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Abstract

Background:
Mortality rates after the arterial switch operation (ASO) for transposition of the great arteries (TGA) are still suboptimal mainly due to postoperative myocardial ischemia. The present study aimed to investigate the clinical impact of our modification of coronary transplantation, wherein the coronary cuffs are transplanted oblique to the pulmonary trunk to avoid torsion of the coronary arteries.
Methods:
From September 2010 to August 2020, all 37 consecutive patients who underwent ASO for TGA with our modification, i.e., the oblique coronary transfer technique, were retrospectively reviewed. Cardiac dimensions and patency of the coronary arteries were examined by cineangiography, and hemodynamic parameters were measured by cardiac catheterization and transthoracic echocardiography. 
Results:
During a median 5.3 years of postoperative follow-up, there were no deaths and no patient required mechanical circulatory support. Median left ventricular ejection fraction was 68.8% (interquartile range 66.8-71.0, minimum 54.6). All patients maintained normal sinus rhythm without arrhythmia, except in the early postoperative period. Five patients underwent unplanned re-intervention for peripheral pulmonary stenosis, but none for coronary insufficiency. The 8-year freedom from re-intervention rate was 85.6%. Among a total of 110 transplanted coronary arteries, 108 (98.2%) remained patent, and two circumflex arteries were occluded much later after surgery, although with preserved ventricular function due to compensatory growth of other coronary branches.
Conclusion:
The oblique coronary transfer technique, which aims to avoid torsion of the coronary arteries upon transplantation, provides good patency of the coronary arteries and subsequent improvement of postoperative mortality rates following ASO.



Introduction

Over the past three decades, the standard surgical strategy for transposition of the great arteries (TGA) without left ventricular outflow tract obstruction has been the primary arterial switch operation (ASO) in the neonatal period or early infancy. Although various surgical modifications have been made, the mortality rate after ASO, which is reported to be approximately 2-3% in recent articles, is still suboptimal [1-3]. Since myocardial ischemia is the most common cause of postoperative mortality, further improvement of the coronary transfer procedure is essential to achieve better outcomes following ASO. Based on this belief, we introduced a novel modification of the transplantation procedure to reduce physical stress on the coronary arteries, wherein the coronary cuffs are transplanted oblique to the pulmonary trunk so as not to alter the axis of the coronary cuff. 
	In the present study, we reviewed our 10-year experience of ASO for TGA with this "oblique coronary transfer technique", to evaluate its impact on clinical outcomes in patients and on late patency of the transplanted coronary arteries. 


Materials and Methods

Patients
This retrospective, observational study was conducted at Saitama Children's Medical Center with the approval of the institutional review board (#2020-06-025, March 11th, 2020) and informed consent was obtained from one or both parents of all patients. All consecutive patients (n = 37) who underwent primary ASO with the oblique coronary transfer technique for TGA with an intact ventricular septum or with ventricular septal defect (VSD) from September 2010 to August 2020 were included. During the study period, there were no patients of TGA with left ventricular outflow tract obstruction who were indicated for ASO. Six patients with a single coronary artery who were treated by other coronary transplant maneuvers, such as the Aubert technique [4] or aortic sinus pouch technique [5], were not included in this study. 

Surgical Procedure
Throughout the study period, we choose primary definitive ASO in the neonatal period or during early infancy as the standard strategy for TGA without left ventricular outflow tract obstruction. Comorbid VSD or aortic arch obstruction was repaired concomitantly with ASO. Patients with apical muscular VSDs associated with "Swiss cheese"-like morphology underwent palliative ASO with a pulmonary artery banding procedure. 
	Under a full-median sternotomy, cardiopulmonary bypass was established with high-aortic and bicaval cannulation (Video 1). Marking stitches to exactly indicate the target spot of coronary transfer were placed on the root of the pulmonary trunk. After cardioplegic arrest, the ascending aorta was transected about 10 mm above the basal ring of the aortic valve, and the pulmonary trunk was transected at least 3 mm above the marking stitches. Then, both coronary cuffs were harvested in U-shaped as large as possible. In cases where the orifice of the coronary artery was in proximity to the commissure of the aortic valve, commissural detachment was performed to provide a sufficient margin for harvesting the coronary cuff. An intramural coronary course was treated by the Mee technique [6]. According to the trap-door technique [7], J-shaped incisions were made on the root of the pulmonary trunk, exactly passing through the marking stitches placed beforehand. Then, the coronary cuffs were sewn to the pulmonary trunk with a 7-0 polypropylene running suture, with an intentional displacement being set between the bottom of each trap-door incision and the coronary cuff, to transplant the coronary cuff oblique to the axis of the pulmonary trunk. Details of the procedure are illustrated in Figure 1, using an example of the commonest pattern of dextro-TGA with an antero-posterior relation of the great arteries. With the running sutures commencing at the bottom of the J-shaped incision on the pulmonary trunk, the degree of tilt of the coronary cuff was decided by the starting point of the suture on the cuff. In most cases, comparing the coronary cuff to a watch dial, the starting point of the suture corresponded to the five-o'clock position for the left cuff and eleven-o'clock position for the right cuff. After the coronary transplantation, the Lecompte maneuver was performed before reconstruction of the ascending aorta, except in patients with a side-by-side relation of the great arteries. The ascending aorta was reconstructed using 7-0 polypropylene running sutures, taking care not to alter the dimensions of the coronary cuffs by the plication effect when correcting for the diameter difference between the two stumps. After augmentation of the defects in the aortic sinus by fresh autologous pericardium, the pulmonary artery was reconstructed with an 8-0 polypropylene running suture. All procedures were performed without circulatory arrest in all cases. Postoperatively, anticoagulant or antiplatelet agents were not administered to any of the patients. 

