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Coronary artery stenosis or occlusion following coronary transfer procedures in congenital heart surgery is a rare but serious complication that often leads to severe heart failure. This complication often needs extracorporeal membrane oxygenation support in the early stage and is associated with sudden death or the need for heart transplantation later after surgery. The complication is particularly important in an arterial switch operation for transposition of the great arteries (TGA), which is performed in newborns and infants with low body weight. Additionally, TGA is often associated with various anatomical coronary abnormalities. Two surgical procedures have been used to manage this complication: surgical redo of coronary ostial anastomosis, often with autologous tissue patch enlargement (SOAP) and pediatric coronary artery bypass surgery using the internal thoracic artery (PCABS-ITA). Both methods have relative advantages and disadvantages but early surgical survival results are equivalent. Based on various database analyses, I currently consider SOAP as I(C) and PCABS-ITA as IIa(C) for a rescue operation in which coronary obstruction is due to technical errors or mechanical compression, kinking, and/or stretching. For late coronary complications in which fibroproliferative obstruction is the main cause, I recommend PCABS-ITA as I(C) and SOAP as IIa(C). In addition, tight stenosis (>90%) or total obstruction extending into the bifurcation of the left main trunk favors PCABS-ITA, whereas localized left main stenosis of a less severe degree favors SOAP. Careful follow-up and long-term results are important. Because coronary obstruction is a serious but rare complication, analysis of long-term data is essential.
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Introduction
Coronary artery obstructive lesions following coronary transfer procedures in congenital heart surgery represent one of the most serious complications leading to acute cardiac failure and intractable ventricular arrhythmias; as a result, patients often become dependent on extracorporeal membrane oxygenation (ECMO) in the acute period immediately after cardiac surgery. In the late period after surgery, acute myocardial infarction, sudden cardiac death, and ischemic heart failure requiring eventual heart transplantation can ensue. Immediate evaluation of coronary insufficiency is important to ensure prompt counteraction. In this article, I evaluate surgical coronary revascularization methods and propose modified guidelines for selection of the optimal surgical management.

Frequency and Mortality of Coronary Obstructive Complication
Coronary obstructive complications can occur in many operations requiring coronary transfer procedures and, according to previous reports, the frequency of complications ranges from 5% to 12%.1–3) However, with the advent of coronary transfer techniques, including autologous tissue patch enlargement at the first operation, coronary obstructive complications now occur in 2% to 3% of patients undergoing such procedures.4–6) Coronary revascularization or transfer procedures are performed in various operations, including anomalous origin of the left coronary artery from the pulmonary artery (ALCAPA), congenital atresia of the left main trunk, Ross operation in children, and, most importantly, arterial switch operation (ASO) for transposition of the great arteries (TGA) and related abnormalities such as Taussig-Bing anomaly. The most common redo coronary revascularization surgery is required for children with TGA who have undergone ASO in the neonatal period. In addition, many low-birth-weight babies have various abnormalities involving the origin and course of the coronary artery and intramural coronary arteries. Bartoloni et al.7) reported in 2006 that 50% of acute deaths and 100% of late cardiac deaths were due to coronary artery obstruction following ASO. According to recent reports, more than 12% of ASO survivors have some coronary obstructive complications.8, 9) Therefore, in this article, I focus on post-ASO coronary complications.
In Japan, the 30-day mortality rate for 1083 ASO patients collected through the Japan Cardiovascular Surgical Database Congenital Section (JCVS-CS) was 3.2% (35 deaths including ECMO deaths n=24, post-discharge deaths n=1) and the 90-day mortality rate was 5.2% (56 deaths including ECMO deaths n=33, post-discharge deaths n=9).6) An increase in post-discharge sudden death is most likely due to overlooked coronary obstruction.5, 7, 10–12)

Symptomatology and Causes of Coronary Obstruction
Coronary artery obstructive lesions can occur in the early period following coronary transfer procedures; for example, in acute heart failure with difficult weaning from cardiopulmonary bypass or in severe low cardiac output syndrome requiring ECMO.1) In this situation, the coronary obstruction is mostly the result of technical errors or mechanical obstructions secondary to coronary compression, kinking, twisting, and/or stretching. Alternatively, patients who recover from the original surgery may have sudden cardiac death or experience an acute myocardial infarction leading to chronic heart failure that eventually requires heart transplantation long after the original surgery. Late coronary obstruction is mainly caused by a fibromuscular proliferative reaction secondary to an inflammatory process and endothelial dysfunction of the coronary artery.7–10) Late events usually occur within 6 months to 1 year10, 11) after the initial operation but can occur more than 10 years after the ASO.12) For acute episodes, an emergency rescue operation is needed, whereas for late episodes, an urgent or scheduled operation can be planned.6)

