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ABSTRACT 
Background Transposition of the great arteries (TGA) is generally repaired using the arterial switch operation (ASO). Early 
complications are mainly following coronary artery related events. Intra-operative coronary flow patterns may predict 
clinical outcome. The objectives of this prospective study were 1) to determine whether coronary Doppler patterns intra-
operatively predicted an adverse outcome, 2) to compare transesophageal (TEE) vs. epicardial echocardiographic 
assessment of coronary arteries post ASO.  
Methods Patients with TGA undergoing the ASO were eligible. All patients (when technically feasible) underwent a TEE 
plus an epicardial echo intra-operatively. All predischarge transthoracic echocardiograms were reviewed for ventricular 
function. The primary clinical endpoint was a composite myocardial ischemic event (any of: post-operative ST changes, 
ventricular tachycardia, need for ECMO support). Correlation and Kappa statistics were used to assess agreement between 
the imaging modalities. 
Results From May 2009 – Dec 2012, 36 patients (26 male, birth weight 3260+590 grams) were recruited. Of those, 11 had a 
ventricular septal defect, 27 had usual coronaries (1LCx2R), 6 had 1L2RCx, and 2 were intramural. The median age at the 
time of the ASO was 10 days, IQR: 6-21 days. N=28 had TEE + epicardial, 4 TEE only, 4 epicardial only. N=7/36 (19%) 
patients had an adverse myocardial event (5 ST changes, 2 ventricular tachycardia (1 also ECMO), 1 death). Systolic flow 
reversal in the left coronary artery was associated with the primary endpoint (86% vs. 10%, p<0.001). By TEE, the median 
VTI for the right coronary artery was 0.112, IQR 0.084-0.159 and the left coronary was 0.117, IQR 0.094-0.150. There was 
excellent agreement for global assessment of function between TEE and epicardial (Κ=0.925) and visualization of the left 
coronary (91% visualized with both), and strong agreement (92% visualized with both) of the right coronary.  
Conclusion Systolic flow reversal in the left coronary artery is associated with myocardial ischemic events post ASO. Intra-
operative evaluation of coronary artery flow patterns is a potentially useful tool and should be considered for all ASO 
procedures.  

BACKGROUND 
Transposition of the great arteries (TGA) is the most common cyanotic congenital heart defect in newborns and is generally 
repaired using the arterial switch operation (ASO). Coronary artery abnormalities are major risk factors for early post-
operative complications. Intra-operative coronary flow patterns by transesophageal (TEE) and/or epicardial 
echocardiography may predict clinical outcome.  

_________________________________________________"

OBJECTIVES _________________________________________________"
1.  To determine whether coronary Doppler patterns intra-operatively predict an adverse outcome in patients undergoing an 

ASO 
2.  To compare TEE vs. epicardial echocardiographic assessment of coronary arteries   

METHODS _________________________________________________"
•  Prospective cohort study. The study was approved by the Hospital’s REB. 

•  Primary endpoint was a composite myocardial ischemic event (any of: post-operative ST changes, ventricular 
tachycardia, need for ECMO support) 

•  Secondary endpoints were need for surgical revision and/or cardiac catheterization with or without intervention, open 
sternum, death, decreased left ventricular function (ejection fraction < 50%) or echocardiographic evidence of pulmonary 
hypertension post-operatively 

Inclusion Criteria 
•  All newborn cases < 3 months of age with TGA admitted to the Hospital for Sick Children who would undergo an ASO 
•  Cases with additional cardiac abnormalities such as ventricular septal defect, pulmonary or aortic stenosis (not precluding 

the ASO), arch obstruction, mitral valve cleft were included 

Exclusion Criteria 
•  TGA with more complex cardiac anatomy that would not undergo an ASO (ie. single ventricle physiology, double outlet 

right ventricle with hypoplastic ventricle, severe pulmonary or aortic stenosis, or straddling atrioventricular valve) 

Clinical Data 
•  All patient demographic data was obtained 
•  Surgical repair including total bypass time/circulatory arrest, complications, use of inotropes in the operating room, need 

for pacing, chest open, use of ECMO  

TEE and Epicardial Echocardiographic Measurements 
•  All intra-operative studies were performed using the Phillips IE33 machine using the s7-3t TEE probe and/or the 12mHz 

transthoracic probe 
•  All studies were reviewed by a single investigator (LN) offline using the Syngo KinetDx system (Siemens Healthcare, 

