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Background: In transposition of the great arteries (TGA), the right ventricle (RV) is subaortic and abnormal
aortic structure or function could adversely affect the capacity of the RV to supply the systemic circulation.
Our aim was to assess aortic dimensions and distensibility and RV function in patients with palliated TGA
using cardiovascular magnetic resonance imaging (CMR).
Methods: We studied 29 patients (22 males; age 29±4 years) with simple TGA, who underwent an atrial
switch procedure, and 29 age and sex matched controls. All subjects had cine and phase contrast CMR to eval-
uate aortic function and global RV function.
Results: TGA patients had significant dilatation of the aortic annulus (21.0±3.6 mm vs. 17.6±4.1 mm,

p=0.002) and the sinus of Valsalva (30.0±4 mm vs. 26.8±4.2 mm, p=0.005,) compared to controls. These
findings were associated with reduced distensibility of the ascending aorta in patients with TGA (3.5±1.6 vs.
5.3±2.4 mmHg−1.10−3, p=0.0009).We could not show a significant correlation between aortic stiffness indi-
ces and RV size, function, mass or presence of fibrosis.
Conclusion: The aortic root dilates and the ascending aorta stiffens in TGA, during young adult life. Although
these proximal aortic changes did not show adverse effects on the RV in our young TGA sample, they might
have important long-term physiopathological consequences in these patients.

© 2011 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

Due to the past advances in the management of children with con-
genital heart disease (CHD), the number of adults (over the age of
16 years) with CHD is increasing unceasingly, becoming higher than
children with CHD [1]. Consequently, adult cardiologists are dealing
with more cases of CHD of a more complex nature. Transposition of
the great arteries (TGA) is one of the most common forms of complex
CHD, affecting approximately 1 out of 3500–5000 live births [2]. In
this severe CHD, impairment of ventriculo-arterial coupling is caused
by abnormal rotation of the outflow tract during embryogenesis. In
animals, the extracellular matrix has been shown to be involved in
the control of conotruncal development [3] and in humans, one
study has reported abnormal carotid artery elasticity in patients
with TGA [4]. Following these studies, we sought to examine ascend-
ing aorta biomechanics in patients with TGA palliated by an atrial
gy, Hôpital Européen Georges
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switch as the aorta has not been surgically modified in this condition
compared to study evaluating aortic function after arterial switch or
coarctation repair.

Magnetic resonance imaging (MRI) along with pressure measure-
ments can provide a comprehensive non invasive analysis of aortic func-
tion. Therefore, in the present study, such data were used to analyze
changes in proximal aortic biomechanics in TGA patients. We further
studied the possible influence of aortic arch geometry on aortic biome-
chanics in this setting since we had previously found a relationship be-
tween aortic arch angulation and ascending aortic stiffness in repaired
coarctation of the aorta [5,6].

Increased aortic stiffness, if present, could adversely impact the
systemic right ventricle (RV), because arterial stiffness increases cen-
tral aortic pressure and thus ventricular afterload. After atrial switch
surgery in TGA, the morphologic anatomic right ventricle (RV) is
left to sustain the systemic circulation, resulting frequently in RV dys-
function. Accordingly, the aims of the present study were: 1) to assess
aortic dimensions, geometry and elasticity in TGA patients after atrial
switch surgery, and 2) assess the relationship between aortic function
and systemic RV performance in these patients.

http://dx.doi.org/10.1016/j.ijcard.2011.08.847
mailto:magalie.ladouceur@egp.aphp.fr
http://dx.doi.org/10.1016/j.ijcard.2011.08.847
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2. Materials and methods

2.1. Patient population

We retrospectively studied 29 (22 males, mean age: 29±4 years, range: 18 to
38 years) consecutive patients with simple TGA who underwent an atrial switch pro-
cedure (22 Senning and 7 Mustard procedures). TGA patients with concomitant aortic
coarctation, atrial fibrillation, hypertension or diabetes mellitus were excluded. The
atrial switch operation had been performed between the age of 4 months and 3 years
resulting in an averaged time since repair of 27±3 years. Among the TGA patients,
14 received medication by either beta-blockers (n=10), angiotensin receptor blockers
(n=1), angiotensin converting enzyme inhibitors (n=7) and/or diuretics (n=4). For
data comparison, the TGA patients were matched for age and sex with 29 volunteers
free of overt cardiovascular disease, who had no personal history and symptoms of car-
diac disease as well as normal physical, electrocardiographic and echocardiographic
examinations.

