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Background. The arterial switch operation is the
current treatment for transposition of the great arteries.
Long-term outcome mainly depends on the patency of the
transferred coronary arteries. This study assessed the
presence of abnormal coronary findings and neoaortic
root dilation late after arterial switch operation.

Methods. In 30 adult patients after arterial switch
operation (22 men, 22 ± 3 years), computed tomography
angiography was performed to assess the coronary
anatomy and abnormal coronary findings, defined as
significant stenosis, interarterial coronary course, and
acute angled coronary origins. Neoaortic root dimensions
and coronary takeoff height were also assessed.

Results. The most common coronary anatomy pattern
was found in 24 of 30 patients. Variant anatomy patterns
were seen in 6 patients (5 with aberrant circumflex artery, 1
with a single ostium). The prevalence of abnormal coro-
nary findings was higher in patients with variant coronary
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pattern as compared with patients with common coronary
pattern (100% and 29%, respectively; p [ 0.003). In
particular, an acute angle of the coronary origin was
frequently observed. In patients with an acute angle,
larger dimensions of the aortic annulus (p[ 0.016) and the
sinus of Valsalva (p [ 0.002) were observed. Moreover,
a higher takeoff of the right (p[ 0.030) and left (p[ 0.002)
coronary ostium was noted in patients with acute angles.
Conclusions. Abnormal coronary findings were

frequently observed in adult patients after arterial switch
operation, especially in patients with a variant coronary
anatomy pattern. Neoaortic root dilation and a higher
coronary takeoff may explain part of the pathophysi-
ology. Long-term follow-up is needed to determine the
clinical significance of these findings.

(Ann Thorac Surg 2013;96:1390–7)
� 2013 by The Society of Thoracic Surgeons
ransposition of the great arteries (TGA) is a common
Tform of cyanotic heart disease, comprising 3% of all
congenital heart defects [1]. Currently, the arterial switch
operation (ASO) is the preferred surgical approach for
patients with TGA [2, 3], with low operative mortality
and excellent childhood survival [4]. However, late
cardiac complications have been reported in children
and young adults, including dilation of the neoaortic
root with subsequent aortic regurgitation [5, 6] and
coronary obstructions [7–10]. Therefore, lifelong follow-
up is recommended after ASO, and a one-time evalua-
tion of the patency of the coronary arteries has to be
considered according to the current guidelines [2, 3].
An advantage of computed tomography coronary angi-
ography (CTA) for the evaluation of the coronary arteries
is the ability to visualize the course of the coronary
arteries in relation to the great vessels [11]. Indeed,
previous studies showed that CTA is valuable for the
detection of coronary complications after the ASO
[12–15]. However, in the majority of these previous
studies the studied patient population is relatively young
with mainly pediatric patients. The present study evalu-
ated the coronary anatomy and patency at long-term
follow-up in adult patients late after ASO with specific
attention for the relation between abnormal coronary
findings, coronary takeoff from the neoaorta, and neo-
aortic root dimensions.
Patients and Methods

The study population consisted of consecutive patients
with TGA corrected by ASO clinically referred for a one-
time evaluation of the coronary anatomy by CTA [2, 3] in
our center between 2008 and 2012. Clinical data were
collected from the departmental Cardiology Information
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System (EPD-Vision, Leiden University Medical Center),
and all CTA images were retrospectively analyzed. The
Medical Ethics Committee of the Leiden University
Medical Center approved this retrospective evaluation of
clinically acquired data and waived the need for written
informed consent.

Clinical Evaluation
Perioperative medical and surgical reports were retro-
spectively reviewed for the description of the preopera-
tive coronary anatomy pattern using the previously
described Leiden classification (Fig 1) [16]. Furthermore,
clinical follow-up data were retrieved from the regular
visits at the outpatient clinic and were used to assess the
presence of chest pain and New York Heart Association
class at the time of referral for CTA. In addition, echo-
cardiography was performed, calculating the left
ventricular dimensions and ejection fraction from stan-
dard apical (four- and two-chamber) two-dimensional
echocardiography views using the biplane Simpson’s
rule [17].