Data Collection
Clinical data were collected by retrospective review of the patients' medical records. 
The follow-up period was defined as the interval between surgery and the latest visit to the outpatient clinic. The intracardiac pressures assessed were as measured at the latest cardiac catheterization. Cardiac dimensions, vascular dimensions, and patency of the coronary arteries were estimated by the simultaneously performed cineangiography. Other hemodynamic parameters were obtained from the last transthoracic echocardiography. Valvular regurgitation was described using a 5-grade relative estimate (0, none; 1, trivial; 2, mild; 3, moderate; and 4, severe) according to the features of the regurgitant jet flow described in transthoracic echocardiography, based on the commonly used guidelines. For those who required any re-operation or catheter intervention postoperatively, all hemodynamic parameters were obtained from the measurement performed just before these re-interventions. The functional status of the patient was described according to the New York Heart Association (NYHA) classification. The Z-scores of cardiac and vascular dimensions were calculated in accordance with a previously published nomogram [8]. 

Statistical Analysis
All values are shown as median and interquartile range (IQR). Freedom from re-intervention was analyzed using the Kaplan–Meier method. A Cox proportional hazards model was used to identify independent predictors of postoperative coronary occlusion and insufficient growth. All statistical analyses were conducted using IBM SPSS software (version 26, IBM Corp, New York, NY).


Results

Demographic Data
During a median of 5.3 years (IQR 2.6-8.6, maximum 9.9 years) of postoperative follow-up, no patient discontinued follow-up. The baseline characteristics of the patients are described in Table 1. Patients' median age was 15 (IQR 11–24) days and their median body weight was 3.2 (IQR 2.9-3.4, minimum 2.4) kg at the time of surgery. Among a total of 37 patients who were included in the present study, 27 patients (73.0%) had TGA with an intact ventricular septum, nine patients (24.3%) had TGA with VSD, and one patient (2.7%) had TGA with VSD and coarctation of the aorta. Except for two patients (5.4%) required palliative ASO with pulmonary artery banding due to the presence of apical muscular VSDs, all patients underwent definitive ASO with concomitant repair of the comorbid cardiac lesion. A side-by-side relation of the great arteries was observed in three patients (8.1%), for whom the Lecompte maneuver was not applied. Abnormal coronary patterns, i.e., all patterns other than the normal one where the left anterior descending artery and the circumflex artery arose from sinus 1 and the right coronary artery arose from sinus 2, were seen in 14 patients (37.8%), including two patients with a single coronary artery and one with an intramural coronary course. Evident commissural malalignment was not observed in any patient. The last cardiac catheterization was performed at a median of 0.9 (IQR 0.7–4.5) years after operation, and the latest transthoracic echocardiography at a median of 3.4 (IQR 1.8-5.9) years after operation. 