Erlangen, Germany) blinded to clinical outcome but knowing the coronary anatomy 
•  Standard TEE views included the 4 chamber view, 2 chamber, 3 chamber, sagittal and transgastric views to assess 

biventricular function, septal curvature, valvar regurgitation, outflow obstruction, proximal right and left pulmonary 
arteries and the coronary arteries 

•  The right (RCA) and left main coronary (LCA) and circumflex (CX) arteries were imaged. Colou and Pulse Wave 
Doppler were placed on each individual coronary artery using a velocity of ~ 30-40cm/s. The tracings were correlated to 
the ECG tracing to determine systole and diastole. Peak systolic and diastolic velocities were determined. The velocity 
time integrals (VTI) were also measured. 

•  The proximal right and left pulmonary arteries were imaged and when possible, a peak pulse wave Doppler tracing was 
obtained for both pulmonary arteries. 

•  For the epicardial echocardiogram, the surgeon placed the probe directly onto the aortic root under sterile conditions, and 
obtained a short axis view of the aortic valve with 2D images of both right and left coronary ostia in the same plane. The 
branch pulmonary arteries were imaged by 2D, Colour and Pulse Wave Doppler. 

Post-operative Transthoracic Echocardiogram Measurements 
•  All patients had a pre-discharge transthoracic echocardiogram on the GE Vivid E9 machine (GE, General Electric Corp., 

Wauwatosa, Wisconsin, USA) 
•   All echocardiograms and reports were reviewed (LN) for the following: biventricular function using standard M-mode 

and/or Simpson’s rule measurements and the presence of mitral or aortic regurgitation 
•  Pulmonary hypertension was defined as RVSP > 25% arterial systolic pressure or septal curvature flat or bowing in the 

short axis view.  

Statistical Analysis 
•  Data is presented as mean with standard deviations, median with 25th and 75th percentiles (interquartile range, IQR) and 

frequencies as appropriate. Direct comparisons between patients with and without outcomes were performed using 
Fisher’s exact test and Student’s t-test with Satterthwaite method (assuming unequal variance between groups). Extent of 
agreement was measured using Chronbach’s alpha and raw accuracy estimates along with Pearson’s correlation. All 
statistical analyses were performed using SAS v9.3 (The SAS Institute, Cary NC) 

The results of this prospective study reinforce the findings of our previous retrospective analysis of coronary artery Doppler patterns by TEE in 63 
patients with TGA undergoing an ASO (Wong et al. AHJ 2008). As with the previous study, the most common coronary Doppler pattern was 
biphasic with a systolic and diastolic peak. There were no complications in our study related to either the TEE or epicardial echocardiogram. The 
additional time required to obtain the epicardial images was short, in the range of 5-10 minutes. 

The myocardial event rate of almost 20% was surprisingly high and was associated with systolic flow reversal in the LCA.  

Both TEE and epicardial echocardiography was technically possible in 28/36 (78%) cases. The proximal RCA and LCA can be reliably and 
consistently measured by both modalities, with excellent agreement. Visualization of the CX was more reliable and simpler using the epicardial 
probe. Our findings demonstrate that combining both TEE and epicardial echocardiography post ASO can safely and easily visualize the cardiac 
chambers, outflow tracts, coronaries and branch pulmonary arteries. This enables the surgeon to manipulate the structures prior to administering 
Protamine. This will hopefully improve post-operative outcomes.  

Our findings by TEE and epicardial echocardiography resulted in intra-operative manipulation of the aorta, main pulmonary artery or of the 
coronary buttons in 4 cases, with improvement of coronary flow patterns prior to the administration of Protamine. 

Study Limitations 
A TEE + epicardial echocardiogram was not possible in all cases due to small patient size not allowing the smallest TEE probe. The TEE was not 
performed simultaneous to the epicardial and therefore measures of flow were not exactly temporally related. The circumflex artery is technically 
difficult to visualize due to its perpendicular position relative to the PW Doppler cursor in all views and therefore was not always possible to 
image by TEE. However, its angle by Epicardial is significantly better. Artifact from suction catheters or cauterization occasionally interfered with 
the Doppler tracings.    

