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arterial switch operation for transposition of the great
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ABSTRACT

Objective: Using 3-dimensional (3D) modeling to predict late coronary events after
the arterial switch operation (ASO) for transposition of the great arteries (TGA).

Method:We reviewed 100 coronary computed tomography scans performed after
ASO randomly selected from free-from-coronary-event patients and 21 coronary
computed tomography scans from patients who had a coronary event later than
3 years after ASO. Using 3Dmodeling software, we defined andmeasured 6 geomet-
ric criteria for each coronary artery: Clockwise position of coronary ostium, First
centimeter angle defined as the angle between of the coronary artery ostium and
the first centimeter of the vessel, Minimal 3D angle between the coronary first centi-
meter and the aortic wall, ostium height defined as the distance between the ostium
and the aortic valve, distance between the coronary ostium and the pulmonary ar-
tery, and distance between the coronary first centimeter and the pulmonary artery.

Results: None of the right ostium geometric parameters were associated with cor-
onary events. Four out of 6 criteria of left coronary artery geometry were associ-
ated to coronary events: Clockwise position of the left ostium>67� (P< .001),
First centimeter angle>62� (P< .01), minimal 3D angle<39� (P ¼ .003), distance
between the coronary ostium and the pulmonary artery<1 mm/mm (P¼ .03). The
association of first centimeter angle>62� and minimal angle in 3D<39� had a 88%
sensitivity and a 81% specificity to predict coronary events (receiver operator char-
acteristics curve, 0.847; 95% confidence interval, 0.745-0.949; P< .001).

Conclusions: The acquired geometric characteristics of the transferred left coro-
nary artery are associated with coronary events. Imaging coronary arteries after
ASOmight be useful to select patients at higher risk of coronary events and to tailor
surveillance. (J Thorac Cardiovasc Surg 2021;161:1396-404)
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Three-dimensional modeling of coronary arteries
after arterial switch operation.
a

CENTRAL MESSAGE

Using imaging and 3D modeling
of coronary arteries after ASO,
we identified 4 left coronary
anatomical/geometric criteria
associated with coronary events.
PERSPECTIVE STATEMENT
Imaging and 3D modeling of coronary arteries af-
ter ASO might be useful to select patients at
higher risk of coronary events and to tailor
surveillance.

See Commentaries on pages 1405 and 1406.
The arterial switch operation (ASO) is the current surgical
treatment of transposition of the great arteries (TGA). Postop-
erative mortality and morbidity are essentially associated with
the inherent risks of coronary artery transfer.1 The risk factors
for coronary events after the ASO differ between reported se-
ries.2-4 Preoperative coronary anatomy, great vessels spatial
relationship, and peroperative difficulties have been proposed
as important predictors of late coronary artery obstruction.5,6

The need for systematic screening of postoperative coro-
nary anatomy after the ASO for TGA remains debatable.7

Indeed, the number of late ischemic events later than 5 years
after the ASO is low.8-11 A recent meta-analysis concluded
that the rarity of coronary related events does not justify sys-
tematic screening for coronary obstruction.7 In addition, there
is no definedmanagement strategywhen subclinical coronary
anatomic or physiologic abnormalities are identified. Still,
is QR code will take
ble of contents to ac-
mentary information.
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Abbreviations and Acronyms
3D ¼ 3 dimensional
ASO ¼ arterial switch operation
AUC ¼ area under the curve
CT ¼ computed tomography
LCA ¼ left coronary artery
RCA ¼ right coronary artery
TGA ¼ transposition of great arteries
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late coronary events do exist and the question is still pending
on how to predict them and to identify patients at higher risk.
Further, symptoms attributable to coronary obstructions can
be atypical and defining more precisely the characteristics
of patients at risk remains an important issue. Finally, the ef-
fects of acquired coronary artery disease superimposed on
manipulated coronary arteries will not be known before the
oldest patients reach the fourth or fifth decade.12

