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ABSTRACT: Backgorund: Anomalous origin of the left coronary artery from the pulmonary artery (ALCAPA) is a
rare congenital anomaly of coronary artery anatomy, usually diagnosed in infancy, but adults may also be affected by
this deformity. Objectives: The aim of this study is to examine long-term outcomes in patients with ALCAPA and
analyze the relevant factors influencing postoperative outcomes. Methods: The records of patients with ALCAPA
admitted from January 2015 to December 2024 were retrospectively reviewed. Clinical data of the patients were
retrieved from the records. The follow-up data included mortality rates and complications. Kaplan-Meier survival
curves were used to analyze the occurrence of death and reoperation during the follow-up of patients with ALCAPA,
and the log-rank test was used for comparisons between groups. A Cox regression model was used to analyze the
risk factors for adverse events in patients with clinical indicators of an unfavorable prognosis. Results: 48 patients
met the study criteria. Postoperative death or reoperation was defined as an unfavorable prognosis. Patients were
divided into two groups: favorable prognosis (n = 41) and unfavorable prognosis (n = 7). The differences among the
Kaplan-Meier survival curves for the different subgroups were statistically significant. Feeding difficulties (p < 0.001),
preoperative left ventricular end-diastolic diameter (LVEDD) Z score (p = 0.049), preoperative mechanical ventilation
(p < 0.001), preoperative vasoactive drugs (p < 0.001), ECMO (p < 0.001), and delayed sternal closure (p < 0.001) were
associated with an unfavorable prognosis. Multivariate Cox proportional hazard analysis revealed that preoperative
LVEF (HR: 0.711; 95% CI: 0.542-0.932; p = 0.013), CPB time (HR: 1.021; 95% CI: 1.003-1.04; p = 0.022) and length of
stay (HR: 1.064; 95% CI: 1.015-1.116; p = 0.01) were associated with an unfavorable prognosis in patients, and age at
surgery (HR: 1.092; 95% CI: 0.991-1.203; p = 0.077) was closely related to an unfavorable prognosis. Conclusions: A
younger surgical age, a reduced preoperative LVEF, a longer CPB time, and a longer length of stay were associated
with an unfavorable prognosis in this cohort.
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1 Introduction

Anomalous origin of the left coronary artery from the pulmonary artery (ALCAPA) is a rare congenital
anomaly of coronary artery anatomy, with an incidence rate of 1 in 300,000 [1]. As pulmonary vascular
resistance decreases during the first few weeks after birth, myocardial ischemia and/or infarction may occur.
ALCAPA causes severe myocardial ischemia, overall left ventricular dysfunction, and dilation of the mitral
valve annulus, resulting in varying degrees of mitral regurgitation (MR) [2]. ALCAPA is usually diagnosed in
infancy, but adults may also be affected by this deformity, although it is extremely rare. Most infants who
do not undergo surgical treatment die within one year [3]. Some patients may do not present symptoms,
whereas others may present with manifestations such as left ventricular dysfunction, malignant arrhythmias,
or sudden cardiac death [4]. Therefore, early diagnosis and surgery can significantly reduce the mortality rate.

Previous studies have reported that a low preoperative left ventricular ejection fraction (LVEF), age at
surgery, and severe preoperative MR findings are risk factors for postoperative mortality after ALCAPA
surgery [5,6]. In this study, long-term follow-up was conducted on patients with ALCAPA to analyze the
factors influencing prognosis in children and to provide a strong basis for clinical treatment decisions and
prognosis assessment.

2 Method
2.1 Study Population

Patients with ALCAPA admitted to Guangzhou Women and Children’s Medical Center, Guangzhou
Medical University, from January 2015 to December 2024 were retrospectively reviewed. The inclusion criteria
were age < 18 years, a diagnosis of ALCAPA through echocardiography and enhanced cardiac CT, and the
exclusion of cardiomyopathy, complex congenital heart disease, and other coronary artery origin abnormalities.

Ethical approval for the present study was granted by the Ethics Committee of Guangzhou Women
and Children’s Medical Center, Guangzhou Medical University (No. 212A01), and the parents of the
patients signed the informed consent form. This retrospective study was conducted in accordance with the
Declaration of Helsinki.

2.2 Surgical Technique and Strategies of CPB

Surgical technique was coronary artery reimplantations. All patients underwent the procedure under
normothermic cardiopulmonary bypass (CPB) (rectal temperature of 35.5 to 37°C) using standard aortic and
bicaval venous cannulations. During CPB, the flow rate was maintained at 250 mL-m 2min~! or greater
and the hematocrit level was kept between 32% and 36%. An alpha-stat pH blood gas management was
used in all patients. Serum lactate levels were monitored continuously throughout the operation.