2.2. MRI acquisitions

CMR was performed with a 1.5-T MRI scanner (Signa HDx, GE Healthcare,
Waukesha, WI, USA) using electrocardiogram (ECG) gating with fiber-optic leads and
an 8-channel cardiac phased array surface coil. ECG gated steady-state free-precession
cine (SSFP) images were obtained during breathholding in axial, long axis (2-, 3-, and 4
chamber views) and then 10 to 16 short axis views, with 8 mm thickness and 1-mm
inter-slice gap, covering the RV from the atrio-ventricular ring to the apex. To visualize
every segment of the thoracic aorta, three axial and oblique transverse views were
acquired using cine segmented ECG-gated SSFP sequence.

For local ascending aortic distensibility measurements, an axial acquisition was pre-
scribed perpendicular to the mid-ascending and -descending aorta at the level of the bi-
furcation of the pulmonary trunk (Fig. 1) using the cine SSFP sequence with the
following average scan parameters: field-of-view=370 mm×370 mm, repetition
time=3.2 ms, echo time=1.4 ms, flip angle=50°, slice thickness=8 mm, pixel
size=1.65 mm×1.92 mm, and inter phase duration=33ms. To estimate pulse wave ve-
locity, the breathhold gradient echo phase contrast pulse sequence was applied at the
same location using the following average imaging parameters: repetition time=7.5 ms,
echo time=3.5 ms, views per segment=2, rectangular field-of-view=50%, flip
angle=20°, inter phase duration=15ms, pixel size=1.58 mm×1.58 mm, slice thick-
ness=8 mm, and maximal velocity encoding=200 cm/s. To assess the presence of late
myocardial gadolinium enhancement (LGE), 12 to 16 contiguous 6 mm-thick slices
were acquired per breath-hold with a 3D segmented inversion-recovery (IR) sequence
at 6 to 11 min in 3-chamber view and twice in short axis view. 3D LGE imaging was fol-
lowed by the acquisition of 8 short axis slices using the 2D IR sequence 10 to 16 min
after intravenous injection of 0.2 mmol/kg gadolinium dimeglubine (Dotarem, Roissy,
France). For each individual patient, the inversion time was optimized to null viable
myocardium.
Fig. 1. Aortic diameters measured on two consecutive saggital oblique views (1a and 1b) and
(level 1: 14 mm), the sinus of Valsalva (level 2: 41 mm), the sinotubular junction (level 3: 35
In this example, the aortic root was dilated. 2a and 2b are axial acquisitions at the level of th
images (2a) for aortic area measurements and on phase contrast modulus images (2b) for
In all subjects, systolic and diastolic blood pressures were measured three times,
within the magnet, before and after each acquisition of the aortic data by using an au-
tomated brachial artery sphygmomanometer cuff placed around the right arm (Vital
Sign Monitor 300, Welch Allyn). The blood pressure calculated as the average of the
three measurements was used for the following physiological calculations.

2.3. RV function measurements

RV images were analyzed using a commercial software package (MASS; Medis,
Leiden, The Netherland). RV ejection fraction, mass and volumes were measured by
drawing RV endocardial and epicardial contours at end-diastole and end-systole in
all short axis slices.

2.4. Aortic function and geometry measurements

Trans sectional aortic root dimensions were measured from the oblique views, on
images perpendicular to the aorta at the levels of the aortic annulus, the sinus of Val-
salva, the sinotubular junction, and the ascending and the descending aorta at the
level of the bifurcation of the pulmonary trunk (Fig. 1).

A new validated custom software (ARTFUN, INSERM U678) [7–9] was used for the
measurement of aortic functional and geometrical parameters. This software enables
an automated segmentation of both ascending and descending aortic contours on all
the phases of the cardiac cycle. In the present study, this software was used for aortic
contours segmentation from phase contrast modulus images for flow analysis and from
SSFP cine images for aortic area measurements. The estimation of the ascending aortic
area was repeated by two independent operators to assess inter-observer variability.

For each subject, the aortic areas were used to calculate the ascending and des-
cending aorta distensibility. Distensibility was defined as the ratio between the relative
change in aortic area (aortic strain=ΔA/Amin) and the brachial pulse pressure (ΔP)
[10]: distensibility=ΔA/(Amin×ΔP). ΔA was the difference between the maximal
systolic (Amax) and the minimal diastolic (Amin) aortic lumen areas estimated from
SSFP images.