We have previously reported our strategy of screening for
coronary artery obstruction after the ASO.13 It is indeed of
note that the number of late coronary events in patients
older than age 5 years are extremely rare.8-11 Hitherto,
however, we have recently identified a subgroup of
patients with anteriorly reimplanted left coronary artery
(LCA) with a higher probability of perfusion
abnormality.14 This finding is consistent with our previous
report on the risk factors for early stenosis of the LCA.15

Here, we sought to determine whether there was a rela-
tionship between the 3-dimensional (3D) geometry of the
reimplanted coronary arteries and coronary events after
the ASO for TGA.
VIDEO 1. Coronary arteries and pulmonary trunk 3-dimensional

modeling using 3-dimensional software. Video available at: https://www.

jtcvs.org/article/S0022-5223(20)31757-8/fulltext.
METHODS
Coronary Events

We defined coronary event as the occurrence of 1 of the following items.

� Sudden death proven to be related to coronary artery obstruction,

� Reoperation for coronary artery obstruction more than 3 years after the

ASO (surgical or percutaneous),

� Occlusion or severe coronary artery stenosis (>80%) identified in an

asymptomatic patient (by magnetic resonance imaging, CT, or angiog-

raphy), or

� Myocardial ischemia diagnosed on magnetic resonance imaging or

myocardial perfusion scintigraphy associated with coronary artery

obstruction (<80%).

The coronary artery preoperative anatomy was classified according to

the Yacoub and Radley-Smith and Leiden classifications.16

Patients
All patients who had a coronary event more than 3 years after the ASO for

TGA between January 2000 and September 2018 were included in the study.

The comparison group was made of 100 randomly selected patients

from our cohort of patients who had coronary CT after ASO for TGA at

our institution between 2000 and 2012, and who were asymptomatic

without any coronary event during their follow-up. All underwent system-

atic screening of reimplanted coronary arteries using CT between 4 and
The Journal of Thoracic and Car
6 years after the ASO. These 100 selected coronary CTwere analyzed using

the 3D modeling software.

In addition, we added a group of 10 non-TGA patients (mean age,

5.2 years) who had a normal coronary CT at our institution during this

period who were in the same age range.

Patients with a single ostium were excluded from the study. Patients in

whom the quality of the coronary CT did not allow adequate segmentation

and 3D reconstruction were also excluded. This study obtained approval of

our institution ethics review board for retrospective studies.

Coronary CTAngiography
Coronary CTs were performed with a 64-slice CTmachine (LightSpeed

VCT; GE Medical Systems, Milwaukee, Wis) with intravenous contrast

enhancement. We performed retrospective electrocardiogram-gated acqui-

sitions. Images were reconstructed at 75% of the R-R interval.

Coronary Artery 3D-Segmentation and
Postprocessing Software

We used itk-snap (Paul A. Yushkevich, University of Pennsylvania,

Philadelphia, Pa) as a segmentation software to 3D model coronary ar-

teries, aorta, and pulmonary artery. Thresholding was the segmentation

mode chosen to perform the 3D modeling. We used 2 postprocessing soft-

ware to measure distances and angles: Meshmixer for distances, and

Blender for angles (Video 1).

Geometric Parameters of Coronary Artery Anatomy
For each coronary artery, we defined and measured 6 items on the 3D-

model (Figures 1-3).

Angles were in degrees and distances were in millimeters. Each item

was blindly measured by 3 physicians (2 cardiologists and 1 radiologist)

and the median value of the 3 measures was kept in analyses.

The clockwise position was defined as the angle between the ostium po-

sition on the aorta and a line passing through the center of the aorta in an

axial view (Figure 2, A). The first centimeter angle was defined as the angu-

lation of the course from the coronary ostium to the coronary artery first

centimeter (Figure 2, B). The minimal 3D angle was defined as the minimal

angle found on the 3D model between the coronary first centimeter and the

aortic wall (Figure 2, C). The ostium height was defined as the distance be-

tween the ostium and the aortic valve (Figure 3, A).

