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cases are divided into anomalous left coronary artery 
from the right sinus (ALCA-R) and anomalous right 
coronary artery from the left sinus (ARCA-L). Coronary 
arteries with abnormal origins can be divided into five 
subtypes: pre-pulmonic, interarterial, subpulmonic, ret-
roaortic, and retrocardiac [2].

AAOCA can be asymptomatic or have manifestations 
like angina-like chest pain [3]. Due to the lack of specific-
ity of its clinical manifestations, it is easily misdiagnosed 
and missed diagnosis [4, 5]. Many children will be undi-
agnosed and participate in sports, and AAOCA is the 
second cause of sudden cardiac death (SCD) in young 

Background
Anomalous aortic origin of a coronary artery (AAOCA) 
is a rare congenital cardiovascular disease with a preva-
lence of 0.1–1.15% [1]. In AAOCA, the two coronary 
arteries originate from the same aortic sinus, either 
through one orifice or two separate orifices. AAOCA 
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Abstract
Background To investigate the clinical manifestations, prognosis, and possibly related genes of anomalous right 
coronary artery originating from the aorta (ARCA-L) in children.

Methods This case series study included pediatric patients diagnosed with ARCA-L at the Department of Cardiology 
in Beijing Children’s Hospital affiliated to Capital Medical University, between January 2017 and December 2019.

Results Nine pediatric patients (aged 3 months to 12 years, 4 boys) were included. Two cases presented with cardiac 
insufficiency as their primary manifestation, while the remaining seven had post-infection or post-exercise symptoms 
such as chest pain, chest tightness, long exhalation, lack of strength, and dizziness. Six patients displayed varying 
degrees of ST-T changes on the electrocardiograph, while two patients had a reduced left ventricular ejection fraction 
(LVEF) of 20-32% according to echocardiography. Multislice computed tomographic angiography confirmed the 
presence of ARCA-L in all patients. One patient underwent the unroofing technique. The remaining eight received 
conservative treatment. After a follow-up of 2–64 months, eight children had a good prognosis and survived. One 
child experienced sudden death due to aggravated heart failure. Whole exome sequencing revealed that one child 
tested negative, one had mutations in the RYR2 and LDB3 genes, and the remaining four patients had a mutation in 
the GDF1, LRP6, MEF2A, and KALRN genes, respectively.

Conclusions ARCA-L in children might have a wide variation in clinical manifestations and a risk of sudden death. 
The occurrence of the disease might be associated with genetic defects.
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athletes in the United States of America and post-exer-
tional syncope and SCD in adolescents [6–8]. The inci-
dence of cardiac arrest in individuals < 21 years of age is 
8 per 100,000 person-year [9]. Interarterial ARCA-L is 
3–6 times more common than ALCA-R, and the occur-
rence of SCD is higher in patients with ALCA-R com-
pared with ARCA-L [1]. Due to the rarity of AAOCA 
and ARCA-L and the different anomalies involved, the 
mechanism leading to SCD is unknown [3]. The postu-
lated mechanisms include the presence of coronary ostial 
abnormalities, compression of an intramural segment 
during exercise, compression of an interarterial segment 
between the great vessels, and obstruction by a flap-like 
ridge related to an acutely angulated coronary artery, 
all contributing to myocardial ischemia and ventricular 
arrhythmia during physical exertion [10, 11]. A familial 
clustering of AAOCA was reported in 21% of the patients 
[12], but the potentially involved genes remain poorly 
known. ARCA-L can be managed surgically in selected 
cases [3]. Therefore, this study aimed to investigate the 
clinical manifestations, prognosis, and possibly related 
genes of pediatric ARCA-L.

Methods
Study design and patients
This case series included pediatric patients admitted 
to the Department of Cardiology in Beijing Children’s 
Hospital affiliated to Capital Medical University and 
diagnosed with ARCA-L between January 2017 and 
December 2019. The inclusion criteria were 1) < 18 years 
of age and 2) diagnosis of ARCA-L by multislice com-
puted tomographic angiography (MSCTA). The exclusion 
criteria were (1) complex congenital heart disease, (2) 
other anomalous origin diseases of the coronary arteries, 
(3) acquired coronary artery lesions, or (4) incomplete 
data. The Ethics Committee of Beijing Children’s Hos-
pital, affiliated to Capital Medical University, approved 
the study, including the data collection and analysis pro-
cesses ([2023]-E-051-R). The requirement for individual 
consent was waived by the Ethics Committee of Beijing 
Children’s Hospital, affiliated to Capital Medical Univer-
sity, due to the retrospective nature of the study. I con-
firm that all methods were performed in accordance with 
the relevant guidelines. All procedures were performed 
in accordance with the ethical standards laid down in the 
1964 Declaration of Helsinki and its later amendments. 
All data were anonymized after extraction and before 
analysis. The ethical committee has the responsibility to 
ensure that the data is properly handled and that confi-
dentiality is respected.