Clinical Outcome 
From May 2009 to December 2012, 36 patients were enrolled (12 declined to 
participate). Table 1 depicts the clinical characteristics of the cohort. 35 patients had a 
2 coronary system, and 1 patient had a single left coronary artery. The coronary 
anatomy of the two patients with intramural coronaries was 1L2RCx and 1LRCx. A 
balloon atrial septostomy was performed in 32 patients at a mean age of 1.7 + 1.2 days. 
N=28 patients had a TEE and epicardial echo, 4 had a TEE only and 4 were unable to 
pass the TEE probe and therefore had an epicardial only.  

A post-operative myocardial ischemic event occurred in 7/36 cases (19%). Details are 
shown in Table 2. These patients were younger at ASO (8.4 days, IQR 4 – 13 days vs 
18 days, IQR 6 – 32 days, p = 0.008). There was no difference in gestational age at 
birth, birth weight or duration of open sternum between the two groups. Factors 
associated with a myocardial event are depicted in Table 4.  

Of the 7 cases who had an open sternum, the mean duration until closure was 6 days 
(range 2 – 9 days). There were 3 patients who required a surgical revision (1 SVC 
repair, 1 ascending aorta + pulmonary artery patch repair, 1 coarctation + supravalvar 
aortic stenosis repair) at 2, 94 and 38 days post ASO. No patient required surgical 
revision of the coronary arteries. A post-ASO cardiac catheterization was required in 5 
(14%) patients – 4 of those for assessment of the coronary arteries and 1 underwent 
assessment and management of extensive upper systemic venous clots.  

The mean age at pre-discharge echocardiogram was 26 days (range 5-72). N=16 (44%) 
patients were identified as having pulmonary hypertension. Two patients had mild to 
moderately reduced LV function. One patient died 5 months following the ASO and 
the cause of death was refractory chylothorax, respiratory failure and sepsis. 

Coronary Artery Doppler Measurements 
By TEE, the median VTI for the RCA was 0.112 (IQR 0.084-0.159), for the LCA was 
0.117 (IQR 0.094-0.150) and for the Cx was 0.073 (IQR 0.047-0.131). The median 
peak diastolic flow velocity was 56 cm/s (range 28-163 cm/s) for the RCA, 61 cm/s 
(range 16-134 cm/s) for the LCA and 40 cm/s (range 15-69 cm/s) for the Cx. The 
median peak systolic flow velocity was lower than the diastolic peak for the RCA and 
LCA:  40 cm/s (range 15-219 cm/s) for the RCA, 35 cm/s (range 11-88 cm/s) for the 
LCA, and similar for the CX:  42 cm/s (range 12-66 cm/s). 

The most frequent Doppler pattern for the RCA (27/30, 90%), LCA(22/28, 79%)  and 
CX (11/17, 65%) was a biphasic pattern in systole and diastole. There was retrograde 
flow noted in the RCA (7/29, 24%), LCA (8/28, 29%) and circumflex (4/17, 24%). The 
retrograde flow was most commonly seen in systole. Figures 1 and 2 demonstrate 
usual and abnormal coronary Doppler patterns. 

The RCA was seen in 30/31 (97%) patients on TEE and 30/32 (94%) patients on 
epicardial, and the LCA was seen in 27/30 (90%) patients on TEE and 30/32 (94%) 
patients on epicardial – showing excellent agreement for both. The circumflex was 
seen in 19/30 (63%) patients on TEE and 24/32 (74%) patients on epicardial with 
moderate agreement . See Table 4 for the accuracy of coronary visualization by TEE 
and epicardial echo. 

Branch Pulmonary Artery Visualization by TEE and Epicardial echo 
The right pulmonary artery (RPA) was seen in 20/28 (71%) patients on TEE and 25/28 
(89%) patients by epicardial. The left pulmonary artery (LPA) was seen in only 6/26 
(23%) patients by TEE but frequently seen in 24/29 (83%) patients by epicardial."

RESULTS ___________________________________"

DISCUSSION __________________________________________________________"

CONCLUSION __________________________________________________________"
Systolic flow reversal in the left coronary artery is associated with myocardial ischemic events post ASO. Intra-operative evaluation of coronary  
artery flow patterns by TEE and epicardial echocardiography is a potentially useful tool and should be considered for all patients undergoing an ASO.  