2.3 Postoperative Management

Patients were followed under sedation and paralysis at least 48 h with a continuous infusion of
sufentanyl and midazolam. The use and duration of postoperative inotropes, length of total hospitalization,
and mortality were determined.

2.4 Clinical Data Collection

Clinical data retrieved from patient records included weight Z score, symptoms, and clinical signs (for
example, shortness of breath and growth retardation). Definitions of feeding difficulties refer to various
problems that occur during the eating process that affect the intake of nutrients, age at surgery, perioperative
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condition, whether it was a second surgery, prognosis, and follow-up data after discharge. The follow-up
data included mortality rates and complications, and the follow-up methods included outpatient visits and
telephone follow-up. The echocardiographic parameters included the LVEF, MR degree and left ventricular
end-diastolic diameter (LVEDD). Z-scores were extrapolated based on age and body surface area [7].

2.5 Statistical Analysis

All statistical analyses were performed using SPSS software, version 29.0 for Windows (IBM Corp.,
Armonk, NY, USA), GraphPad Prism 10 (GraphPad Software Inc., Boston, MA, USA), was used for plotting.
Continuous variables are reported as the mean + SD or median and interquartile range, according to a
normal or non-normal distribution according to the Shapiro-Wilk normality test. Groups were compared
by use of the unpaired Student’s ¢ test when normally distributed, whereas the Mann-Whitney U test
was applied to those with a non-normal distribution. The Wilcoxon matched-paired signed-rank test was
used to analyze paired data at different time points. Categorical variables were compared via Fisher’s exact
test. Kaplan—Meier survival curves were used to analyze the occurrence of death and reoperation during
the follow-up of patients with ALCAPA, and the log-rank test was used for comparisons between groups.
A Cox regression model was used to analyze the risk factors for adverse events in patients with clinical
indicators of an unfavorable prognosis. A two-tailed p < 0.05 was considered statistically significant.

3 Results
3.1 Patient Baseline Data

Of the 48 patients who met the study criteria, the median age at surgery was 5 months (range 0-13 years),
and the median weight Z-score was —1.7 + 1.2. Among all the patients, 4 had other cardiac malformations,
such as ventricular septal defects, tetralogy of Fallot, transitional atrioventricular septal defects, and aortic
coarctation. All the patients underwent left coronary artery reimplantation, and among them, 24 underwent
mitral valvuloplasty simultaneously. Postoperative death or reoperation was defined as an unfavorable
prognosis. Patients were divided into two groups: favorable prognosis (n = 41) and unfavorable prognosis
(n = 7). The baseline characteristics are described in Table 1. There were no significant differences in
other demographic characteristics and clinical manifestations between the two groups. Only the difference
in feeding difficulties was found to be significant (p = 0.008). The preoperative echocardiogram showed,
preoperative LVEF (p < 0.001) was significantly lower than that in the favorable prognosis group, and their
preoperative LVEDD Z-score (p = 0.011) was higher than that in the favorable prognosis group. Preoperative
mechanical ventilation and vasoactive drugs were significantly more commonly used in the unfavorable
prognosis group than in the favorable prognosis group (p = 0.018).

Table 1: Demographic characteristics and perioperative data with ALCAPA.

Favorable Prognosis Unfavorable Prognosis
Group (n = 41) Group (n = 7) p
Demographic data, n (%)
Sex 0.412
Male 15 (36.6) 4(57.1)
Female 26 (63.4) 3 (42.9)
Weight Z-score -1.7+£1.0 -1.54 £ 1.55 0.707

Age at surgery, months 5 (3.5, 33) 5(2, 13) 0.509
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Table 1: Cont.

Favorable Prognosis Unfavorable Prognosis
Group (n = 41) Group (n = 7) p

Presenting symptoms, n (%)

Shortness of breath 24 (58.5) 3 (42.9) 0.683

Feeding difficulties 1(2.4) 3 (42.9) 0.008*

Growth retardation 11 (26.8) 1(14.3) 0.662
Preoperative NT-proBNP, pg/mL 4979 (353.5, 21,303.5) 33,739 (26,355, 35,000) 0.013*
Electrocardiograph, at admission, n (%)

Abnormal Q wave 7 (17.1) 1(14.3) 0.999

ST-T change 19 (46.3) 3 (42.9) 0.999

T-wave change 13 (31.7) 3 (42.9) 0.672
Preoperative echocardiogram, n (%)