Data collection
All included cases had data from electrocardiogram 
(ECG), echocardiography, and MSCTA. The diagnostic 

criteria for ARCA-L were MSCTA examination or surgi-
cal confirmation. The American College of Cardiology/
American Heart Association (ACC/AHA) management 
guidelines for congenital heart disease in adults propose 
a computed tomographic angiography (CTA) examina-
tion as the recommended class I option for the ectopic 
origin of coronary arteries [13]. The MSCTA diagnostic 
criteria were the origin of the right coronary artery from 
the left coronary sinus. The images of the coronary arter-
ies, aorta, and pulmonary arteries were reconstructed 
using a Revolution 256-row spiral CT (GE Healthcare, 
Waukesha, WI, USA).

A Philips IE33 color Doppler cardio-diagnostic appara-
tus was used to explore the heart’s structure, the location 
of the coronary artery openings, their branching path-
ways, and the cardiac contractile function. The coronary 
artery opening and its branching path were identified 
through the root section of the thoracic anterior short-
axis large vessels. The color Doppler velocity scale was set 
at 30–50 cm/s to obtain the coronary arterial blood flow 
signal. A left ventricular ejection fraction (LVEF) < 56% 
was defined as decreased cardiac function. After con-
sent from the legal guardians, 2 mL of peripheral blood 
was drawn from the patients and their parents for whole 
exome sequencing (WES).

The ACC/AHA guidelines [2] recommend surgical 
intervention in patients with ARCA-L with evidence of 
myocardial ischemia or ventricular arrhythmias, with 
recommendation classes I and IIa, respectively. Surgical 
intervention (IIb) or continuous observation (IIb) is feasi-
ble in patients without the above complications. Surgical 
methods include the unroofing technique of the coro-
nary artery and the grafting of the coronary artery. Close 
follow-up is recommended for non-surgical cases, and 
medical therapy includes β-blockers and avoiding physi-
cal over-exertion.

All patients were followed up at the outpatient clinic 
and by telephone until March 2023. Data were extracted 
from the medical records of the patients, including sex, 
age of onset, age of diagnosis, clinical manifestations, 
electrocardiogram, imaging examinations, therapy, and 
prognosis. The typical ECG features of right coronary 
artery occlusion are ST-segment elevation seen in leads 
II, III, and aVF, and the evolution of T waves from low 
to high and then inverted, which may show necrotic Q 
waves.

Statistical analysis
Only descriptive analysis was performed. The categorical 
data were expressed as n (%). The continuous data were 
expressed as ranges.
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Results
Nine pediatric patients were included. There were four 
males. They were aged from 3 months to 12.75 years 
(median age of 10.08 years). Seven patients had non-
specific symptoms such as chest pain, chest tightness, 
long expiration, lack of strength, and dizziness as the 
main clinical manifestations, mostly after an infection or 
exercise. Two children had cardiac insufficiency-related 
symptoms, including one 3-month-old infant who mani-
fested crying, dysphoria, cyanosis, and oliguria, and one 
2-year-old child whose main manifestation was obvious 
intolerance to daily activities.

Non-specific ST-T changes were the main ECG mani-
festation in six patients. An intraventricular block was 
found on ECG in one patient. Second-degree sinoatrial 
block was found in three patients by Holter monitor. 
Second-degree atrioventricular block was found in two 
patients by ECG and Holter monitor (Fig. 1). The echo-
cardiography in seven patients showed no significant 
abnormalities in each atrial internal diameter and car-
diac function. The echocardiography of two patients 
showed severe enlargement of the left ventricular inter-
nal diameter, and LVEF was 20-32%. The echocardiog-
raphy of one patient suggested a possibility of abnormal 
coronary artery origin. One patient underwent cardiac 
magnetic resonance, which was normal. MSCTA showed 
ARCA-L in all nine patients, and six patients had an ori-
gin between the aorta and the pulmonary artery (Fig. 2). 
WES was conducted on six children, revealing that one 
child tested negative, one had mutations in the RYR2 
and LDB3 genes, while the remaining four patients had 
a mutation in the GDF1, LRP6, MEF2A, and KALRN 
genes, respectively (Table 1).