Operative Methods and Outcomes
Two different surgical methods have been utilized for the treatment of coronary transfer problems occurring in both the acute and late periods (Fig. 1). One is surgical coronary ostial angioplasty with an autologous tissue patch (SOAP).13–15) Various autologous tissues have been utilized, including autologous saphenous vein, azygous vein, pericardium, and pulmonary arterial wall. The best autologous material for this purpose has not yet been determined, but in the short term, there is no difference in patency or recurrence of stenosis.1, 6) For stenosis or obstruction occurring in the late period, tissue with vascular endothelium may be better, such as an autologous patch obtained from the pulmonary artery or saphenous vein.14) The second method for coronary revascularization is pediatric coronary artery bypass surgery utilizing an internal thoracic artery graft (PCABS-ITA).1, 13, 16–22)
[image: ]Fig. 1 Representative illustrations of 2 surgical methods for coronary obstruction following coronary transfer procedures in arterial switch operation for transposition of the great arteries

Both methods have comparative advantages and disadvantages, as shown in Table 1. One disadvantage of SOAP is the need for total release of all anastomotic areas in ASO to approach the coronary orifices. This process prolongs the aortic cross-clamp time and cardiopulmonary bypass time, leading to excessive bleeding in critical patients. In contrast, PCABS does not require release of the previous suture line, but the internal thoracic artery and coronary arteries in neonates are small, usually less than 1 mm in diameter. Technical expertise using a surgical microscope may be necessary for anastomosis.21–25)
Table 1 Advantages and disadvantages of 2 surgical methods for the management of coronary obstructive lesions following coronary transfer procedures

No difference in early survival rates between the 2 methods have been reported, according to American2) and European3) databases, as shown in Tables 2 and 3. An understanding of the comparative long-term outcomes between the 2 redo revascularization methods is very important but such reports have been very limited. In 2018, Thammineni et al.2) reported transplantation-free survival rates following both surgical revascularization methods from an analysis of the Pediatric Cardiac Care Consortium (PCCC) database. According to their report, 20-year transplantation-free Kaplan–Meier survival rates were approximately 75% in the PCABS group and 45% in the SOAP group. However, the case numbers of both groups (n=36 for PCABS; n=31 for SOAP) were small, and the difference between the two groups was not significant (log-rank p=0.28). Further reports of long-term results following pediatric coronary revascularization surgeries are, therefore, very much anticipated.
Table 2 Mortality (no. of cases) following rescue operation in the early postoperative period and urgent or scheduled operation in the late postoperative period

Table 3 Reports from the United States, Europe and Japan databases regarding surgical treatments for coronary obstructive complication following coronary transfer procedures (also see Fig. 1)

Mortality following a rescue coronary revascularization shortly after the primary ASO surgery is high, ranging from 25% to 75%,2, 3, 6) because of the numerous risk factors present in these low-body-weight neonates. In this situation, many neonates are on ECMO, which is required in 5.7% of patients after ASO, and mortality on ECMO approaches 56%.6) Immediate coronary arterial evaluation is mandatory in patients on ECMO. In contrast, for urgent but scheduled surgery in the late period after ASO, reoperative mortality is very low, ranging from 0 to 3.8% (Table 2).2, 3, 6)

Comparative Analysis of Database Reports from the United States, Europe, and Japan
Before 2000, the incidence of coronary complications following ASO was relatively high10) but recently, with advances in neonatal surgery, it has decreased to 2% to 3%. It is difficult, therefore, to analyze outcomes of many patients in a single center or hospital. For this reason, database analysis is important. At present, reports by PCCC in the United States,2) the European Congenital Heart Surgeons Association (ECHSA),3) and the Japan Cardiovascular Surgical Database, Congenital Section (JCVSD-CD)6) are available.
Reports from PCCC2) and ECHSA3) did not specify post-ASO coronary complications; the numbers of post-ASO patients who subsequently underwent coronary revascularization were 30 (27%) in PCCC and 37 (46%) in ECHSA. In JCVSD, only 13 post-ASO patients (1.2%) underwent redo coronary revascularization.6) This rate is very low compared with other reports2, 3) and suggests that some cases were overlooked because of the high 90-day mortality rate of 5.2% including an increase in post-discharge deaths (9 children) compared to the 30-day mortality of 3.2%. As shown in Table 3, post-ASO coronary complications were managed by PCABS in 63% to 86% of patients and by SOAP in 14% to 37% of patients, according to the PCCC and ECHSA databases.2, 3) Thus, in the United States and Europe, PCABS was more commonly performed than SOAP for the management of post-ASO coronary complications; in Japan, this was reversed (46% PCABS vs 54% SOAP).6) The median age of patients was higher in the PCABS group than in the SOAP group, although the lowest age was not different (3 days for PCABS vs 5 days for SOAP) (Table 3). PCABS has now been performed in many centers and children’s hospitals, and the use of ITA grafts for children is now well established because of the excellent growth potential of the graft in rapidly growing children.19–21, 26–32) In addition, adaptive flow volume capacity of ITA grafts appears bigger and faster than that we previously considered.19–22) Use of a surgical microscope for PCABS in young children is slowly but steadily expanding.21–25)