The distance between the coronary ostium and the pulmonary artery and

the distance between the coronary first centimeter and the pulmonary artery

were measured as shown on Figure 3, B and C. All distances were adjusted

with the aortic valve diameter.
diovascular Surgery c Volume 161, Number 4 1397
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Four geometric criteria of left coronary artery anatomy
were associated with coronary events

Association of criteria B + C had a 88% sensitivity and a 81% specificity
to predict coronary events.

1. Clockwise position of the left ostium > 67° (P < .001)
2. First centimeter angle > 62°, P < .01
3. Minimal 3D angle < 39°, P = .003
4. Distance between the coronary ostium and the pulmonary artery < 1 mm/mm, P = .03
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Coronary CT at 5 years of age

100
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3D modeling and geometric analysis
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FIGURE 1. A, Clockwise position. B, First centimeter angle. C, Minimal angle. D, Ostium high. E and F, Minimal distance separating coronary first

centimeter (E) and coronary ostium (F) from the pulmonary artery. CT, Computed tomography; 3D, 3 dimensional.
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Statistical Analysis
Coronary events were analyzed separately for right and left coronary ar-

tery. Each geometric criterion’s association with coronary event was

analyzed with binary logistic regression. To identify independent predic-

tors of cardiac events, multivariable logistic regression analysis was per-

formed by using variables that had been selected by univariable analysis.

To predict which association is the most relevant to predict coronary events
1398 The Journal of Thoracic and Cardiovascular Sur
and establish a test, each criterionwas tested alone then combined to others.

The discriminatory capacity of the test was assessed using the area under

the receiver operating characteristics curve. A probability value of

P<.05 was required for entry into the test. The results are expressed as

an odds ratio with a 95% confidence interval (CI). Statistical

analyses were performed with IBM-SPSS software (IBM-SPSS Inc,

Armonk, NY).
gery c April 2021
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FIGURE 2. A, Clockwise position of the coronary ostiummeasured in a axial plan: Angle between the 0� line passing through the center of the neo-aorta and
each ostium (right coronary artery [RCA] and left coronary artery [LCA]). Colors on computed tomography: Red, aorta and coronary artery; Blue, pulmonary

trunk. B, Angle of coronary stem’s first centimeter measured by the line passing through the center of the neo-aorta and each ostium and by the line passing

through the ostium and the first centimeter. C, Coronary first centimeter minimal angulation with the aortic wall measured by 3-dimensional software.

Batteux et al Congenital: Transposition of the Great Arteries

C
O
N
G

RESULTS
Patients

Over the study period, approximately 1200ASO for TGA
were performed at our institution and around 750 had con-
trol coronary CT between 4 and 6 years of age. We
randomly selected 100 patients from this cohort for 3D
analysis. Of those 100 patients, 16 were excluded from
the study because the initial anatomy was single ostium cor-
onary artery in 6 and for poor quality of the CT in the re-
maining 10 patients. The acquisition in free breathing
under sedation and with beta-blockers to slow heart rate is
necessary to obtain a good quality coronary CT. The propor-
tion of 10% with insufficient Digital Imaging and Commu-
nications in Medicine images quality is usual in our
experience. Over the study period, we identified 21 patients
with coronary events later than 3 years after an ASO related
to LCA obstruction in 17 and right coronary artery (RCA) in
4. The preoperative coronary anatomy and the events are
The Journal of Thoracic and Car
shown in Table 1. All patients with coronary obstruction
and myocardial ischemia underwent surgical revasculariza-
tion using mainly surgical repair of the left or the right cor-
onary stem with saphenous or pericardial patch. Two
patients had coronary bypass, 1 on the LCA and the second
on the RCA. Patients who did not have myocardial ischemia
at time of diagnosis of coronary obstruction were all treated
with beta-blockers. Mean follow up for the free-from-event
group was 9.4 � 3.8 years.