Computed Tomography Angiography
DATA ACQUISITION. Patients were scanned using a 320-row
CTA scanner (Aquilion ONE; Toshiba Medical Systems,
Otawara, Japan). Patients with a heart rate exceeding 65
beats/min received 50 to 100 mg of metoprolol orally 1
hour before data acquisition, unless contraindicated. Scan
Fig 1. Leiden classification for the preopera-
tive and postoperative coronary anatomy
pattern. The coronary arteries arise from the
facing sinuses, and the noncoronary sinus is
called the nonfacing (NF) sinus. The observer
is positioned in the NF cusp, looking toward
the pulmonary trunk (PT), and the sinus on
the right is designated “sinus 1” and the one
on the left is “sinus 2.” The coronary arteries
are considered separately. (A) The most
common coronary artery pattern. (B) The most
frequently observed variant coronary artery
pattern in patients with transposition of the
great arteries, with an aberrant circumflex
artery (Cx) arising from the right coronary
artery (R). (C) A single-ostium coronary
anatomy, in which the right coronary artery,
left anterior descending coronary artery (L),
and circumflex artery all arise from the same
sinus. (Ao ¼ aorta; Neo-Ao ¼ neoaorta.
Directional arrows: A ¼ anterior; L¼ left; P¼
posterior; R ¼ right.)
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acquisition was performed using prospective triggering at
70% to 80% of the RR interval and using a mean dose of 60
to 80 mL of contrast media (Iomeron400; Bracco, Milan,
Italy) intravenously. The mean radiation dose was 3.2 �
1.0 mSv.
IMAGE ANALYSIS. Image analysis was performed by 2
experienced observers in consensus on a dedicated
workstation (Vitrea FX 1.0; Vital Images, Minnetonka,
MN). The Leiden classification (Fig 1) was used now to
describe the postoperative coronary anatomy pattern on
CTA, and the following abnormal coronary findings
were noted: significant coronary stenosis (�50% luminal
narrowing), an interarterial coronary course, and an
acute angle of the coronary origin causing insignificant
ostial luminal narrowing of approximately 30%. For
measurement of the coronary angle, the angle between
the neoaortic wall and the midline of the proximal
coronary segment was measured on the axial slices (Fig
2). A sharp takeoff of the coronary artery was defined as
an acute angle, when the angle measured was 30 degree
or less, and this could be confirmed visually on three-
dimensional reconstructions.

Neoaortic root dimensions were measured as previ-
ously described [18], excluding patients with a previous
Bentall procedure. In brief, the cross-sectional diameters
were measured at the level of the aortic valve annulus
(directly beneath the lowest insertion points of the aortic
cusps) and at the level of the sinus of Valsalva after
alignment of the axial, sagittal, and coronal planes. The
Fig 2. Example of the coronary angle
measurement on computed tomographic
coronary angiography. (A) Measurement of
a normal angle of the right coronary artery
(RCA) origin (left, axial slice) was confirmed
on the three-dimensional view (right). (B)
Patient with an acute angle of the circumflex
artery (Cx) origin (22 degrees, left, axial slice)
was confirmed on the three-dimensional view
(right). (Ao ¼ neoaorta; LAD ¼ left anterior
descending coronary artery; PT ¼ pulmonary
trunk.)
coronary takeoff height was defined as the distance
between the aortic valve annulus and the coronary ostium
on coronal and sagittal planes.

Statistical Analysis
Statistical analysis was performed using SPSS (version
18.0; SPSS Inc, Chicago, IL). Continuous variables were
expressed as mean � standard deviations and categorical
variables as numbers and percentages. Differences were
tested using a two-sided Fisher’s exact test or one-way
analysis of variance as appropriate. For comparison
purposes patients were divided into two groups: (1)
patients with the common coronary pattern (the right
coronary artery arising from sinus 1 and the left anterior
descending coronary artery and circumflex artery arising
from sinus 2), and (2) patients with variant coronary
artery pattern. In addition, the neoaortic root dimensions
between patients with and without an acute angle of the
coronary origin were compared. A probability value of
0.05 or less was considered statistically significant.
Results