Aortic arch PWVwas calculated, as previously described [9,11], by dividing the dis-
tance separating the ascending and the descending aorta by the transit time needed for
the flow wave to cover this distance. The distance traveled by the flow wave was mea-
sured as the centerline of the aorta. Twelve to 18 markers were manually placed on the
center of the aortic lumen on axial oblique and saggital oblique SSFP views of the aortic
arch, resulting in a three-dimensional curve along the center of the vessel. The first and
last marker corresponded, respectively, to the center of the ascending and descending
aorta defined on the plane used for velocity acquisition.

Finally, the relationship between the regional aortic arch PWV and the local PWV,
which was calculated from the ascending aorta distensibility using the Bramwell–Hill
equation [11,12], was studied.

As previously described [6], we quantitatively characterized the shape of the aortic
arch by measuring its height (H) and width (W) and calculating H/W ratio (Fig. 2)
on a coronal oblique view (1c), perpendicular to aorta, at the level of the aortic annulus
mm), the ascending aorta (level 4: 32 mm) and the descending aorta (level 5: 18 mm).
e bifurcation of the pulmonary trunk. Aortic segmentation was performed on SSFP cine
flow analysis.
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Fig. 2. Aortic arch geometry of a control subject (panel A, on the left) and a patient with TGA (panel B, on the right). Wa: width anterior segment, Wp: width posterior segment,
H: height.
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from the aortic centerline. Aortic arch width corresponded to the distance between the
center of the ascending and descending aorta. Aortic arch height was defined as the
length of the orthogonal projection of the inflection point, located at the top of the
arch, on the width of the aortic arch. As illustrated in Fig. 2, this projection allowed
to define the width of the anterior (Wa) and the posterior (Wp) segments of the aortic
arch.
3. Statistical analysis

All values were expressed as mean±SD. Statistical analysis was
performed using Statview software. Differences between quantita-
tive variables of patients and healthy volunteers were analyzed by
aMann–Whitney U-test. The correlation between aortic function pa-
rameters and age, and correlations between aortic function parame-
ters and indices of systemic RV function (mass, volume, RVEF) and
H/L ratio were studied by simple regression. Statistical significance
was inferred at a two-sided p-valueb0.05. The intra- and
inter-observer variabilities were studied using the coefficient of var-
iation defined as the standard deviation of the differences between
two series of measurements divided by the mean of the
measurements.
Table 1
Clinical characteristics. BMI: body mass index, SBP: systolic blood pressure, DBP: dia-
stolic blood pressure, PP: pulse pressure, HR: heart rate.

Variables Healthy subjects TGA P value

n (male) 29 (22) 29 (22) –

Age, y 28.6±4.2 28.8±4.1 0.85
BMI, kg/m² 23.3±3.2 23.7±3.8 0.69
SBP, mm Hg 110.9±10.5 108.7±12.8 0.38
DBP, mm Hg 65.4±8.1 67.3±10.1 0.29
PP, mm Hg 45.5±8.8 41.3±11.5 0.11
HR (bpm) 72.1±10.1 73.6±12.7 0.59
4. Results

4.1. Baseline characteristics (Table 1) and RV function (Table 2)

No significant differences were found between TGA patients and
healthy subjects in terms of body mass index, systolic blood pres-
sure, diastolic blood pressure and pulse pressure. However,
end-systolic RV volume and RV mass were significantly higher in
TGA patients as compared to controls and RV ejection fraction was
significantly lower in TGA group. In addition, LGE was observed in
the RV in 11/29 patients (38%). Of note, the analysis of the aortic
flow by velocity mapping indicated that there were no patients
with significant aortic regurgitation (average aortic regurgitation
fraction was 1±1%).
4.2. Aortic dimensions and function (Table 2)

Aortic dimensions and function measurements for both TGA pa-
tients and controls are summarized in Table 2. Diameters of the aortic
annulus and sinus of Valsalva were significantly higher for patients
with TGA than for controls. Furthermore, aortic strain and distensibil-
ity of the ascending aorta were significantly reduced in the TGA pa-
tients compared to controls despite similar pulse pressures. By
contrast, no statistical significance was found between TGA patients
and controls in terms of descending aorta diameters and strain. We
did, however, note a higher distensibility of the descending aorta in
the TGA group.

Aortic arch PWV was similar for both TGA patients and controls.