 Table 1: Clinical Data in 36 cases of TGA undergoing the ASO 

ASO = arterial switch operation; VSD = ventricular septal defect  

Table 2: Adverse outcomes in patients with TGA post ASO 
(N=36)  

JET = junctional ectopic tachycardia; VT = ventricular tachycardia;  
ECMO = extracorporeal membrane oxygenation; LV = left ventricular  

Table 3: Accuracy of TEE and epicardial assessment of  
coronary arteries 

RCA = right coronary artery; LCA = left coronary artery;  
TEE = trans esophageal echocardiogram  

Table 4 : Factors associated with a myocardial ischemic event 

LCA = left coronary artery; RCA = right coronary artery;  
MR = mitral regurgitation; AI = aortic insufficiency 

Parameter Result 
Gestational age at birth (weeks) 38.6 + 1.9 
Gender (male) 26 (72%)  
Birth weight (kg) 3.26 + 0.59 
Age at ASO (days) 16.6 (range 4 – 68 days)  
Mean cardiopulmonary bypass time (min) 134 + 40 
Mean cross clamp time (min) 92 + 33 
Balloon atrial septostomy 32 (89%) 
Length of stay in hospital (days) 18 + 10 
Cardiac anatomy 
       Perimembranous VSD 
       Muscular VSD 
       Mitral valve abnormality 
       Coarctation of the aorta 

7 (19%) 
4 (11%)  
3 (8%) 
1 (3%) 

Coronary anatomy 
       1LCx2R (usual) 
       1L2RCx 
       Intramural 
       1LRCx 
       1R2LCx 
       1RL2Cx 

27 (75%) 
6 (17%) 
2 (6%) 
1 (3%) 
1 (3%) 
1 (3%) 

Adverse Outcome Result 
Any myocardial ischemic event 
       Post-operative ST changes 
       Post-operative JET or VT 
       Post-operative ECMO 

7 (19%)   
5 (14%) 
5 (14%) 
1 (3%) 

Post-operative LV dysfunction 2 (6%) 
Open sternum post operatively 7 (19%) 
Any surgical revision 3 (8%) 
Any cardiac catheterization post-operatively 5 (14%) 
Stroke 0 
Chylothorax 6 (17%) 
Pulmonary hypertension by echo at hospital 
discharge 

16 (44%) 

Death 1 (3%) 

RCA 
Not seen by Epicardial Seen by Epicardial 

Not seen by TEE 0 1 
Seen by TEE 2 24 
Accuracy 88% 
LCA 

Not seen by Epicardial Seen by Epicardial 
Not seen by TEE 0 3 
Seen by TEE 2 21 
Accuracy 81% 
Circumflex 

Not seen by Epicardial Seen by Epicardial 
Not seen by TEE 4 5 
Seen by TEE 4 13 
Accuracy 65% 

Parameter No myocardial 
event 

Myocardial 
event 

P value 

Flow reversal in LCA 1/20 (5%) 6/8 (75%) < 0.001 
Flow reversal in RCA 6/22 (27%) 1/7 (14%) 0.65 
Abnormal coronary 
pattern 

4/27 (15%)  3/9 (33%) 0.33 

Presence of MR 
intraoperatively 

6/20 (30%) 1/12 (8%) 0.34 

Presence of AI 
intraoperatively 

5/27 (19%) 2/5 (40%) 0.29 

A before B after 

D after C before 

A  B  

C  
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Figure 2: abnormal LCA before and after revision 
A. patient #21: abnormal LCA TEE Doppler showing flow reversal in 6 day old male 

with normal coronaries and TGA IVS 
B. patient # 21: LCA epicardial Doppler showing improved flow after revision 
C. patient #25: abnormal LCA TEE Doppler showing increased flow and reversal in 6 

day old male with intramural coronary (1LRCx) and TGA + VSD 
D. patient #25: LCA epicardial Doppler showing improved flow after revision 

Figure 1: Usual coronary Doppler patterns in RCA (A), LCA (B), circumflex (C) 
and colour Doppler of branch pulmonary arteries by epicardial echo (D) 
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