Seven children were treated orally with low doses of 
metoprolol, with a starting dose of 0.1–0.3 mg/kg/d and 
a maximum dose of 2 mg/kg/d. Two patients with com-
bined decreased cardiac function were given oral digoxin 
5–10  µg/kg/d and continuous intravenous pumping of 
milrinone 0.25-1.00  µg/kg/min, oral hydrochlorothia-
zide, spironolactone, and captopril. One patient (#6) had 
a proposed diagnosis of endocardial fibroelastosis before 
the completion of MSCTA and was given glucocorti-
coids. One patient (#9) underwent the unroofing tech-
nique of the coronary artery.

Patient #9 was followed up for 2 months after surgery, 
with no specific symptoms and an acceptable postopera-
tive recovery. Seven patients (#1, 2, 3, 5, 6, 7, and 8) were 
followed up for 43–64 months, with cardiac symptoms, 
ECG, and cardiac function improvement after conserva-
tive medical treatment, without complaints of discomfort 
or adverse events, and with an acceptable quality of life. 
One patient (#4) experienced sudden death due to aggra-
vated heart failure.

Discussion
The results showed various manifestations of pediatric 
ARCA-L with a risk of sudden death. The occurrence 
of the disease might be associated with genetic defects. 
These findings might provide new insight for managing 
ARCA-L in terms of related genes.

AAOCA, including ARCA-L, is a potentially lethal 
condition associated with malignant arrhythmia, steno-
cardia, myocardial infarction, and SCD in young adults, 
highlighting the need to diagnose AAOCA and ARCA-
L [5, 14]. D’Ascenzi et al. [15] reported that AAOCA 
accounts for 7.2% of the SCDs in athletes and 1.9% of the 
SCDs in non-athletes. ARCA-L accounts for approxi-
mately 0.02–0.2% of all anomalous origin of the coronary 
arteries [16]. Patients may manifest in clinical terms from 
asymptomatic to myocardial ischemic symptoms. This 
study suggested that the clinical manifestations in pedi-
atric patients lack specificity. The symptoms are prob-
ably related to coronary artery compression, narrowing 
the lumen. The interarterial course coronary artery is at 
an acute angle with the aorta, which can lead to slit-like 
openings and open flap-like ridges, and aortectasia can 
obstruct the coronary artery with slit-like openings form-
ing live valves, causing myocardial ischemia and fibrosis 
and increasing the chance of fatal arrhythmias and even 
SCD [17].

The most common ECG abnormalities in AAOCA 
patients are ST-T changes, suggesting the existence of 
myocardial ischemia in the corresponding donor area, 
followed by conduction block [18]. An abnormal ECG 
indicates a pathological process or heart anomaly, but it 
does not diagnose AAOCA by itself [3, 19]. Transthoracic 
echocardiography can identify the coronary artery open-
ing and its course through the root section of the thoracic 
anterior short-axis large vessels [20]. Echocardiography 
was shown to increase the detection rate of AAOCAs 
[3, 21, 22], but ultrasound examinations are notoriously 
operator-dependent, and even ultrasound systems per-
form better than others. Nevertheless, examinations 
such as ECG and echocardiography also appear to have 
limited accuracy in diagnosing ARCA-L, with abnormal 
examinations in only some patients in the present study. 
Only one case (case #9) showed a possible abnormal ori-
gin of the right coronary artery on echocardiography, 
while the other eight cases did not. The ECG changes 
of the patients were mainly manifested by non-specific 
ST-T changes and no pathological Q-wave. Therefore, 
CTA might be a better examination to diagnose ARCA-
L, and it was the only positive examination for all nine 
patients included in this study. Still, diagnostic value 
analyses of the diagnostic modalities were impossible 
due to the small sample size. In this study, segmental ven-
tricular wall motion abnormalities under echocardiogra-
phy could be highly suggestive of abnormalities related to 
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Fig. 1 (A) ECG of case #2 showing I, II, III, aVF, and V4-V6 lead ST-segment downshifts, III lead T-wave inversion, and aVF lead bidirectional T-wave. (B) ECG 
of case #3 showing second-degree atrioventricular block, with a fixed conduction ratio of 2:1. The arrows indicate the P-wave with conduction block. (C) 
ECG of case #8 showing II, III, aVF, and V3-V6 lead T-wave changes

 



Page 5 of 9Na et al. BMC Pediatrics          (2023) 23:546 

the coronary artery blood supply and the need to iden-
tify coronary artery opening and pathway. Still, the sam-
ple size was too limited to perform diagnostic accuracy 
analysis.