Geometric Parameters of Coronary Artery Anatomy
In univariate analysis, 4 geometric criteria were associ-

ated with left coronary events: clockwise position >67�

(P < .001) (Figure 4, A), first centimeter angle >62�

(P < .01) (Figure 4, B), minimal 3D angle <39�

(P¼ .003) (Figure 5, A), and distance between the coronary
ostium and the pulmonary artery <0.1 cm (P ¼ .03)
(Figure 5, B). In multivariate analysis, first centimeter angle
diovascular Surgery c Volume 161, Number 4 1399



FIGURE 3. A, Height of coronary ostium reimplantation measured from the nadir of aortic cusps. B, Minimal distance separating coronary ostium from

pulmonary artery. C, Minimal distance separating first coronary centimeter from pulmonary artery.
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>62� was significantly associated with coronary event
(P ¼ .028).

The sensitivity and specificity of the different geometric
criteria and criteria combinations to predict association with
coronary events are:
TABLE 1. Characteristics of patients

Characteristic

Coronary

events (n ¼ 21) No coronary

events (n ¼ 84)LCA RCA

Preoperative coronary

anatomy

Yacoub (Leiden)

A (1LCx 2R) 8 2 60

C (1LCx 2R) 5 1 4

D (1L 2RCx) 4 1 17

E (1R 2LCx) 0 0 3

Age at coronary CT (y) 6.3 � 2.2 5.8 � 1.6

Age at coronary event (y) 8.9 � 3.8 NA

Type of coronary event NA

Death 1 0

Re-intervention for CA

obstruction

3 1

CA occlusion or stenosis

>80%

8 2

Myocardial ischemia 5 1

Values are presented as n or mean � standard deviation. LCA, Left coronary artery;

RCA, right coronary artery; CT, computed tomography; NA, not applicable; CA, cor-

onary artery.

1400 The Journal of Thoracic and Cardiovascular Sur
� Clockwise position >67�. Sensitivity, 0.77; specificity,
0.84; area under the curve (AUC), 0.8; 95% CI, 0.674-
0.926; P<.001 (Figure 4, A);

� First centimeter angle>62�. Sensitivity, 0.94; specificity,
0.7; AUC, 0.82; 95% CI, 0.723-0.912; P < .001
(Figure 4, B);

� Minimal angle<39�. Sensitivity, 0.88; specificity, 0.63;
AUC, 0.75; 95% CI, 0.645-0.872; P ¼ .03 (Figure 5, A);

� Distance coronary ostium-pulmonary artery<0.1. Sensi-
tivity, 0.65; specificity, 0.73; AUC, 0.8; 95% CI, 0.545-
0.831; P ¼ .03 (Figure 5, B); and

� The association of first centimeter angle>62� and min-
imal 3D angle <39� had the highest sensitivity (0.88)
and specificity (0.81) for the association with coronary
events (AUC, 0.85, 95% CI, 0.745-0.949; P < .001
(Figure 6).

There was no role of the presence of an anterior or poste-
rior loop of 1 of the left coronary branches in the measure-
ments of the different geometric parameters that were
limited to the first centimeter.
Group Description
As shown in Table 2, In our cohort of 17 LCA events pa-

tients, 13 out of 17 (76%) patients had the clockwise angle
>67�, 16 out of 17 (94%) had the first centimeter angle
>62�, 15 out of 17 (88%) patients had the minimal angle
<39�, 11 out of 17 (64%) patients had the coronary ostium
gery c April 2021



Clockwise position > 67°. Sensitivity 0.77, specificity 0.84.
AUC 0.8, 95% CI (0.674 – 0.926), P < .001.
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FIGURE 4. A, left coronary artery (LCA) clockwise position (red line 67�, red points indicate event group, black points indicate free from event group, and

green points indicate control group). B, First stem centimeter angle (above red dotted line angle>62�, red box plot indicates event group, blue box plot

indicates free from event group, and green box plot indicates control group). AUC, Area under the curve; CI, confidence interval.
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distance from pulmonary artery<0.1. Finally, 15 out of 17
patients (88%) had the combination first centimeter angle
>62� and minimal angle<39�.