LVEF, % 39 (30.5, 59.5) 26 (20, 28) <0.001*
Degree of MR 0.233

None or mild MR 19 (46.3) 1(14.3)

Moderate severe MR 10 (24.4) 2 (28.6)

Severe MR 12 (29.3) 4 (57.1)
LVEDD Z-score 4.22 + 2.28 6.58 +1.18 0.011*
Preoperative mechanical ventilation, n (%) 2(4.9) 3 (42.9) 0.018*
Preoperative vasoactive drugs, n (%) 2 (4.9) 3 (42.9) 0.018*
CPB time, min 140 (119.5, 169) 157 (121, 205) 0.267
Aortic cross-clamp time, min 68 (59.5, 86) 70 (60, 90) 0.599
MR repair, n (%) 19 (46.3) 4 (57.1) 0.696
Delayed sternal closure, n (%) 3(7.3) 3 (42.9) 0.033*
ECMO, n (%) 1(2.4) 2 (28.6) 0.052
Length of stay, days 17 (13, 21) 18 (9, 49) 0.988

NT-proBNP: N-terminal pro-B-type natriuretic peptide; LVEF: Left ventricular ejection fraction; MR: Mitral regurgitation; LVEDD:
Left ventricular end-diastolic diameter; CPB: Cardiopulmonary bypass; ECMO: Extracorporeal membrane oxygenation. The
symbol * is an indicator that indicates statistical significance.

3.2 Mortality and Complications

The mortality rate of the patients was 10.42% (5/48). Two patients died of heart failure (on the 9th and
49th days after surgery), among whom one patient underwent repeat mitral valvuloplasty due to severe
MR. Two patients died of malignant arrhythmia (on the 7th and 18th days after surgery), and one died of
respiratory failure due to severe pulmonary infection (49 days after surgery). All deaths occurred in the
postoperative period.

3.3 Survival Analysis

A follow-up was available for 43 patients; the median follow-up was 687 days (range 1-2961 days), and
no patients died after discharge. Reoperation was required in two patients. Reasons for reoperation included
MR repair and pulmonary artery balloon dilation for the pulmonary artery trunk and right pulmonary
artery stenosis. The estimated rates of freedom from unfavorable prognosis at 2 months, 6 months, 1 year,
2 years, and 3 years were 91.62%, 89.44%, 89.44%, 86.46%, and 86.46%, respectively (Fig. 1). Echocardiography
during the follow-up period revealed that the LVEF of the surviving patients with low preoperative LVEF
was completely restored. The median time to normalization of left ventricular function was 118 days
(range 7-604 days) (Fig. 2). The differences among the Kaplan-Meier survival curves for the different
subgroups were statistically significant (Fig. 3A-F). Feeding difficulties (p < 0.001), higher preoperative
LVEDD Z-scores (p = 0.049), preoperative mechanical ventilation (p < 0.001), preoperative vasoactive drug
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use (p < 0.001), extracorporeal membrane oxygenation (ECMO) (p < 0.001), and delayed sternal closure
(p < 0.001) were associated with an unfavorable prognosis.
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Figure 1: Kaplan-Meier curves for favorable outcomes in patients with ALCAPA. ALCAPA, Anomalous origin of the

left coronary artery from the pulmonary artery.
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Figure 2: Dynamic change of LVEF of the surviving patients with preoperative low LVEF. LVEF, Left ventricular

ejection fraction.
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Figure 3: Kaplan—Meier analysis of factors associated with unfavourable prognosis in patients with ALCAPA. (A)
Feeding difficulties. (B) Preoperative left ventricular end-diastolic diameter Z-score (LVEDD-Z). (C) Preoperative
mechanical ventilation. (D) Preoperative vasoactive drug support. (E) Use of extracorporeal membrane oxygenation
(ECMO). (F) Delayed sternal closure. ALCAPA, Anomalous origin of the left coronary artery from the pulmonary artery.

3.4 Cox Proportional Hazard Analyses

Univariate and multivariate Cox proportional hazard analyses for independent risk factors for prognosis
are shown in Table 2. Multivariate Cox proportional hazard analysis revealed that preoperative LVEF
(Hazard ratio (HR): 0.711; 95% confidence interval (CI): 0.542-0.932; p = 0.013), CPB time (minutes) (HR:
1.021; 95% CI: 1.003-1.04; p = 0.022), and length of stay (days) (HR: 1.064; 95% CI: 1.015-1.116; p = 0.01) were
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associated with unfavorable prognosis in patients, and age at surgery (HR: 1.092; 95% CI: 0.991-1.203; p =
0.077) was closely related to unfavorable prognosis. The influence of the variables on unfavorable prognosis
is shown in Fig. 3A-F.

