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Abstract

Objective—The aim of the study was to determine right and left ventricle deformation
parameters in patients with transposition of the great arteries who had undergone atrial or arterial
switch procedures.

Setting—~Patients with transposition are born with a systemic right ventricle. Historically, the
atrial switch operation, in which the right ventricle remains the systemic ventricle, was performed.
These patients have increased rates of morbidity and mortality. We used cardiac MRI with
Velocity Vector Imaging analysis to characterize and compare ventricular myocardial deformation
in patients who had an atrial switch or arterial switch operation.

Design—~Patients with a history of these procedures, who had a clinically ordered cardiac MRI
were included in the study. Consecutive 20 patients (75% males, 28.7+1.8 years) who underwent
atrial switch operation and 20 patients (60% males, 17.7+1.9 years) who underwent arterial switch
operation were included in the study. Four chamber and short-axis cine images were used to
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determine longitudinal and circumferential strain and strain rate using Vector Velocity Imaging
software.

Results—Compared to the arterial switch group, the atrial switch group had decreased right
ventricular ejection fraction and increased end-diastolic and end-systolic volumes; and no
difference in left ventricular ejection fraction and volumes. The atrial switch group had decreased
longitudinal and circumferential strain and strain rate. When compared to normal controls multiple
strain parameters in the atrial switch group were reduced.

Conclusions—Myocardial deformation analysis of transposition patients reveals a reduction of
right ventricular function and decreased longitudinal and circumferential strain parameters in
patients with an atrial switch operation compared to those with arterial switch operation. A better
understanding of the mechanisms of RV failure in TGA may lead to improved therapies and
adaptation.

Keywords

Systemic right ventricle; Transposition of great vessels; Vector Velocity Imaging; Cardiac
magnetic resonance imaging; Atrial switch operation; arterial switch operation

Introduction

The management of transposition of great arteries (TGA) has evolved since initial attempts
at surgical repair began in the late 1940’s with the first published procedure being the
Blalock-Hanlon operation in 1950.(1) Varied attempts to physiologically correct TGA by
creating an intra-atrial baffle followed. The desired effect of the intra-atrial baffle was to
direct pulmonary venous return to the right ventricle (RV) and aorta and systemic venous
return to the left ventricle (LV) and pulmonary artery. Over the following years the atrial
switch operations pioneered by Ake Senning and William Mustard became the surgical
management of TGA. Following advances in neonatal cardiac surgery in the 1980’s, the
surgical management of TGA transitioned from the atrial switch operation to the arterial
switch operation. The arterial switch operation involves relocating the aorta and coronary
arteries to the LV and the pulmonary artery to the RV. As opposed to the atrial switch
operation, the arterial switch operation results in a systemic LV. In the United States TGA
occurs in 5 of 10,000 live births.(2) Most of the patients that underwent the atrial switch
operation as children, are adults now and there is an increasing population of arterial switch
operation patients who are reaching adulthood.

Previous studies have indicated a higher incidence of complications after an atrial switch
operation.(3, 4) Long-term complications include atrial baffle leaks, baffle obstruction,
arrhythmias, right ventricular failure and sudden death. Complications of the arterial switch
operation include coronary artery occlusion and subsequent ventricular dysfunction, neo-
aortic root dilation, semilunar valve disease, supravalvar pulmonary stenosis and
supravalvar aortic stenosis.(5) A prospective study by the Congenital Heart Surgeons'
Society (CHSS) evaluating outcomes in TGA patients with the atrial switch and arterial
switch operations showed that there is an increased risk of mortality in the atrial switch
group.(6) In a single center prospective study most patients had good RV function 14 years
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after the Mustard operation, but 61% had moderate to severe dysfunction 25 years after the
surgery.(7) From these studies there is evidence suggesting that the systemic RV fails over
the long-term. The early inciting factors and the stages of progression that finally leads to
RV failure are not known.

The current gold standard of evaluation of RV function is cardiac MRI (CMR) which can,
measure RV volumes and calculate ejection fraction.(8) Ejection fraction (EF) is of low
prognostic significance at lower levels of impairment.(9) Using current clinical imaging
modalities, RV failure is likely to be advanced when a significant reduction of ejection
fraction is reached. Cardiac deformation (strain) imaging has been applied to other disease
processes to better delineate the pre-clinical progression of disease.(10)

The purpose of the study was to evaluate RV global deformation parameters in patients with
D-TGA. We hypothesized that the RV global strain parameters will be decreased in the
systemic RV in patients with atrial switch operations compared to RV in patients after
arterial switch operation or normal controls. Analysis of the RV deformation parameters
may provide a way to diagnose and manage patients with repaired TGA prior to the onset of
overt failure of the RV.