In our cohort of 88 free-from LCA events patients, 17 out
of 88 (19%) patients had the clockwise angle>67�, 29 out
of 88 (33%) had the first centimeter angle>62�, 32 out of
88 (36%) patients had the minimal angle<39�, 24 out of 88
(27%) patients had the coronary ostium distance from pul-
monary artery<0.1 mm/mm.

Fifteen out of 88 patients (17%) had the combination first
centimeter angle>62� and minimal angle>39�.

None of the geometric criterion for the RCAwas associ-
ated with the 4 coronary events related to the RCA
obstruction.
The Journal of Thoracic and Car
DISCUSSION
Coronary artery obstruction late after the ASO has a genu-

inely low rate and is more frequently anatomic than physio-
logic.17-19 Freedom from coronary events in adults after
ASO is higher than 95% in the majority of series.8-11

Considering the fact that patients with ASO and
denervated coronary arteries may not experience typical
symptoms of angina, routine screening for coronary
obstruction during follow-up is often performed to identify
potential lesions of concern.20 Echocardiogram-gated CT
angiography provides excellent spatial resolution to
evaluate the coronary arteries and is considered by many
the technique of choice for morphologic assessment as
indeed, clinical evaluation, electrocardiography, and
diovascular Surgery c Volume 161, Number 4 1401
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echocardiography have a low sensitivity for detecting coro-
nary insufficiency.13 Although coronary obstruction have
been found in asymptomatic patients with ASO in various
studies, a recent meta-analysis showed that routine coronary
imaging is not justified to prevent coronary events in the
long term.7 These results should lead to modify the current
guidelines that suggest screening patients with ASO for cor-
onary anomalies exposing them to radiation.21 Neverthe-
less, coronary events do occur late after the ASO and the
identification of high-risk subgroups that may benefit from
coronary surveillance remains a contentious issue.

Risk factors for coronary events have been extensively
described and are mainly related to preoperative coronary
1402 The Journal of Thoracic and Cardiovascular Surgery c April 2021



TABLE 2. Results for all significant criteria (subgroup analysis)

Geometric factors

Event group

for LCA

(n ¼ 17)

Free from

LCA-related

event group

(n ¼ 88)*

Clockwise>67� 13 (76) 17 (19)

First centimeter angle>62� 16 (94) 29 (33)

Minimal angle<39� 15 (88) 32 (36)

Distance ostium to pulmonary

artery<0.1 cm

11 (64) 24 (27)

First centimeter angle

>62� þ minimal

angle<39�

15 (88) 15 (17)

Values are presented as n (%). LCA, Left coronary artery. *Eighty-four patients from

the randomly selected group of transposition of the great arteries patients with the

addition of the 4 patients who had a coronary event related to right coronary artery

obstruction.
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anatomy.8-11,13 The acquired anatomy of the coronary ar-
tery is a potential risk factor for late coronary events
because the initial course is usually abnormal in relation
with the arterial switch technique.22,23 Here, we sought to
analyze the 3D acquired morphology of the initial segments
of coronary artery after ASO and we found that the position
of the reimplanted left ostium as well as the development of
an acute angle between the ostium and the epicardial part of
the left coronary artery was associated with coronary
obstruction or clinical events. In addition, the short distance
between the left coronary artery and the pulmonary artery
was also associated with coronary events.