Table 2: Cox proportional hazard analysis for factors for the prognosis among ALCAPA patients.

Univariate Analysis Multivariate Analysis

Risk Factor Hazard Ratio (95% CI) P Hazard Ratio (95% CI) P

Sex 0.467 [0.104-2.091] 0.32
Weight, Z-score 1.334 [0.632-2.814] 0.45

Age at surgery 0.948 [0.906-0.992] 0.022 1.092 [0.991-1.203] 0.077
Shortness of breath, n (%) 0.563 [0.126-2.518] 0.452
Growth retardation, n (%) 0.565 [0.066—4.841] 0.603
Preoperative NT-proBNP > 5000 pg/mL, n (%) 6.064 [0.726-50.637] 0.096
Preoperative mechanical ventilation, n (%) 16.252 [3.043-86.789] 0.001
Preoperative vasoactive drugs, n (%) 16.252 [3.043-86.789] 0.001
Preoperative LVEDD Z-score 1.813 [1.105-2.975] 0.019

Preoperative LVEF, n (%) 0.82 [0.721-0.933] 0.003 0.711 [0.542-0.932] 0.013
Preoperative moderat-severe MR, n (%) 3.656 [0.436-30.670] 0.232
Abnormal Q wave, n (%) 0.767 [0.092-6.374] 0.806
ST-T change, n (%) 0.72 [0.153-3.392] 0.678
T-wave change, n (%) 1.326 [0.295-5.954] 0.712

CPB time, min 1.009 [1-1.017] 0.038 1.021 [1.003-1.04] 0.022
Aortic cross-clamp time, min 1.008 [0.982-1.035] 0.548
Delayed sternal closure, n (%) 12.056 [2.34-62.113] 0.003
ECMO, n (%) 15.849 [2.529-99.31] 0.003

Length of stay, days 1.031 [1.003-1.059] 0.027 1.064 [1.015-1.116] 0.01

NT-proBNP: N-terminal pro-B-type natriuretic peptide; LVEDD: Left ventricular end-diastolic diameter; LVEF: Left ventricular
ejection fraction; MR: Mitral regurgitation; CPB: Cardiopulmonary bypass; ECMO: Extracorporeal membrane oxygenation.

4 Discussion

Fetuses with ALCAPA usually have no symptoms because the diastolic pressures of the pulmonary
artery and aorta are similar during prenatal circulation. However, after birth, when pulmonary vascular
resistance begins to decline, most infants start to present clinical symptoms, such as poor development,
excessive sweating, breathing difficulties, and pallor, due to retrograde flow in the left coronary artery [8].
Moreover, coronary artery retrograde flow can lead to coronary steal, which further aggravates myocardial
ischemia and thereby worsens symptoms. Prompt surgical correction of ALCAPA is required as soon as
the clinical diagnosis is confirmed, regardless of the patient’s age and cardiac function. The anomalous
coronary artery is reimplanted into the aorta to reconstruct the dual coronary artery [9]. The prognosis
following this operation is usually good. The postoperative mortality rate ranges from 0% to 16% [10],
and 3% of patients require long-term reinterventions [1]. MR and pulmonary artery stenosis are the main
reasons for reoperation [1]. In this study, the postoperative mortality rate was 10.4% (5/48), and the rate of
reoperation during the follow-up period was 4.7% (2/43), which is consistent with previous reports.

Since the clinical manifestations of this disease are not specific, our study revealed that most patients
presented with symptoms such as shortness of breath, and developmental delays. However, in the group
with unfavorable prognosis, feeding difficulties were more common. Younger patients are more likely to
experience respiratory distress (p = 0.04), whereas older patients are more likely to experience chest pain
as the initial symptom (p = 0.004) [9]. In some centers, younger surgical age may also be associated with
death, possibly due to insufficient development of coronary artery collateral vessels, more severe ventricular
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ischemia or dysfunction, or both [11]. Multivariate Cox regression analysis revealed that age at surgery
(p = 0.077) was closely related to unfavorable prognosis.

For the cardiac malformations of ALCAPA, there are various surgical strategies, include coronary
artery reimplantations, anomalous coronary artery ligation, Takeuchi tunneling, coronary artery bypass
grafting, anastomosis to the subclavian artery. At present, the preferred method is coronary artery
reimplantations [12]. Dehaki et al. [13] analyzed 21 patients of ALCAPA. The surgical methods included
aortic reimplantation (n = 10), ostial closure (n = 8), and ligation (n = 3). The results showed that there was
no significant difference in the postoperative mortality rate and medium-to-long-term prognosis among
the patients. In this study, all the surgeries were coronary artery reimplantations. All the surgeries were
performed by the same team of surgeons who were qualified to carry out ALCAPA surgeries, so there was
no impact on prognosis due to the technical skills or operational proficiency of the surgeons.