Study Population

Imaging

Patients were identified by retrospective review of hospital records. The most recent 20
consecutive patients who had undergone a CMR and had a history of TGA and an atrial
switch operation (n=20) and the most recent 20 patients who had undergone a CMR and had
a history of TGA and arterial switch operation (n=20) were identified. A group of control
patients with structurally and functionally normal hearts who had undergone CMR earlier
were similarly processed to provide a reference normal data set (n=8). Patients were
excluded if the CMR images were of poor quality, precluding VVI analysis. Institutional
Review Board (IRB) guidelines were met for this study.

The images were obtained using a Siemens 1.5T or 3.0T magnet. Retrospectively ECG
gated segmented balanced steady-state free precession (bSSFP) cine images were acquired
during expiratory breath holds with a slice thickness of 6mm with a 4 mm gap. We scanned
our patients using spatial resolution of 1.5mm x 1.5mm/pixel. Temporal resolution was 35
msec. RV and LV volumetric analysis data was previously performed on the manufacturer
volumetric analysis software (Siemens Argus). Volumetric measurements were made using
a stack of bSSFP images in the short axis plane. For the purpose of this study, ventricular
volumes and ejection fraction detailed on the clinical report were used. Ventricular
trabeculations were excluded from tracings measuring ventricular volumes.

Ventricular Strain Analysis using Velocity Vector Imaging

Ventricular deformation parameters were analyzed offline on previously acquired CMR four
chamber and short axis images. Longitudinal and circumferential strain and strain rate were
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obtained by manually tracing the RV and LV sub-endocardial border in the 4-chamber view
and mid-ventricular short axis views using Siemens VVI5 software (Siemen’s Medical
Solutions, Mountain View, CA). The endocardial borders of the RV were traced from the
point of annular attachment of the tricuspid valve to the anterior RV wall to the septal
attachment of the annulus. Similarly the LV endocardial border was traced from the annular
attachment of the mitral valve to the posterior LV wall to the septal annular attachment. For
both the RV and LV tracings in the 4-chamber view the trabeculations was excluded from
the tracing. In the mid-chamber short axis views the sub-endocardial borders were traced
excluding the papillary muscles. For consistency short axis tracings were begun at 12:00
position and traced clockwise. The built-in 2D tracking algorithm of VVI software was
employed to provide dynamic deformation parameters. Automated feature tracking was used
for all images in the study (Fig. 1). If poor tracking of the endocardium was noticed then the
endocardial tracings were manually readjusted. The software applied automatic
segmentation of the left and right ventricular walls into six segments for strain analysis.

Kruskal-Wallis test was used to analyze the variance between the atrial switch, arterial
switch and control groups and followed by post-hoc analysis using Mann-Whitney with
Steel-Dwass test for comparisons between two groups. A t-test was used to compare the
patient characteristics in Table 1. Inter-observer and intra-observer variability and
reproducibility was assessed for 15 randomly selected patients from the atrial switch and
arterial switch cohorts for the longitudinal and circumferential strain measurements. Intra-
observer variability was assessed by repeating the observations after four weeks by the same
observer. The strain measurements were recorded and reproducibility was assessed using
Bland-Altman’s plot and Kendall rank correlation coefficient test.

Patient Characteristics

The patient characteristics of atrial switch and arterial switch cohorts are shown in Table 1.
A total of 48 patients were included in the study and comprised an n=20 in both the atrial
and arterial switch groups and n=8 in the control group. The mean age for the control group
was 32.6+2.1 years, atrial switch was 28.7+ 1.8 years and the arterial switch group was
17.7+1.9 years. The BSA was 1.9 m2 for the control and atrial switch group compared to 1.6
m? for the arterial switch group. This difference was likely due the difference in the mean
age of the population at the time of the study. The systolic and diastolic blood pressures
were not significantly different between the groups. Comorbidities among the atrial switch
group included one patient with severe and three with moderate tricuspid regurgitation; one
patient had severe pulmonary insufficiency; all patients were in normal sinus rhythm except
one who was in junctional rhythm; no baffle obstruction or outflow problems were noted. In
the arterial switch group two patients had moderate aortic insufficiency; four had moderate
aortic root dilatation.
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Inter-observer and Intra-observer Variability

Using the Kendall rank correlation coefficient test () for inter- observer variability showed
excellent agreement for the RV longitudinal strain measures, (t =0.84, p<0.0001), and
moderate agreement for circumferential strain (t = 0.52, p<0.005). Intra-observer measures
showed similar reproducibility for longitudinal strain (t =0.84, p<0.0001), and
circumferential strain (t = 0.77, p<0.0001). Using the Bland-Altman’s plot to analyze for
inter- and intra-observer variability the bias and the Bland-Altman limits of agreement for
longitudinal strain was +0.4+3.1% and +0.3+2.4 % for inter-observer and intra-observer
observations respectively. For circumferential strain the bias and Bland-Altman limits of
agreement ranged from —0.8+4.0% and —0.2+2.3% for inter-observer and intra-observer
observations respectively. Both observers were non-blinded.