Patient Population
The study population was composed of 30 consecutive
patients (22 men, 22 � 3 years) referred for CTA after
ASO. In 27 patients (90%) there was no associated
congenital heart disease. Arterial switch operation was
performed at a median age of 5 days (25th to 75th
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percentile, 3 to 13 days). During clinical follow-up
(Table 1), 8 (27%) patients were reoperated on: in 6
patients a severe supravalvular pulmonary stenosis was
treated, and in 2 patients a Bentall was performed
because of neoaortic root dilation and severe aortic
regurgitation. Furthermore, 2 patients received an
implantable cardiac defibrillator because of ventricular
arrhythmias. At the time of referral for CTA, atypical
chest pain was noted in 7 patients (23%), all patients
were in New York Heart Association class I or II, and
Table 1. Patient Characteristics at Time of Computed
Tomographic Coronary Angiography

Characteristic Total (n ¼ 30)

Sex (male) 22 (73%)
Age, y (range) 22 � 3 (18–28)
Clinical characteristics

BMI, kg/m2 (range) 23 � 3 (17–32)
Resting blood pressure (mm Hg)

Systolic 123 � 12
Diastolic 74 � 8

Cardiovascular risk factors
Hypertensiona 1 (3%)
Family history of premature CADb 7 (23%)
Smoking 4 (13%)

Cardiac clinical history
Patients requiring reoperation

during follow-up
8 (27%)

Correction of supravalvular
pulmonary stenosis

6 (20%)

Aortic valve and ascending
aorta replacement

2 (7%)

Other severe adverse cardiac events
Perioperative myocardial infarction 1 (3%)
Arrhythmias needing ICD

implantation
2 (7%)

Cardiovascular medication
b-Blocker 2 (10%)
ACE inhibitor 2 (7%)
Anticoagulants 3 (10%)

Chest pain (atypical) 7 (23%)
NYHA functional class

Class I 24 (80%)
Class II 6 (20%)
Class III or IV 0 (0%)

Echocardiography
LVEF 0.57 � 0.08
LVEDV, mL (range) 144 � 34 (97–220)
LVESV, mL (range) 63 � 19 (39–110)

a Defined as systolic blood pressure �140 mmHg, diastolic blood pressure
�90 mm Hg or the use of antihypertensive medication. b Defined as
presence of coronary artery disease in first-degree family members at <55
years in men and <65 years in women.

ACE inhibitor¼ angiotensin-converting enzyme inhibitor; BMI¼ body
mass index; CAD ¼ coronary artery disease; ICD ¼ implantable
cardioverter defibrillator; LVEDV ¼ left ventricular end-diastolic
volume; LVEF ¼ left ventricular ejection fraction; LVESV ¼ left
ventricular end-systolic volume; NYHA ¼ New York Heart
Association.
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left ventricular ejection fraction was 0.57 � 0.08, mean
left ventricular end-diastolic volume was 144 � 34 mL,
and mean end-systolic volume was 63 � 19 mL (Table 1).

Computed Tomography Coronary Angiography Results
The preoperative coronary anatomy reported during the
ASO corresponded with the postoperative coronary
anatomy pattern observed on CTA in all patients: the
right coronary artery arising from sinus 1 and the left
anterior descending coronary artery and circumflex
artery arising from sinus 2 in 24 patients (80%), the
circumflex artery and the right coronary artery arising
from sinus 1 and the left anterior descending coronary
artery arising from sinus 2 in 5 patients (17%), and all
three vessels arising from sinus 1 in 1 patient (3%). The
latter two patterns were designated as variant coronary
anatomy patterns, and the former pattern was designated
as the common coronary anatomy pattern.
Abnormal coronary findings were observed in 13

patients (43%). In particular, 1 patient had significant
coronary luminal narrowing in the proximal left anterior
descending coronary artery (Fig 3A). The CTA of this
patient showed that the stenosis was caused by a fibrotic
lesion rather than atherosclerotic plaque formation.
Conventional coronary angiography confirmed the
significant stenosis, and subsequently stent implantation
was performed. An interarterial coronary course was
observed in 5 patients (17%), including 1 patient with
a single-ostium coronary anatomy, in whom the inter-
arterial course was also present preoperatively (Fig 3B).
Inherent to the course of the coronary arteries when
running between the neoaorta and the pulmonary
artery, the coronary arteries had an acute angle of the
coronary origin in all 5 patients with an interarterial
course. An acute angle of the coronary origin, as
a solitary abnormal coronary finding, was noted in 7
patients (23%; Fig 3C). Notably, in 4 of 7 patients with
an acute angle, both the left and the right coronary ostia
were affected. There was no significant association
between the presence of chest pain symptoms and the
abnormal coronary findings (p ¼ 0.427).
The mean diameter of the aortic valve annulus was