In the present study, the diagnostic criterion for 
ARCA-L was a confirmation by MSCTA, and it remains 
unknown whether some patients who did not undergo 
MSCTA or with an apparently normal MSCTA were 
missed. Still, the anatomical basis for diagnosing ARCA-
L is the anomalous origin of the proximal segment of 

the coronary artery, and MSCTA is an examination of 
choice for detecting such changes. MSCTA has become 
the predominant examination method for the diagnosis 
of abnormal coronary artery origin, which can not only 
clearly show the origin and path of the coronary artery 
from multiple angles but also measure the stenotic 
meridian and the angle between the proximal vessels and 
the aorta formation, and also observe the relationship 
between the aberrant coronary artery and the aorta, pul-
monary artery, and surrounding tissues, and can provide 

Fig. 2 (A) MSCTA of case #8 showing the origin of the right coronary artery from the left coronary sinus. (B) MSCTA of case #9 showing the origin of the 
right coronary artery from the left coronary sinus and traveled between the aorta and pulmonary arteries
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important information for the making of surgical plans 
[23, 24]. Krishnamurthy et al. [25] showed that CTA 
was accurate in recognition of AAOCA in 100% of their 
patients.

The pathogenesis of AAOCA, including ARCA-L, 
is unknown, and the present study, being retrospec-
tive, could not provide any clue on the subject. More 
extensive research is needed to understand the underly-
ing causes of the disease better. Kayalar et al. [26] sug-
gested that dysplasia of one side of the primordium is 
the cause of unilateral coronary artery loss and that 
a caecus appears in the aortic sinus on the absent side, 
which is the coronary artery on the undeveloped side. 
In addition, the unbalanced development of the parts at 
the aortic sinus can cause translocation of the primor-
dium of one side of the coronary artery or fusion with 
the primordium of the contralateral coronary artery [26]. 
AAOCA can be associated with congenital heart diseases 
such as arcus aortae atresia, perimembranous ventricu-
lar septal defect, or tetralogy of Fallot [27]. Studies have 
shown that congenital heart disease is associated with 
chromosomal abnormalities, monogenic gene defects, 
and polygene defects, and genetic loci found to be asso-
ciated with the development of congenital heart disease 
include NKX2.5, GATA4, TBX1, TBX5, FOX1, Lefty, 
SMAD3, GDF1, HAND1, and HAND2 [28, 29]. Signifi-
cant abnormalities in coronary artery morphology have 
been reported in GJA1 gene pure-hybrid knockout mice 
[30]. Some researchers have sequenced the GJA1 gene in 
patients with anomalous origin of the left coronary artery 

from the pulmonary artery, but no mutations were found 
[31]. No mutations or conduction pathway abnormali-
ties associated with AAOCA have been reported in the 
literature. In the present study, six patients underwent 
WES during their clinical management. Patient #4 had a 
mutation in the LRP6 gene, a suspected pathogenic vari-
ant. Currently, the known clinical phenotype due to this 
mutation is coronary artery disease type 2 [32], which 
is characterized by reduced or absent blood flow in one 
or more coronary arteries and is consistent with the 
MSCTA phenotype in this pediatric patient. This patient 
had more serious clinical manifestations of cardiac insuf-
ficiency, and echocardiography showed severe impair-
ment of cardiac structure and function. In one patient, 
mutations in RYR2 and LDB3 genes were found. The 
known diseases caused by mutations in the RYR2 gene 
are catecholamine-sensitive polymorphic ventricular 
tachycardia and arrhythmogenic right ventricular cardio-
myopathy [33]. The known disease caused by mutations 
in the LDB3 gene is dilated cardiomyopathy [34]. One 
child was found to have a mutation in the GDF1 gene, 
and the known diseases caused by this mutation are right 
atrial heterogeneity and dextral aortic ectopia [35]. One 
patient was found to have a mutation in the KALRN gene 
and a known clinical phenotype of coronary heart dis-
ease susceptibility type 5 [36], which is characterized by 
an imbalance between the functional requirements of the 
myocardium and the coronary blood supply and the cor-
onary artery insufficient blood supply might be related 
to the thickening and loss of elasticity of the coronary 

Table 1 Whole-exon sequencing
Case 
#

Gene Nucleotide/
amino acid 
changes

Homozygote/ 
Heterozygote

Normal 
human 
frequency

Projections Patho-
genicity 
analysis

Mode of 
inheritance

Disease/Phenotype

1 RYR2 c.6593G > A 
(p.R219 8 H) 
exon43

Heterozygote 0.00008 Benign Uncertain 1. Autosomal 
dominant
2. Autosomal 
dominant