Ventricular Volumes and Ejection Fraction

The RV ejection fraction was lower by almost 15% in the atrial switch group compared to
the arterial switch group. This reduction in function was accompanied by a significant
increase in absolute RV end-diastolic and end-systolic volumes in the atrial switch group
(Fig 2). The LV ejection fraction was decreased by 6% in the atrial switch compared to the
arterial switch group with significant decrease in end-diastolic LV volumes and no
significant difference in the absolute LV end-systolic and end-diastolic volumes.

RV Deformation parameters

The deformation parameters of the RV and LV of the atrial switch, arterial switch and
normal control groups are shown in Tables 2 and Fig 3. When compared across groups, the
atrial switch RV strain parameters showed a significant decrease in longitudinal strain and
strain rate. A Kruskal-Wallis test showed that there was a statistically significant difference
in RV global longitudinal strain between the different groups, ¥2(2) = 15.09, p = 0.005.
Post-hoc (Mann-Whitney with Steel-Dwass test), showed a significant difference between
atrial switch RV global longitudinal strain and arterial switch RV global longitudinal strain
(p =0.01) and atrial switch RV global longitudinal strain and control RV global longitudinal
strain (p=0.0012). For Strain Rate, there was a statistically significant difference in RV
global longitudinal strain rate between the different groups, x2(2) = 19.34, p = 0.0001. Post-
hoc (Mann-Whitney with Steel-Dwass test), showed a significant difference between atrial
switch RV global longitudinal strain rate and arterial switch RV global longitudinal strain
rate (p =0.003), the atrial switch RV global longitudinal strain rate and control RV global
longitudinal strain rate (p=0.0004).

The circumferential strain was higher in the atrial and arterial switch group compared to
controls. RV global circumferential strain between the different groups, y2(2) = 12.33,p =
0.002. A significant difference between atrial switch RV global circumferential strain and
arterial switch RV global circumferential strain (p =0.005; Steel-Dwass) whereas, atrial
switch RV global circumferential strain and control RV global circumferential strain showed
no significant difference (p=0.61; Steel-Dwass). RV global circumferential strain rate
between the different groups was significant, ¥2(2) = 7.04, p = 0.02. A significant difference
between atrial switch RV global circumferential strain rate and arterial switch RV global
circumferential strain rate (p =0.05; Steel-Dwass) whereas, atrial switch RV global
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circumferential strain rate and control RV global circumferential strain rate showed no
significant difference (p=0.96; Steel-Dwass).

As mentioned above when the atrial and arterial switch groups are compared to each other,
there was a global reduction in the RV deformation parameters of the atrial switch group.
The global longitudinal strain was decreased in the atrial switch group compared to the
arterial switch group (atrial switch —9.9+0.5; arterial switch= -13.2+0.8) with a significant
decrease by —3.33 % (p=0.01). The RV global circumferential strain for the atrial switch
group was decreased by —3.67% (atrial switch —11.2+0.7; arterial switch —-14.8+0.7;
p=0.005). The global strain rate was significantly decreased for global longitudinal and
circumferential parameters. The global longitudinal strain rate was decreased by -0.2 (s™1)
(atrial switch—0.6+0.03; arterial switch —0.8+0.05; p=0.005). The global circumferential
strain rate was decreased in the atrial switch group (atrial switch—0.6+0.04; arterial switch
-0.8+0.05; p=0.05).

LV Deformation parameters

The LV deformation parameters of the atrial switch group and the arterial switch group were
compared to the normal control group. None of the LV deformation parameters of either
group were statistically different from the normal group (Fig 3). No significant difference
was also detected when comparing the LV deformation parameters between the atrial switch
and arterial switch groups.

Discussion

Advances in medical management and surgical techniques for TGA have improved the
survival rates into adulthood. (11) Previous long-term studies have shown various degrees of
diastolic and systolic RV dysfunction in both cohorts of TGA patients.(12, 13). Over the
long-term many of these patients develop RV failure and the incidence is higher in patients
who underwent an atrial switch operation. (14) The pathogenesis of systemic RV failure in
the atrial switch cohort is unclear. A failing pressure overloaded systemic RV, if
uncorrected, can secondarily cause diastolic LV dysfunction.(15) Early recognition of RV
failure can help modify management and possibly prevent long-term morbidity and
mortality in this patient population.