27 � 3 mm, and the mean diameter of the sinus of
Valsalva was 38 � 4 mm (Table 2). Both diameters
were relatively large as compared with normal values
[19]. The takeoff height of the right and left coronary
ostia was 28 � 5 mm and 26 � 6 mm, respectively,
exceeding the normal values of 15 � 3 mm and 20 � 3
mm for the right and left coronary ostia, respectively
(Table 2).

Computed Tomography Findings in Common Versus
Variant Coronary Anatomy Patterns
The observed abnormal coronary findings on CTA were
noted in 7 of 24 patients (29%) with a common post-
operative coronary anatomy pattern and in all 6 patients
(100%) with a variant coronary anatomy pattern (p ¼
0.003; Table 3). In addition, a high occurrence of an acute
angle of the coronary origin was noted, with a higher
prevalence in patients with variant coronary anatomy



Fig 3. Case examples of patients with
abnormal coronary findings on computed
tomographic coronary angiography. (A) A
significant proximal left anterior descending
coronary artery (LAD) stenosis caused by
fibrocellular intimal thickening. The stenosis
is located close to the ostium (arrow), and
a poststenotic dilation can be observed. Axial
slice (left); multiplanar reconstruction of the
LAD artery (right). (B) Interarterial course of
the right coronary artery, coursing between
the neoaorta (Ao) and the pulmonary artery
(arrow, left), also visible on the sagittal-axis
image (white circle, right). (C) Acute angle of
the left anterior descending coronary artery
(white arrows), possibly causing coronary
ostium compression. Axial slice (left); three-
dimensional reconstruction (right). (LA ¼ left
atrium; LV ¼ left ventricle; PT ¼ pulmonary
trunk; RV ¼ right ventricle.)

1394 VELTMAN ET AL Ann Thorac Surg
CORONARY ANATOMY AFTER ARTERIAL SWITCH OPERATION 2013;96:1390–7

C
O
N
G
E
N
IT

A
L
H
E
A
R
T

(13% versus 67% for common and variant coronary
patterns, respectively; p ¼ 0.016). Furthermore, the
takeoff of the left coronary ostium was higher in
patients with variant coronary pattern (24 � 5 mm
versus 31 � 6 mm for common and variant anatomy,
respectively; p ¼ 0.016). No differences in the aortic root
dimensions were observed between patients with
common and variant coronary patterns.

Acute Angle Versus Neoaortic Root Dimensions
In the patients with an acute angle of the coronary origin,
the diameters of the aortic valve annulus and the sinus of



Table 2. Neoaortic Root Dimensions on Computed
Tomographic Coronary Angiography in Patients After Arterial
Switch Operation and Normal Reference Values

Neoaortic Root Dimension
Patients After
ASO (n ¼ 28)a

Normal
Referencesb

Aortic annulus, mm (range) 27 � 3 (22–33) 23 � 3 (16–30)
Sinus of Valsalva, mm (range) 38 � 4 (29–47) 34 � 4 (26–44)
Right coronary ostium

height, mm (range)
28 � 5 (16–37) 15 � 3 (8–26)

Left coronary ostium
height, mm (range)

26 � 6 (16–39) 20 � 3 (13–28)

a Two patients with previous Bentall-procedure in the cardiac history were
excluded from this analysis. b Normal references are adapted from the
control population in the study of Stolzmann and colleagues [19].

ASO ¼ arterial switch operation.
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Valsalva were significantly larger than in patients without
an acute angle (p ¼ 0.016 and p ¼ 0.002, respectively;
Table 4). In addition, higher coronary takeoff was
observed in patients with an acute angle as compared
with patients without an acute angle (p ¼ 0.030 and p ¼
0.002 for the right and left coronary artery, respectively;
Table 4).

