrected for by forcing the strain curve to return to zero at end-diastole by linear
compensation, which assumes that drift is equally distributed throughout the cardiac cycle.
This is not necessarily correct, as drifting may be more pronounced in cardiac phases with
rapid deformation.
Another problem with TDI is the repeatability of sample volume placement. In order
to minimize error from different sample volume placement in different subjects, the region of
interest was placed in the basal third of the apical and mid ventricular segments and in the
middle of the basal segment (to avoid the mitral ring) in the standard apical projections for
measurement of longitudinal function. For measurement of circumferential function, the
papillary muscles were used to localize the mid-ventricular level and the region of interest
placed in the free wall where the beam was tangential to the ventricular short-axis section.
There are also possible influences on measurements from the physiological state of
the examined subject. Tissue Doppler recordings were obtained at the end of the
echocardiographic examination when the subject would be expected to be in a resting state.
Beat-to-beat variation in stroke volume might also affect strain measurements, and in order to
minimize biological variability, all TDI measurements were averaged over 3 cardiac cycles.
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In spite of several possible sources of error, TDI measurements showed good
agreement with values obtained by analysis of tagged MRI images.

Speckle tracking echocardiography
Speckle tracking echocardiography has the advantage of not being angle-dependent.
There is also less of a problem with sample volume placement, as long as standard
echocardiographic projections are used.
However, since gray scale images are used and sector width cannot be narrowed
beyond a full ventricular image, it might be difficult to obtain a sufficient frame rate. In paper
3, frames rates were 69-112 frames/second. This is within the interval generally agreed on as
sufficient for analysis of strain and strain rate. However, some deformation variables,
especially peak strain rate values, may still be underestimated, and we found lower peak
systolic strain rate values in healthy controls in paper 3, using STE, than in paper 1, using
TDI.
Image quality is also of paramount importance. Care was taken to adjust transducer
frequency, sector width and focus depth to optimize the quality of the images.
There are also certain limitations pertaining to short-axis imaging, primarily out-ofplane movement due to cardiac translation and longitudinal shortening. This problem is
greater at the base, since the mitral plane moves towards the apex in systole. Another possible
cause of error is the problem of obtaining short-axis sections at the same levels in all patients.
To minimize the variability introduced by this factor, we used anatomical landmarks when
orienting the images – the mitral plane at the basal level and the most distal plane not
showing systolic luminal closure at the apical level.
Despite these factors, intra- and interobserver variability was within acceptable limits.
For each patient, several loops consisting of three cycles were recorded in each standard
echocardiographic projection. When investigating interobserver variability, choice of loop
was at the observer’s discretion; accordingly, analysis of interobserver variability was not
necessarily performed on the same loop by the two observers.
Global ventricular strain might prove a robust measure of ventricular function, less
susceptible to the variability of individual strain measurements since it is an average of 18
segmental values. However, this might also make it less sensitive in picking up incipient
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myocardial dysfunction, supposing that ventricular failure starts regionally and subsequently
develops into a global condition. This assumption is supported by the finding of regional
differences in strain reductions in the arterial switch-operated patients.

Magnetic resonance imaging
Apart from measurement of ventricular mass and volumes, MRI was used in paper I
to validate circumferential strain measurements and to assess ventricular torsion.
Frame rate is a major limitation of this technique; a time resolution of 35 ms leaves a
risk of underestimation of peak values. However, the strain curve does not have a sharp peak,
but usually plateaus at peak shortening. Therefore, the risk of understimation of peak strain is
less than for velocities and strain rate.
When comparing MRI and strain values, one must be sure that measurements are
obtained at the same ventricular level. The same anatomical landmarks as for
echocardiographic short-axis images were used.

Assessment of ventricular torsion
When measuring rotation in papers I and II, different centres of gravity were used for
the systemic and subpulmonary ventricles. The reason for this is that the rotation algorithm in
HARP presupposes a relatively circular short-axis shape. For the systemic ventricle, rotation
of the entire ventricular slice could be calculated. However, the subpulmonary ventricle is
more crescent-shaped in the short-axis section, and in order to assess rotation, we measured
rotation of the entire heart using the common centre of gravity of the two ventricles as a
reference point, subsequently extracting regional data for rotation of the free wall of the
subpulmonary LV and normal RV. Thus, this is a source of error when comparing rotation
and calculated torsion in the systemic and subpulmonary ventricles, but it should nonetheless
be possible to compare direction and approximate magnitude of rotation.
When measuring rotation with STE, the same limitations apply as for strain in shortaxis images, mainly frame rate, image quality, out-of-plane movement and variability in the
placement of the short-axis sections.
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Future perspectives
The findings in the present studies indicate further areas of research. From a
pathophysiological viewpoint, studies are needed to clarify how the potential progression of
ventricular dysfunction affects the myocardial contraction pattern. Furthermore, how is the
contraction pattern affected in other conditions with RV pressure overload, such as
pulmonary hypertension? Of clinical importance is whether – and if so, which - deformation
variables can identify patients progressing to ventricular failure and therefore requiring closer
follow-up and intervention.
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Conclusions
1. Ventricular strain patterns in TGA patients seem to be mainly the result of loading
conditions mediated through adaptive changes in ventricular geometry rather than
alterations inherent in the congenital malformation.
a. The systemic RV displays a short-axis geometry and strain pattern similar to
the normal LV with predominant circumferential over longitudinal shortening,
opposite to the pattern in the normal RV.
b. In the subpulmonary LV, longitudinal contraction predominates over
circumferential contraction, as in the normal RV, but absolute strain values are
intermediate between the normal RV and LV, possibly indicating a partial
adaption to the altered loading conditions.
c. The LV of arterial switch-operated patients has the same overall contraction
pattern as the normal LV, with predominant circumferential shortening.
2. Signs of incipient myocardial dysfunction are present in both atrial and arterial
switch-operated patients, with more pronounced reductions in deformation variables
in the atrial switch-operated group.
a. In the systemic RV, strain rate is reduced and ventricular torsion absent
compared to the normal LV.
b. In the LV of arterial switch-operated patients, there is a slight reduction in
global longitudinal strain and ventricular torsion compared to the normal LV.
3. Myocardial deformation analysis is of value in these patients, both in studying
ventricular physiology and in assessing possible ventricular dysfunction not disclosed
by standard measures of ventricular function.
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