Importance of Early Detection and Selection of Operative Methods
Making a quick decision is essential for redo coronary revascularization surgery for post-ASO coronary complications. To facilitate this decision, intraoperative coronary arteriography would be very beneficial for validation of coronary anastomosis to avoid overlooked coronary problems that may lead to persisting heart failure after the ASO or sudden death after discharge. When ASO is performed in the hybrid operation room, it would be much easier to perform intraoperative coronary arteriography following the coronary transfer procedure. Coronary angiography can be carried out through a cardioplegic needle with a release of aortic cross-clamping. When coronary anastomotic problems are found, reparative SOAP can be done quickly, with insertion of an autologous tissue patch such as a pulmonary artery slice. In contrast, when coronary problems are found late after the ASO, PCABS with an ITA graft is convenient and does not require any dissection of the original ASO operative areas. In the later period after ASO, fibromuscular proliferative concentric coronary stenosis or obstruction is common caused by inflammation.7–12) Thus, direct plasty (i.e., SOAP with a patch) may aggregate local inflammation and promote stenosis recurrence.1) Bypass surgery (i.e., PCABS-ITA) to the intact area of the coronary artery is recommended in this scenario, unless there are no other complications such as neoaortic dilatation with valve regurgitation or pulmonary stenosis.16)
European guidelines reported in 2017 regarding TGA33) showed that SOAP is considered “recommendation I, evidence level C” or I(C), and PCABS as IIa(C), but there is no description of the selection criteria for these methods. The Japanese guidelines published in 202234) state that coronary obstructive complications can be managed by percutaneous coronary intervention, SOAP, and/or PCABS, but the long-term outcomes of these management methods are unknown. Based on the analysis of the world databases, I propose the following revised guideline criteria (Table 4).
Table 4 Proposal for a new guideline

In a rescue operation shortly after ASO, coronary insufficiency is mostly caused by technical or mechanical coronary obstructions such as compression, kinking, twisting, or stretching, so that SOAP is regarded as I(C) and PCABS as IIa(C), as recommended by the European guideline.33) However, in the later period after the ASO, coronary obstruction is mainly due to fibromuscular proliferative inflammation associated with endothelial dysfunction; then, PCABS will be I(C) and SOAP will be IIa(C) because of the lesser invasiveness of PCABS-ITA associated with the lesser chance for recurrence of fibroproliferative stenosis. Simultaneous combined use of both surgical revascularization procedures as a fail-safe addition should be limited as indicated III(C) in the European guideline33) because of the coronary flow competition often leading to the string phenomenon of the ITA graft.
In addition, stenosis >90% or total obstruction extending to the bifurcation area of the left main coronary artery favors PCABS, whereas stenosis <75% to 90% not extending into the bifurcation area favors SOAP. This proposal for a new guideline must be validated in the future by evidence accumulated from a large number of cases.
In conclusion, long-term (>20 year) patency of the coronary artery or an event-free survival rate is important to establish new guidelines for selection of coronary revascularization procedures. A hybrid operating room may be beneficial in detecting coronary anastomotic mishaps as promptly as possible, and the use of a surgical microscope for fine vessel anastomosis will add a new tool for pediatric cardiac surgeons. I certainly welcome the opinions for and/or against my proposals for possible new guidelines.
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[image: ]Fig. 1 Representative illustrations of 2 surgical methods for coronary obstruction following coronary transfer procedures in arterial switch operation for transposition of the great arteries