Comment

The current study evaluated the coronary anatomy in
adult patients with a TGA corrected by ASO. The main
observations were (1) a high prevalence of abnormal
coronary findings, (2) a higher occurrence of these coro-
nary abnormalities in patients with a variant coronary
anatomy pattern, and (3) larger neoaortic root dimensions
and higher coronary takeoff in patients with an acute
angle of the coronary origin. These observations may
partly explain the pathophysiology of coronary ostial
lesions in patients after ASO.

Coronary Artery Anatomy Pattern and the Occurrence of
Coronary Obstructions
In patients with TGA a large variability in coronary
anatomy is encountered, and the preoperative coronary
anatomy pattern is known to influence the prognosis of
Table 3. Coronary Findings on Computed Tomographic Coronary A
Pattern

Variable Total (n ¼ 30)
Co

Patients with abnormal CTA 13 (43%)
Significant coronary stenosis (>50%) 1 (3%)
Interarterial coronary course 5 (17%)
Acute angled coronary origin 7 (23%)

Height of the coronary ostia (mm)a

Right coronary ostium (range) 28 � 5 (16–37)
Left coronary ostium (range) 26 � 6 (16–39)

a Two patients with previous Bentall-procedure in the cardiac history were ex

CTA ¼ computed tomographic coronary angiography; 1R-2LCx ¼ right c
artery and circumflex artery arising from sinus 2.
patients after ASO [5–8]. A high prevalence of coronary
stenosis has been reported after ASO, ranging from 7% to
12%, even in asymptomatic patients [5, 20]. In our study
a significant coronary stenosis of the proximal left ante-
rior descending coronary artery with poststenotic dilation
was found in 1 patient. Of interest, this patient did not
experience chest pain and had excellent exercise capacity.
Lack of symptoms in patients after ASO could be attrib-
utable to perioperative sympathetic denervation [21].
Furthermore, an interarterial course was observed in 5
patients. Three of these patients underwent subsequent
myocardial perfusion single-photon emission computed
tomography, showing persistent perfusion defects, but no
signs of ischemia. Perfusion defects on myocardial scin-
tigraphy in patients after ASO are usually related to the
insult of open heart surgery rather than to coronary artery
lesions, hampering the interpretation of myocardial
scintigraphy results in patients after ASO [22]. An
interarterial coronary course is often seen in coronary
arteries when the coronary artery origin is located close
to the commissure [23], as was observed in this study in
the patient with the single ostium. Furthermore,
postoperative interarterial coronary course could reflect
technical problems during the operation, such as
insufficient length of the coronary artery to allow
coronary transfer to a more lateral position by the
surgeon [24]. On the other hand, the interarterial course
may become more pronounced in adult patients as
a result of growth of the neoaorta.
Furthermore, variations in coronary artery branching

patterns are associated with complicated coronary trans-
fer [9, 10]. The most frequently observed variant coronary
anatomy pattern, with an aberrant circumflex artery
arising from the right coronary artery (the circumflex and
right coronary arteries arising from sinus 1 and the left
anterior descending coronary artery arising from sinus 2),
was observed in 17% of our patient population. In the
study by Ou and colleagues [12] all circumflex artery
lesions occurred in patients with this variant coronary
pattern. Our study showed a higher occurrence of an
acute angled coronary origin in patients with this
variant coronary pattern. These observations may be
related to a more challenging coronary transfer in
ngiography According to the Postoperative Coronary Anatomy

mmon Coronary Anatomy
(1R-2LCx) (n ¼ 24)

Variant Coronary
Anatomy (n ¼ 6) p Value

7 (29%) 6 (100%) 0.003
0 (0%) 1 (17%) 0.200
4 (17%) 1 (17%) 0.746
3 (13%) 4 (67%) 0.016

27 � 5 (16–35) 30 � 6 (20–37) 0.306
25 � 5 (16–38) 31 � 6 (22–39) 0.021

cluded from this analysis.