4.3. Reproducibility

Reproducibility of the ascending aortic area was studied for all pa-
tients. The mean difference was 0.05±0.38 cm² for the systolic aortic
area and 0.09±0.39 cm² for the diastolic aortic area between two
measurements done by the same operator (MLe). Intra-observer var-
iability was 0.3% and 0.8% respectively for the systolic and diastolic
areas. The mean difference between two measurements done by
blinded operators (ML and MLe) was 0.04±0.59 cm² for the systolic
aortic area and 0.01±0.57 cm² for the diastolic aortic area. The

image of Fig.�2


Table 2
Results in patients with TGA and sex and age matched healthy control subjects. AA: as-
cending aorta, DA: descending aorta, PWV: pulse wave velocity, RVEF: right ventricle
ejection fraction.

Variables TGA Healthy subjects p value

Diameter of annulus (mm) 21.0±3.6 17.6±4.1 0.0007
Diameter of sinus of Valsalva (mm) 30.0±4 26.8±4.2 0.005
Diameter of sino-tubular junction (mm) 22.6±3.8 21.0±3.1 0.17
Diameter of ascending aorta (mm) 23.8±3.4 22.5±2.8 0.15
Diameter of descending aorta (mm) 17.7±4.1 17.1±2.3 0.41
AA systolic area (cm²) 7.7±2.1 6.2±1.2 0.003
AA diastolic area (cm²) 6.8±2.1 5.0±1.2 0.0006
AA distension (%) 13.5±5.9 24.3±11.7 0.0003
AA distensibility coefficient
mmHg−1.10−3

3.5±1.6 5.3±2.4 0.0045

AA local PWV (m/s) 2.8±0.8 2.0±0.4 0.0001
DA systolic area (cm²) 3.7±0.9 3.5±0.8 0.36
DA diastolic area (cm²) 3.1±0.8 3.0±0.7 0.66
DA distension (%) 17.5±5.9 20.3±7.8 0.15
DA distensibility coefficient
mmHg−1.10−3

5.2±2.1 3.9±1.3 0.015

DA local PWV (m/s) 2.2±0.5 1.9±0.5 0.036
Regional (aortic arch) PWV (m/s) 4.3±1.5 4.3±0.8 0.42
RVEF 47.2±12.0 54.9±11.7 0.03
RV end-diastolic volume (ml/m²) 94.3±40.9 74.3±17.5 0.06
RV end-systolic volume (ml/m²) 51.8±34.5 32.5±8.2 0.01
RV mass (mg/m²) 71.9±26.1 22.0±5.5 b0.0001
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inter-observer variability was 0.2% and 0.3% respectively for the sys-
tolic and diastolic areas.
4.4. Aortic geometry (Table 3 and Fig. 2)

The aortic arch in TGA patients had a “rounded” unfolded shape,
resulting in a significant increase in the arch width when compared
to healthy subjects. However, no significant differences were found
between TGA and controls in terms of arch height. The H/W ratio
was close to 0.5 for TGA patients while it was close to 0.7 for controls
(Fig. 2). Finally, no differences were found for the length of the aortic
arch between the 2 groups.

No significant relationship was found between the AA functional
parameters and aortic geometry indices. Only systolic and diastolic
areas of the ascending aorta were significantly and positively corre-
lated with Wa (p=0.026 and p=0.018).
4.5. Age and effect of treatment

While a significant correlation was found, in healthy subjects, for
the ascending aorta distensibility (r=0.388, p=0.037), no signifi-
cant relationship between age and the parameters measured on the
ascending and descending aorta was observed in patients with TGA.
In addition, no differences in aortic parameters were found between
patients with and without medical treatment.
Table 3
Aortic arch dimensions to study aortic geometry in TGA and in healthy subjects.
W = width, Wa: anterior segment width, Wp: posterior segment width, H: height.

Variables TGA Healthy subjects p value

Aortic arch length (mm) 121±23 115±11 0.76
W (mm) 72.6±9.8 58.9±6.9 b0.0001
Wa (mm) 37.4±7.6 27.7±7.9 0.0003
Wp (mm) 35.2±8.7 31.1±7.2 0.04
H (mm) 37.0±10.3 40.9±6.2 0.14
H/W 0.507±0.107 0.705±0.139 b0.0001
4.6. Relationship between aortic function and RV function

No significant correlation was found between aortic geometrical
and functional parameters and RV morphology and function (RV
end-diastolic and end systolic volumes, RVEF, RV mass, presence or
absence of myocardial fibrosis). These relationships remained
unchanged after the indexation of RV volumes or mass to body sur-
face area.