Strain Imaging

Cardiac volumetric analysis and ejection fraction are typically used in clinical practice to
assess ventricular function. Echocardiographically these measures have been shown to be
limited by inaccuracies, lack of reproducibility and delay in detecting early changes in
myocardial function.(16) Initially, myocardial deformation imaging or strain imaging was
applied to echocardiography for assessment of systolic and diastolic function.(17). When
assessed by tissue Doppler imaging, strain and strain rate measurements are limited by the
angle of insonation. While this limitation is decreased with the use of 2D echo imaging,
CMR permits even less anisotropy to confound a 2D feature tracking analysis tool such as
Velocity Vector Imaging.(18, 19). This modality allows for feasible and reproducible strain
analysis retrospectively on CMR images.(20) Segmental changes in myocardial length have
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been defined as strain (S); rate of this change is strain rate (Sr). Changes in the longitudinal
and circumferential planes are defined as longitudinal (LS) and circumferential strain (CS).

This is the first study to use feature tracking software on CMR images to evaluate the RV
and LV deformation parameters in patients with TGA who have undergone the atrial switch
or arterial switch operations. The application of feature tracking to CMR is important in this
patient population as CMR is a prominent imaging modality in adults with repaired TGA.
This is also the first study that determines function and strain parameters close to the third
decade post-surgical intervention in the atrial switch group.

The present study demonstrates a global reduction in multiple deformation parameters of the
systemic right ventricle in the atrial switch group when compared to the normal control
group and the arterial switch group. This coincides with an increase in CMR measured
ventricular volumes and a decrease in ejection fraction in the atrial switch group when
compared to the normal and the arterial switch groups. Similar to this study, Diller et al
noted a decrease in RV global longitudinal strain by speckle-tracking echocardiography in
TGA patients who had undergone an atrial switch operation. They correlated these changes
with adverse clinical outcomes.(21) In the present study, circumferential strain and strain
rates were increased when compared to controls suggesting a progressive adaptive response
by the RV. Previously, Pettersen et al reported similar increase in circumferential strain and
strain rate of the right ventricle.(22) The major difference between the current study and the
previous study is the time point from the surgical intervention. The present study looks at
RV function and deformation parameters at a mean age of 28.7 years in the atrial switch
group whereas the earlier study reported a mean age of 18.4 years. This likely indicates a
continuum of the disease process with decreasing ventricular function.(23) The RV
deformation parameters of the arterial switch group were similar to normal controls,
consistent with its position as the subpulmonary ventricle after arterial switch operation. The
LV deformation parameters of the atrial switch group were mostly unchanged when
compared to the arterial switch or the control groups.. It is somewhat surprising that more of
the deformation parameters were not different given that the LV of the atrial switch group is
subpulmonary whereas the LV of the arterial switch group is subaortic. It is likely that the
LV is more adaptive to a wider variation of pressures unlike the RV. A recent study looked
into RV and LV function at medium-term follow up after arterial switch operation. The
findings of this study suggest that LV systolic and diastolic function returns to normal while
RV systolic and diastolic performance continued to be impaired a year after surgery.(24)

Future studies should be directed at evaluating changes in the RV and LV of atrial switch
and arterial switch TGA patients over time, especially as the atrial switch cohort moves into
middle and later age. This will provide insight into the changes in strain parameters of the
RV and LV. Linking these findings with clinical outcome data will help formulate clinical
management options before the onset of irreversible RV myocardial changes and
progressive heart failure. Analysis of segmental strain parameters of the RV and LV can also
provide temporal deformation data which may permit for the assessment of ventricular
dyssynchrony.(25) This study determines the changes in the RV primarily related to pressure
overload; however, it would be interesting to see how RV myocardial mechanics change
with primary volume overload (e.g.: repaired tetralogy of Fallot with pulmonary
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insufficiency) or combined loading conditions (e.g.: congenitally corrected transposition of
the great arteries with hemodynamically significant tricuspid regurgitation). The methods
used in this study can be applied to these and other diseases including pulmonary stenosis
and single morphologic RV’s that can lead to pressure loaded RV failure.(8, 15)

The limitations of our current study include the absence of a larger cohort of age matched
normal controls. This would allow us to evaluate the extent of change that is related to the
disease process and would not be confounded by changes with age.(26) The mean age of the
two cohorts are separated by a greater than 10 years. This again alters the characteristics of
the cohort. Also of note is this being the first study to use VVI CMR to evaluate RV
myocardial deformation in TGA patients and is limited by no previous VVI RV validation.