We believe that these anatomical characteristics identify
a subgroup of patients at higher risk of late coronary events.
The progressive dilatation of the aortic root that is currently
observed in ASO could contribute to elongate the coronary
arteries and promote the development of an acute angle of
the coronary origin.24 The same hypothesis applies to the
height of the takeoff of the RCA even if we did not find
any association between the RCA 3D anatomy and coronary
events probably because the number of events was too low.
In addition, the close vicinity with the pulmonary artery af-
ter the Lecompte maneuver, could lead to compression of
the coronary arteries by the pulmonary arteries and in this
case, exercise could induce ischemia.25 The proportion of
patients with these at-risk anatomical characteristics of
left ostium represent a limited number of ASO patients
and this may explain the low prevalence of coronary events
after ASO. However, if screening might not be useful to pre-
dict late coronary events in the whole population after ASO,
it might be of importance to identify this subgroup of pa-
tients who will need tailored surveillance. We suggest
here that imaging the coronary arteries and measuring these
parameters could limit follow-up for late coronary obstruc-
tion to the subgroup of patients who had these geometric
characteristics. Potentially, perfusion study using cardiac
The Journal of Thoracic and Car
magnetic resonance imaging could be proposed to this
selected group of patients during long-term follow-up.
Some similarities and common uncertainties could be

found with abnormal origin of the coronary artery from
the opposite ostium.26,27 Of note, the exact pathophysiolog-
ical mechanism for sudden cardiac events in these congen-
ital anomalies of the coronary artery origin is unknown. The
different hypotheses include intermittent compression of
the coronary as it travels between the aorta and the pulmo-
nary artery, and morphological alterations of the ostium of
the anomalous vessel due to its tangential course along the
aorta. An abnormal elliptical-shaped ostium has been
observed by intravascular ultrasound studies in ASO and
could correspond to a slit-like ostium.28 In addition, intimal
proliferation is frequent in the proximal segment of the cor-
onary arteries after ASO and it reduces the surface of the
initial segment.28 These findings could suggest that the sub-
group of patients that we identified have a disturbed flow at
the origin of their coronary arteries that may promote late
atherosclerosis.
How these findings may influence the surgical technique

for reimplantation of the coronary arteries during the ASO
for TGA is a difficult issue. Undeniably, at the time of ASO,
the site of coronary reimplantation is dictated by the
anatomic situation rather than by the choice of the surgeon.
Several factors should be taken into consideration to
adequately reimplant the coronary arteries: the height of
the native coronary ostium, the length of the initial coronary
segment (main left coronary stem before its first bifurca-
tion), size discrepancy between the aorta and the pulmonary
artery, proximal coronary branches which cannot be sacri-
ficed, and the degree of misalignment of the valvular com-
missures. The implications of our study for the surgeon
suggest that the coronary reimplantation should be per-
formed not too medially to avoid compression of the coro-
nary artery between the aorta and the pulmonary artery, and
not too high to prevent progressive modification of the take-
off angulation due to dilatation of the corresponding sinus
of Valsalva. It is of note that the surgical technique at
time of the ASO might not be the only factor causing late
coronary obstruction. Indeed, stretching of the initial
segment may cause intimal proliferation and progressive
dilatation and rotation of the neoaortic root can also modify
the initial relationship between the coronary first centimeter
and the great vessels.
The major limit of our study is that late follow-up of our

study population is not available presently. We observed an
association between some anatomical parameters and the
presence of coronary events but we will need to apply these
criteria in the whole ASO population of our institution to
demonstrate that these criteria predict late events. In addi-
tion, the influence on surgical technique of coronary trans-
fer is limited because the surgeons already do their best to
limit sharp angulation of coronary artery stems.
diovascular Surgery c Volume 161, Number 4 1403
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Routine imaging of coronary artery after the ASO has
should not have the unique objective to detect coronary ar-
tery obstruction but should be used to identify a high-risk
group of patients with an acute angle of the coronary origin
and/or a partial inter-aortopulmonary course. This subgroup
of patients may benefit of a tailored monitoring of coronary
events with growth and aging. Conversely, those without
these anatomical characteristics could be considered at
very low risk of late coronary events.

CONCLUSIONS
In this study, we identified 4 anatomical geometric pa-

rameters describing the spatial position of the coronary ar-
teries in relation with the great arteries after ASO that are
associated with late coronary events. We believe that sys-
tematic imaging of coronary arteries after the ASO should
aim to identify these anatomical characteristics and not
only coronary obstruction to tailor follow-up.
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