Whether to simultaneously repair the mitral valve during ALCAPA surgery has always been
controversial. Some scholars [14] believe that in patients with ALCAPA, MR is associated with ischemic
left ventricular dilation, circular enlargement, and papillary muscle dysfunction. After restoring dual
coronary artery blood supply, left ventricular function improves and the degree of MR decreases. There is
no evidence suggesting that MR is related to early death. To shorten the aortic cross-clamping time and
simultaneously treat mitral valve diseases. However, Bicer et al. [15] reported that although the rate of
mitral valve reintervention is relatively low, it is still necessary to pay attention if MR exceeds moderate
severity before the operation. Early implementation of mitral valve repair can improve early postoperative
cardiac output and facilitate early recovery of cardiac function [1]. Thomas et al. [16] found in the long-term
follow-up of 228 children with ALCAPA who underwent surgical correction, among patients with moderate
or severe MR, that the risk of death was 28% lower when undergoing mitral valvuloplasty. Although some
studies have reported that MR is a risk factor for postoperative death, the degree of MR did not predict any
of our postoperative outcomes [17]. In this study, it was found that the degree of MR was not significantly
associated with prognosis. 28 patients had moderate or severe MR before the operation. Among them, 23
patients underwent mitral valve repair simultaneously. Only one patient had severe MR due to gradually
worsening mitral regurgitation 6 years after the operation and thus underwent MR repair again. Five
patients did not undergo mitral valve repair; two of them died, and three survived. During the follow-up
period, MR results recovered to a mild state in these three patients.

In this study, a longer CPB time (p = 0.022) and length of stay (p = 0.01) were risk factors for an
unfavorable prognosis. This is the first report indicating that a longer CPB time and longer length of stay
may be related to postoperative prognosis. In the Cox model, an interaction term between CPB time and
the preoperative LVEF value was added. The result showed no significance.

Early mortality is significantly associated with left ventricular dysfunction. While advancements in
surgical techniques and pharmacological therapies have mitigated the adverse effects on left ventricular
function, numerous studies have demonstrated that preoperative left ventricular dysfunction remains an
independent predictor of early mortality [10,15]. This study corroborates these findings, showing that
lower preoperative LVEF values adversely affect prognosis. If there is no left ventricular dysfunction, the
prognosis after surgery is favorable [18]. In a retrospective study of infants and children with ALCAPA,
Kudumula et al. [19] reported that 88% of patients achieved left ventricular function recovery during a
long-term follow-up of 20 years. The literature reports a median duration of left ventricular recovery of 4
months, with some cases requiring nearly one year for complete functional restoration [20]. Occasionally,
prolonged recovery may indicate the gradual reversal of these adaptive cellular changes. Postoperative
myocardial depression may sharply exacerbate cardiac dysfunction, that is, persistent transient mechanical
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dysfunction that persists after reperfusion and the restoration of normal coronary artery blood flow [21]. In
this study, five patients died, all of whom presented with significantly reduced preoperative LVEFs. During
the postoperative follow-up period, echocardiography revealed that the left ventricular function of all the
surviving patients, especially those with a low LVEF before the operation, had fully recovered. The median
time to LVEF recovery was 118 days, and the longest was 604 days.

5 Limitations

The main limitations of this study include its retrospective design, single-center nature, relatively
small sample size, and potential selection bias due to the exclusion of patients with complex congenital
heart disease. Additionally, the exclusive reliance on echocardiography for cardiac function assessment
may not provide a comprehensive evaluation of left ventricular contractility.

6 Conclusions

ALCAPA is a rare congenital anomaly of coronary artery anatomy. Early surgical intervention achieves
satisfactory outcomes and improves left ventricular function in survivors. Younger surgical age, reduced
preoperative LVEF, longer CPB time, and longer length of stay are the key risk factors that affect the
prognosis in patients.
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Abbreviation

ALCAPA Anomalous origin of the left coronary artery from the pulmonary artery
MR Mitral regurgitation

LVEF Left ventricular ejection fraction

LVEDD Left ventricular end diastolic diameter

NT-proBNP N-terminal pro-B-type natriuretic peptide

CPB Cardiopulmonary bypass

ECMO Extracorporeal membrane oxygenation
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