Conclusions

VVI CMR analysis of TGA patients reveals a reduction of RVEF and multiple RV strain
parameters in patients with an atrial switch operation when compared to normal controls and
those with an arterial switch operation. All of the LV strain and strain rate parameters in the
atrial switch group are unchanged compared to the atrial switch and control groups.. This is
the first study to use VVI CMR to evaluate RV myocardial deformation in TGA patients. A
better understanding of the mechanisms of RV failure in TGA may lead to improved
therapies. The findings can also be used to better understand myocardial mechanics in RV
failure due to other congenital heart diseases.
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Fig 1.

M?/ocardial segmental deformation tracings using VVI software. Longitudinal (4-chamber)
Strain (A); and Circumferential (short-axis) Strain (B) The tables in the figure show
segmental, peak strain and average peak global strain. The image is color coded for
graphical display of segmental and regional velocity. The grayscale image show the
endocardial tracing in the 4-chamber and short-axis view.
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Fig 2.
Cc?mparison of Right Ventricle (RV) and Left Ventricle (LV) Function and VVolume between
the Atrial Switch (AS) and Arterial Switch (ASO) group. (*) indicates statistical significance
with p values < 0.05. (A) Bar graphs represent significantly decreased RV Ejection Fraction
in the AS group. (B) The RV end-diastolic and end-systolic volumes normalized to BSA are
significantly increased in the AS group.
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Fig 3.

Cr?anges in Right Ventricle (RV) and Left Ventricle (LV) Strain and strain rate between the
atrial switch (AS) and the arterial switch (ASQO) groups compared to controls. (*) indicates
statistical significance with p values < 0.05. Bar graphs show significant decrease in RV
longitudinal strain (LS), longitudinal strain rate (LSr) in the AS group (A, B). The
circumferential strain (CS) and circumferential strain rate (CSr) is increased in both the AS
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and ASO group compared to controls (A, B) LV strain and strain rates were not significantly
changed in either the AS and ASO groups (C, D).
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Patient Characteristics of the Atrial Switch and Arterial Switch Group AS

Table 1

AS
Number of Patients(males) 20(15)
Age, yrs. 28.7+81.8
Body Surface Area m? 1.9+0.1

Systolic/Diastolic BP mmHg  120+3/73+2
CMR RV

RV EF (%) 45425

RV EDVi(ml/m2) 100.6 +6.2

RV ESVi(ml/m2) 58.5+4.5
CMRLV

LV EF(%) 57.642.0

LV EDVi(ml/m2) 63.545.0

LV ESVi(ml/m2) 28.242.9

ASO
20(12)
17.7+1.9
1.6+0.1
117+3/67+2

53.3+2.1
79.3+4.7
37.3+4.0

61.4+2.1
79.4+3.5
31.1+2.9

p-value

0.0006
0.001
NS

0.04
0.01
0.004

0.07
0.007
0.4

AS: Atrial Switch Group; ASO Arterial Switch Group; The RV and LV ejection fraction and volumes are listed as shown.

(Values are as shown £S.E.). End Diastolic and end systolic volumes are normalized to BSA.
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Table 2

Myocardial Deformation Parameters of the Right and Left Ventricle in the Atrial and Arterial Switch Groups
Compared to Controls.

RV Control(n=8) AS(n=20) ASO(n=20) p-value
Longitudinal Strain (%) -15.3+0.9 -9.9+0.5 -13.2+0.8 (0.0005)
Circumferential Strain (%) -9.8+1.8 -11.240.7  -14.8+0.06  (0,002)
Longitudinal Strain Rate (s™1) -1.1+0.1 -0.6£0.03  -0.8+0.05 (0.0001)
Circumferential Strain Rate (s™%) -0.7+0.1 -0.6£0.04 -0.8+0.06  (0.02)
LV

Longitudinal Strain (%) -16.9+1.3 -15.3741.3 -15.19+09 (0.76)
Circumferential Strain (%) -20.8+0.9 -17.89+1.0 -21.89+1.2 (0.06)
Longitudinal Strain Rate (s™1) -1.3+0.2 -1.1+0.09  -1.03+0.07 (0.25)
Circumferential Strain Rate (s™) -1.310.1 -1.17+£0.08 -1.43+0.1 (0.34)

AS -Atrial Switch Group; ASO-Arterial Switch Group; RV - Right Ventricle; LV — Left Ventricle.

p-value < 0.05 was considered significant. (Values are as shown +S.E.)
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