Clinical Outcomes
There was no early or late death throughout the study period (Figure 2A). No patient required postoperative mechanical circulatory support for any reason. All patients maintained normal sinus rhythm and no patient required pacemaker implantation. Although two patients required medical treatment for isolated supraventricular tachycardia and one for non-sustained ventricular tachycardia immediately after the surgery, no recurrence of arrhythmia was observed after discharge from the hospital. Except for one patient who needs exercise limitation due to progressive pulmonary stenosis, all patients were New York Heart Association class I at the last follow-up.
	A total of five patients (13.5%) underwent unplanned re-intervention at a median of 1.0 (IQR 0.8-3.2) year after ASO: two patients required patch enlargement for peripheral pulmonary stenosis, one of whom underwent concomitant closure of a residual VSD; three patients required pulmonary balloon angioplasty. The 8-year freedom from re-intervention rate was 85.6% (95% confidence interval, 72.1-99.1) (Figure 2B). 

Hemodynamic Data
Postoperative hemodynamic data are described in Table 2. The median left ventricular ejection fraction was 68.8% (IQR 66.8-71.0, minimum 54.6). The median right ventricle to left ventricle pressure ratio was 0.39 (IQR 0.35-0.44), and the median pressure gradient across the left and right pulmonary arteries was 7.0 (IQR 4.0-13.3) mmHg and 6.0 (IQR 3.0-11.0) mmHg, respectively. Median Z-scores of the aortic annulus and sinus of Valsalva were 1.77 (IQR 1.08-2.55) and 2.34 (IQR 1.46-2.87), with no patient presenting aortic insufficiency of moderate to severe degree. 

Patency of the Coronary Arteries 
Among a total of 110 transplanted coronary arteries, 108 (98.2%) were normally patent, with two anterior descending arteries and four circumflex arteries presenting insufficient growth. Although two circumflex arteries (1.8%) were occluded much later after surgery, ventricular function was preserved by the compensatory growth of other branches. In univariate Cox proportional hazard analysis, no variable was identified as a significant risk factor for obstruction or insufficient growth of the coronary artery (Table 3), and hence, multivariate Cox analysis was not performed. 


Discussion

Although the clinical outcomes of ASO for TGA have remarkably improved with modifications to the surgical procedure, there are still several unsolved problems, such as myocardial ischemia due to coronary malperfusion, bilateral pulmonary stenosis, and late progression of annuloaortic ectasia with subsequent aortic insufficiency. Among these, myocardial ischemia is particularly important as a cause of postoperative deaths [9], and various modifications have been made to the coronary transplant maneuver so as to enable a stable coronary blood flow, which is vital to reducing the mortality after ASO. The reported surgical techniques for this purpose can be roughly classified into three categories: 1. transplant techniques to deal with the complex anatomy of the coronary arteries [6,10]; 2. an in situ technique without translocation of the coronary artery [4, 10-13]; 3. techniques to avoid geometric deformation of the coronary arteries caused by the transfer procedure [7,14]. Our modification, which aims to avoid the occurrence of torsion of the coronary artery, belongs to the third category. 

Rationale for the Oblique Coronary Transfer Technique 
It should be noted that during the transplantation procedure, there are three types of external forces imposed on the transplanted coronary arteries that can cause geometric deformation and subsequent obstruction of the coronary arteries (Figure 3). The first is the stretching force caused by moving the cuff to the distant position, which can be treated by sufficient mobilization of the coronary artery. The second is the kinking force caused by swinging the cuff to face the pulmonary trunk, for which the trap-door technique is most frequently used to diminish the moving angle. The third is the torsion force caused by the tilting motion of the coronary cuff, which apparently has not attracted sufficient attention. In general, as the axes of the aorta and main pulmonary trunk are not parallel to each other, conventional coronary transplantation, which aligns the axis of the coronary cuff to that of the pulmonary trunk, will inevitably cause tilting of the cuff, resulting in torsion of the coronary artery (Figure 4). Therefore, it is critical to transfer the cuff without changing their axis to avoid torsion of the coronary artery, for which the cuffs must be transplanted oblique to the pulmonary trunk. In the commonest pattern of dextro-TGA with an antero-posterior relation of the great arteries, both cuffs should be transplanted slightly oblique in the counter-clockwise direction, as viewed from the outside. And hence, as viewed from inside, both cuffs should be rotated in the clockwise direction, such that the angle of rotation corresponds to five o'clock for the left cuff and eleven o'clock for the right cuff when comparing the coronary cuff to a watch dial, from our experience. Of course, in patients with different anatomical relation of the great arteries, the degree of obliqueness should be determined accordingly. 
 