oronary artery arising from sinus 1 and left anterior descending coronary



Table 4. Neoaortic Root Dimensions in Patients With and Without an Acute Angle of the Coronary Origin on Computed
Tomographic Coronary Angiography

Neoaortic Root Dimension Normal Angle (n ¼ 21) Acute Angle (n ¼ 7) p Value

Aortic annulus, mm (range) 27 � 3 (22–33) 30 � 2 (28–33) 0.016
Sinus of Valsalva, mm (range) 36 � 4 (29–43) 42 � 3 (39–47) 0.002
Right coronary ostium height, mm (range) 26 � 5 (16–32) 31 � 5 (24–37) 0.030
Left coronary ostium height, mm (range) 24 � 5 (16–31) 32 � 6 (25–39) 0.002
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patients with this pattern, in which the long initially
retroaortic circumflex artery is possibly stretched by
its new position behind the neoaorta. However, the
occurrence of an acute angle may also relate to the
neoaortic growth during follow-up.

Coronary Takeoff in Relation With the Neoaortic Root
Dimensions
A frequently observed complication after ASO is neo-
aortic root dilation [9, 23]. A possible explanation for
neoaortic root dilation could be the structural vascular
differences of the aorta and pulmonary artery in patients
with TGA [24]. In this study, 2 patients underwent
a Bentall procedure for severe neoaortic root dilation. In
the remaining 28 patients, slightly enlarged aortic root
dimensions were observed, with even larger dimensions
in patients with an acute angle of the coronary origin.
Based on these observations, we hypothesize that
dilation of the neoaortic root could contribute to the
development of an acute angle of the coronary origin
during follow-up after ASO.

Not surprisingly, the height of takeoff of the coronary
ostia was larger in our patients as compared with healthy
subjects [19], related to the technique of ASO in which the
coronary ostia are always implanted at a higher level than
their natural level to avoid coronary kinking. In our
center, whenever feasible, the coronary arteries were
reimplanted as buttons, keeping the coronary ostial
height limited compared with when a trapdoor
technique is used [25]. In patients with an acute angle
of the coronary origin, ostial height was larger, possibly
explaining part of the pathophysiology of this coronary
abnormality.

Limitations and Strengths
The current study has several limitations. First, this is
a retrospective study of prospectively gathered data.
However, all patients were clinically referred for CTA,
regardless of the presence of chest pain symptoms, and
CTA was performed using the same protocol, making
a reliable comparison feasible. Second, the present
patient population is relatively small. Still, data on coro-
nary anatomy in adult patients after ASO are scarce, and
as only adult patients after ASO were included in the
current study, the mean age of this patient population
was relatively high. Third, although these angled origins
may be potential risk locations for the development of
future ostial coronary lesions causing limitations in
coronary blood flow, the clinical significance of the
described abnormal coronary findings, mainly the
presence of an acute angle of the coronary origin, remains
uncertain. Importantly, to our best knowledge this is the
first study proposing a pathophysiologic relation between
the observed coronary anatomy and the neoaorta root
dimensions in adult patients late after ASO.

Conclusions and Clinical Implications
The present study provided detailed information on the
coronary anatomy late after the ASO and showed that
abnormal coronary findings on CTA are often encoun-
tered in adult patients after ASO. Abnormal coronary
findings were more frequently observed in patients with
a variant coronary anatomy pattern, with a higher
occurrence of an acute angle of the coronary origin.
Significantly larger neoaortic root dimensions and higher
coronary artery takeoff were observed in patients with an
acute angle of coronary origins. Accordingly, these find-
ings could be predictors for the development of an acute
angle of the coronary origin during follow-up. The
current observations may help explain the pathophysi-
ology of the ostial coronary lesions that are frequently
encountered in patients after ASO. Although the clinical
significance of these findings remains uncertain until
longer-term follow-up is available, we believe that the
lack of symptoms and the potential life-threatening
consequences of coronary flow obstruction may justify
repeated imaging, especially in patients with a variant
coronary anatomy or neoaortic root dilation because
these patients seem to be at increased risk for having
coronary abnormalities.

C.E.V. is financially supported by a research grant from the
Interuniversity Cardiology Institute of the Netherlands (ICIN,
Utrecht, the Netherlands).
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