5. Discussion

Patients with TGA and atrial switch procedure showed marked
changes in the structure and function of the ascending aorta reflected
by its dilation and its reduced distensibility when compared against
controls. However, if similar descending aorta dimensions were
found for both TGA patients and controls, the descending aorta dis-
tensibility was increased in TGA. This finding may be due to a com-
pensatory phenomenon that could partly explain the normalization
of aortic arch PWV. Furthermore, normal PWV values could also be
explained by the young age of the TGA patients in our cohort.

Increase of aortic stiffness is localized in the ascending aorta.
These findings complement the findings of Mersich B et al. [4] who
found impaired carotid elasticity in TGA patients. We suggest that
TGA could be associated with extracellular matrix abnormalities of
the great vessels. Studies in animals found a relationship between ex-
tracellular matrix proteins and conotruncal development [3]. We hy-
pothesize that abnormal biomechanics of the ascending aorta could
be associated with TGA. In a previous study with histological analysis
of the aortic wall, the authors observed widespread elastic fiber frag-
mentation due to a complete loss of elastic fibers in large areas of
media of neonates with TGA [13]. These structural abnormalities are
very similar to those described in the Marfan syndrome or in bicuspid
aortic valve disease [14,15].

Ascending aorta rigidity is more likely due to constitutional factors
rather than abnormal distal wave reflection in these young subjects.
Indeed, the aortic arch in TGA was found to be more “Romanesque”
and unfolded with lower H/W ratio than in the aortic arch of controls.
The more Romanesque geometry in TGA patients results from the an-
terior position of the aortic root in this congenital heart defect. Pa-
tients with aortic coarctation repair, have increased aortic stiffness
of the ascending aorta when the aortic arch is acutely angulated
(gothic), i.e. high H/W ratio, due to early systolic wave reflection in-
duced by the angulation [5,6]. In Romanesque aortic arch, there is
no such immediate wave reflection on the ascending aorta. These re-
sults support the theory of an abnormal phenotype of the ascending
aorta in TGA, leading to a dilatation and an increase of ascending
aorta stiffness. Grotenhuis et al. [16] studied aortic elasticity in TGA
after arterial switch operation. They found that PWV was increased
in the aortic arch but not in the descending aorta. The operation con-
sists of transection and reanastomosis of the aorta and pulmonary
trunk above the sinuses. The posterior mobilization of the aortic
root in atrial switch may create an angulation of the aortic arch,
which causes an increase of PWV at this level and not beyond. Aortic
root dilatation and aortic regurgitation are frequent and important
complications of this procedure [17,18]. Our results raise the possibil-
ity that constitutional abnormalities in the ascending aorta of TGA pa-
tients are involved in the pathogenesis of these complications. It
would be interesting to compare patients with TGA operated by atrial
switch procedure and patients with TGA operated by arterial switch
to confirm this hypothesis.

Furthermore, we also found that ascending aortic distensibility
decreased with age in healthy subjects, as it has been recently
reported using the same MR methodology [9]. This relationship
with age was not significant in TGA. This finding also supports the
constitutional origin of the increase of ascending aorta stiffness in
TGA.
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In our study, no subjects required aortic root replacement for en-
largement. However, such complications may not yet be evident be-
cause the TGA population was still young (mean age was 29 years
old) and the age range too small. We are aware of one case of Bentall
operation for severe aortic root enlargement in a 37 year old patient
with palliated TGA (personal communication, David Celermajer).

Ejection fraction of sub-aortic RV is often reduced after the atrial
switch procedure [19]. We did not show a relationship between aortic
stiffness and right heart failure, but RV dysfunction has many causes
and aortic stiffness may play a minor role compared to other possible
causes (ischemia, arrhythmia, tricuspid regurgitation, fibrosis). Our popu-
lation may be also too young and too small for showing any adverse im-
pact of aortic biomechanics on RV function; further follow up is
required to investigate such possibilities. Augmented arterial stiffening
is associated with impaired coronary blood flow and LV dysfunction
[20]. It may therefore be a risk factor of systemic RV dysfunction only in
the long term.

We are limited by the small number of patients and control subjects,
especially for assessing the effects of treatments on aortic biomechanics
and the effects of aortic stiffness and fibrosis (LGE) on RV function.

6. Conclusion

Proximal aortic dilatation and reduced aortic distensibility are
seen in the ascending aorta in patients with TGA after the atrial
switch procedure, compared with healthy subjects. These findings
likely have a constitutional basis. Further follow up will reveal wheth-
er such abnormalities have consequences for the aorta itself or for the
function of the RV, already vulnerable in the systemic position.

The authors of this manuscript have certified that they comply
with the Principles of Ethical Publishing in the International Journal
of Cardiology.
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