 
Clinical Outcomes and Coronary Patency
The clinical outcomes after ASO with our oblique coronary transfer technique shown here were satisfactory, especially in that there was no mortality and no re-intervention was required for the coronary arteries. This result might support the safety and efficacy of our technique for improving coronary perfusion. Among a total of 110 coronary arteries, only two (1.8%) circumflex arteries were occluded much after surgery without any serious problems owing to the compensatory growth of other branches. One of the two patients who experienced circumflex artery occlusion had a coronary pattern where the left anterior descending artery and right coronary artery arose from sinus 1, and the circumflex artery arose from sinus 2, with a side-by-side relation of the great arteries. In this patient, there are two possible mechanisms for occlusion of the circumflex artery: kinking of the coronary artery due to the acute angle of transfer, and compression from the posterior mediastinum due to the posterior position of the right facing sinus of the pulmonary trunk to which the cuff was transplanted. The second patient had a normal coronary pattern with an antero-posterior relation of the great arteries, and the cause of coronary occlusion was not evident. Considering the dimensions of the neo-aortic root and preserved function of neo-aortic valves long after surgery, no evident disadvantages of this technique were suggested, at least in the midterm follow-up.

Limitations of the Study
The present study has several limitations. The number of patients was relatively small, and the follow-up period was not long enough to draw any conclusion, especially about late changes in the neo-aortic root. The study design was retrospective and might have involved patient selection bias. 


Conclusions

The oblique coronary transfer technique we proposed here, which aims to avoid torsion of the coronary arteries upon transplantation, provided good patency of the coronary arteries and subsequent improvement of the postoperative mortality rate following ASO. 
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	Table 1. Patients’ characteristics

	Variable
	Value  (n = 37)

	Male gender, n (%)
	15 (40.5)

	Age at operation, days, median (IQR)
	15 (1-24)

	neonate, n, (%)
	32 (86.5)

	infant, n, (%)
	5 (13.5)

	Body weight, kg, median (IQR)
	3.2 (2.9-3.4)

	Body weight  < 2.5 kg, n (%)
	2 (5.4)

	Body surface area, m2, median (IQR) 
	0.20 (0.19-0.21)

	Associated anomalies
	

	VSD, n (%)
	10  (27.0)

	Coarctation of the aorta, n (%)
	1 (2.7)

	Bicuspid native PV, n (%)
	1 (2.7)

	Relationship of the great arteries
	　

	Antero-posterior, n (%)
	34 (91.9)

	Side-by-side, n (%)
	3 (8.1)

	Coronary artery pattern
	　

	Normal coronary pattern, n (%)
	23 (62.2)

	Abnormal coronary pattern, n (%)
	14 (37.8)

	[1LAD; 2RCA, Cx], n (%)  
	7 (18.9)

	[1LAD, RCA; 2Cx], n (%)
	4 (10.8)

	[2LAD,RCA,Cx], n (%) 
	1 (2.7)

	[ 2LAD,RCA,Cx], n (%) 
	1 (2.7)

	[1LAD; 2RCA (absent Cx) ], n (%)
	1 (2.7)

	Intramural coronary course, n (%)
	1 (2.7)

	Single coronary artery, n (%)
	2 (5.4)

	Data are presented as the number (%) or median (interquartile range).
DORV, double outlet right ventricle; IQR, interquartile range; IVS, intact ventricular septum; LAD, left anterior descending artery; LCx, left circumflex artery; Normal coronary patterns, coronary pattern where the left anterior descending artery and the circumflex artery arose from sinus 1 and the right coronary artery arose from sinus 2; PV, pulmonary valve; RCA, right coronary artery; TGA, transposition of the great arteries; VSD, ventricular septal defect




	Table 2. Intra- and postoperative data

	Variable
	Value (n = 37)

	Operative procedure
	

	ASO, n (%)
	27 (73.0)

	ASO + VSD closure, n (%)
	7 (18.9)

	ASO + VSD closure + CoA repair, n (%)
	1 (2.7)

	ASO + PAB, n (%)
	2 (5.4)

	Commissural detachment, n (%)
	8 (21.6)

	Lecompte maneuver, n (%)
	34 (91.9)

	Complications
	　

	Re-exploration, n (%)
	2 (5.4)

	Delayed sternal closure, n (%)
	3 (8.1)

	Arrhythmia requiring treatment
	

	SVT, n (%)
	2 (5.4)

	NSVT, n (%)
	1 (2.7)

	Mechanical circulatory support
	0 (0)

	Hemodynamic parameters
	　

	LVEF, %, median (IQR)
	68.8 (66.0-71.0)

	LVEDVi, %, median (IQR)
	108.0 (96.5-120.5)

	RVEDVi, %, median (IQR)
	116.2 (101.3-127.7)