Left: Surgical ostial angioplasty with an autologous patch (SOAP). Right: Pediatric coronary artery bypass surgery with use of the internal thoracic artery (PCABS c̄ ITA).
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Table 4 Proposal for a new guideline		Post-ASO coronary stenosis and obstruction

		Rescue procedure (technical errors or mechanical compression, twisting, kinking and/or stretching)

		SOAP c̄ Patch		I(C)

		PCABS c̄ ITA		IIa(C)

		Late occlusion (fibro-muscular proliferation)

		PCABS c̄ ITA		I(C)

		SOAP c̄ Patch		IIa(C)

		Level of stenosis

		LMT≤75%, localized at orifice		

		SOAP c̄ Patch		I(C)

		LMT>90%, extending to bifurcation		

		PCABS c̄ ITA		I(C)
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Table 3 Reports from the United States, Europe and Japan databases regarding surgical treatments for coronary obstructive complication following coronary transfer procedures (also see Fig. 1)		Database		Case no.		Age at operation		SOAP		PCABS

		Case no.		Age at operation		Case no.		Age at operation

		PCCC*1 (USA) (1982∼2011)		n=123		4.4 yrs (3 days∼17.4 yrs)		n=51 (41.5%)		2.6 yrs (5 days∼16.7 yrs)		n=72 (58.5%)		6.8 yrs (3 days∼17.4 yrs)

		POST ASO		POST ASO		POST ASO

		n=30 (27%)		n=11 (37%)		n=19 (63%)

		ECHSA*2 (Europe) (1973∼2011)		n=80		2.3 yrs (2 days∼16.9 yrs)		n=15 (19%)				n=65 (81%)		

		POST ASO		POST ASO		POST ASO

		n=37 (46%)		n=5 (14%)		n=32 (86%)

		JCVSD*3 (Japan) (2011∼2018)		POST ASO 
n=13		rescue 24 days (4∼234 days)		n=7 (54%)		40days (6 days∼234 days)		n=6 (46%)		96 days (4 days∼501 days)

		urgent 111 days (93∼501 days)		body weight (kg)		2.7 (2.3∼6.3)		body weight (kg)		3.9 (2.7∼9.1)

		POST ASO: PCABS or SOAP for post ASO patients only. *1PCCC: Pediatric Cardiac Care Consortium [Ref. 2]. *2ECHSA: European Congenital Heart Surgeons Association [Ref. 3]. *3JCVSD-CS: Japan Cardiovascular Surgery Database-Congenital Section [Ref. 6]. ASO, Arterial Switch Operation; PCABS, Pediatric Coronary Artery Bypass Surgery; SOAP, Surgical Ostial Angio-Plasty.
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Table 2 Mortality (no. of cases) following rescue operation in the early postoperative period and urgent or scheduled operation in the late postoperative period		Database		n		Mortality Early emergency rescue operation		Mortality Late scheduled or urgent operation

		PCCC*1 (USA)		123		29.8%		0%

		30 (ASO)

		ECHSA*2 (Europe)		80		32% (11/34)		3.8% (3/80)

		37 (ASO)

		JCVSD-CS*3 (Japan)		13 (ASO)		75% (6/8)		0% (0/5)

		ASO, arterial switch operation. *1PCCC: Pediatric Cardiac Care Consortium [Ref. 2]. *2ECHSA: European Congenital Heart Surgeons Association [Ref. 3]. *3JCVSD-CS: Japan Cardiovascular Surgery Database-Congenital Section [Ref. 6].
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Table 1 Advantages and disadvantages of 2 surgical methods for the management of coronary obstructive lesions following coronary transfer procedures				Surgical Coronary Ostial Angioplasty (SOAP)		Pediatric CABG with ITA (PCABS)

		Approach		Total release of anastomosis of ASO		Dissection unnecessary

		Aortic cross-clamp time and cardio-pulmonary bypass time		Long		Short

		Coronary blood flow		Normal, antegrade		Partially retrograde, but no evidence of myocardial injury

		Advantages and Disadvantages		Direct plasty for lesions, Stenosis recurrence 
Acute phase: technical and/or mechanicalcompression, kinking, twisting and/or stretching 
Chronic phase: fibromuscular proliferation endothelial dysfunction		Lesions untouching 
Small size anastomosis: ITA-coronary artery 
String to closure of ITA grafts 
Use of a surgical microscope

		Patch or Graft		Autologous tissue patch (vein or pulmonary artery) 
ITA preserved for possible later use		Use of ITA graft 
Many other arterial grafts can be used at grown-up age

		ASO, arterial switch operation; ITA, internal thoracic artery.
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