	RVp/LVp, median (IQR)
	0.39 (0.35-0.44)

	Pressure gradient
	

	LV-Ao, mmHg, median (IQR)
	3.5 (0-6.3)

	RV-mPA, mmHg, median (IQR)
	7.0 (3.8-10.3)

	RPA, mmHg, median (IQR)
	7.0 (4.0-13.3)

	LPA, mmHg, median (IQR)
	6.0 (3.0-11.0)

	Aortic valvular insufficiency
	

	none, n (%)
	17 (45.9)

	trivial, n (%)
	15 (40.5)

	mild, n (%)
	4 (10.8)

	Dimensions (Z-score)
	

	neo-AoV, median (IQR)
	1.77 (1.08-2.55)

	Sinus of Valsalva, median (IQR)
	2.34 (1.46-2.87)

	STJ, median (IQR)
	1.63 (0.57-2.23)

	neo-PV, median (IQR)
	–0.55 (–1.76-0.27)

	RPA, median (IQR)
	–0.61 (–2.13-0.48)

	LPA, median (IQR)
	–0.27 (–1.59-0.70)

	Data are presented as the number (%) or median (interquartile range). 
Ao, aorta; AoV, aortic valve; ASO, arterial switch operation; CoA, coarctation of the aorta; IQR, interquartile range; LVEDVi, left ventricular end-diastolic volume index; LVEF, left ventricular ejection fraction; LPA, left pulmonary artery; LV, left ventricle; mPA, main pulmonary artery; NSVT, non-sustained ventricular tachycardia; PAB, pulmonary artery banding; PV, pulmonary valve; RPA, right pulmonary artery; RV, right ventricle; RVEDVi, right ventricular end-diastolic volume index; RVp/LVp, right ventricle to left ventricle pressure ratio; STJ, sinotubular junction; SVT, supraventricular tachycardia; VSD, ventricular septal defect






	Table 3. Univariate Cox regression analysis of freedom from obstruction or inadequate growth of the coronary artery  

	Variable
	HR (95%CI)
	P value

	Abnormal coronary pattern
	0.19 (0.30-7.38)
	.120

	Intramural coronary course 
	0.05 (0.00-2.42×106)
	.735

	Single coronary artery
	0.044 (0.00-3.27×103)
	.585

	Commissural detachment
	1.48 (0.30-7.38)
	.630

	VSD
	0.68 (0.14-3.40)
	.643

	ASO without Lecompte maneuver
	1.54 (0.19-12.54)
	.688

	AVD/PVD < 0.8
	1.47 (0.18-11.99)
	.722

	AVD/PVD > 1.2
	1.80 (0.21-15.59)
	.593

	HR, Hazard ratio; CI, confidence interval
ASO, arterial switch operation; AVD/PVD, ratio of aortic valve diameter to pulmonary valve diameter; VSD, ventricular septal defect






Figure legends 
Figure 1. Schematic view of the oblique coronary transfer technique for the commonest pattern of dextro-transposition of the great arteries (TGA) with an antero-posterior relation of the great arteries. On the root of the pulmonary artery, a running suture was commenced from just at the bottom of the J-shaped incision for both the coronary arteries. Comparing the cuff to a watch dial, the running suture on the left coronary cuff starts at the point corresponding to the 5-o'clock position. Similarly, the running suture starts at the 11-o'clock position on the right cuff. These intentional displacements results in adequate tilt of the cuffs to maintain their axes without moving.
(RCA, right coronary artery; LCA, left coronary artery; Ao, aorta) 

Figure 2. Kaplan-Meier curves of A, Freedom from death and B, Freedom from re-intervention. 
(CI, confidence interval)

Figure 3. Three types of external forces that can cause geometric deformation of the coronary arteries. 
A. Stretching force caused by moving the cuff to the distant position
B. Kinking force caused by turning the face of the cuff to another direction
C. Torsion force caused by tilting of the coronary cuff


Figure 4. Rationale for the oblique coronary transfer technique. The right side of the figure illustrates the conventional transfer technique, in which the coronary cuffs are transplanted so that their axis aligns with that of the pulmonary trunk, resulting in torsion of the coronary arteries (red arrow). The oblique coronary transfer technique is illustrated on the left side of the figure. Transfer of the coronary cuffs without altering their axes does not generate any torsion of the coronary artery, although the cuffs must be transplanted oblique to the pulmonary trunk.
(RCA, right coronary artery; LCA, left coronary artery; Ao, aorta; PA, pulmonary artery)







1