1. Catecholamine-sensi-
tive polymorphic ventricu-
lar tachycardia type 1
2. Arrhythmogenic right 
ventricular dysplasia/ 
cardiomyopathy type 2

LDB3 c.944 C > T 
(p.P315L) exon7

Heterozygote 0.0001 Benign Uncertain 1. Autosomal 
dominant
2. Autosomal 
dominant

1. Dilated cardiomyopathy 
type 1 C, with or without 
LVNC
2. Myofibrillar myopathy, 
type 4

2 GDF1 c.503 C > T 
(p.A168V) exon8

Heterozygote Benign Uncertain 1. Autosomal 
recessive
2. Autosomal 
dominant

1. Right atrial isomerism
2. Dextral aortic ectopia 
type 3

4 LRP6 c.1276 C > T 
(p.R426X) exon6

Heterozygote Likely 
pathogenic

Autosomal 
dominant

Coronary artery disease 
type 2

5 Negative

7 MEF2A c.743G > A 
(p.G248D) exon8

Heterozygote 0.0004 Benign Uncertain Autosomal 
dominant

Coronary artery disease 
type 1

8 KALRN c.2707 C > T 
(p.L903L) exon16

Heterozygote 0.0092 Uncertain Coronary heart disease 
susceptibility type 5
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arteries. Still, additional large-scale studies are necessary 
to determine the contribution of genetics to ARCA-L. A 
previous study reported familial clustering of AAOCA in 
21% of the patients [12]. In the present study, one patient 
was found to be without mutations.

The therapy of AAOCA, including ARCA-L, mainly 
includes follow-up observation, exercise restriction, 
drug therapy, and surgery [3]. Patients without evidence 
of myocardial ischemia can be treated with β-blockers, 
such as metoprolol, when there are no contraindications, 
which can control the ventricular rate, inhibit myocardial 
contraction, and reduce oxygen consumption [37]. Other 
drugs, including nitrate medications, dilate the coronary 
arteries and increase myocardial blood supply; non-dihy-
dropyridine calcium antagonists can prevent and con-
trol coronary artery spasms. Seven patients in this group 
were given metoprolol orally, and one stopped meto-
prolol after surgery. The remaining six patients survived 
more than 3 years of follow-up without uncomfortable 
complaints or adverse events. The indications for surgi-
cal operations are not uniform. All patients < 30 years 
of age with an abnormal origin of the coronary arteries 
and with interarterial traveling segments should undergo 
surgery [3]. The ACC/AHA guidelines [2] recommend 
surgical intervention for ARCA-L with manifestations of 
myocardial ischemia or ventricular arrhythmias. Surgical 
intervention (class IIb) or continuous observation (class 
IIb) is feasible in patients without such symptoms [2]. 
Mosca et al. [38] also suggested that (1) surgical interven-
tion should be performed in patients with symptomatic 
AAOCA, (2) asymptomatic patients with anomalous left 
coronary artery origin and older than 10 years should 
be treated with surgery, (3) asymptomatic patients with 
anomalous right coronary artery origin can be individu-
alized treatment according to the patient’s needs and 
abnormal type, and (4) medical treatment is recom-
mended for those older than 40–45 years of age, asymp-
tomatic, and without evidence of myocardial ischemia. 
Surgical options include coronary artery bypass grafting, 
unroofing of the coronary artery, and replacement of the 
coronary artery ostium [39, 40].

Many patients with AAOCA have a favorable prog-
nosis, but ARCA-L might have a poor prognosis, but 
there is still a lack of hard evidence about the prognosis 
of patients with untreated AAOCA [2]. The prognosis 
of a child with AAOCA or ARCA-L is closely related to 
the establishment of collateral circulation and the com-
bination of other structural cardiac anomalies [3]. In the 
present study, one patient underwent surgery and was 
well during follow-up. Seven patients were managed con-
servatively, with different symptoms, all manageable and 
with good quality of life. One patient died suddenly.

This study had limitations. It was a single-center study 
over a relatively short period. It was a retrospective study 

with a small sample size and limited to the data available 
in the charts, which was only descriptive analysis could 
be performed. In addition, WES was performed in only 
six patients, limiting the available data. For example, 
more detailed cardiac examinations were unavailable, 
such as invasive coronary angiography, cardiac magnetic 
resonance, and nuclear scintigraphy. One patient in this 
study underwent surgery at another hospital. The inva-
sive coronary angiography, cardiac MR, and nuclear scin-
tigraphy data are unavailable. Multicenter studies could 
help address the sample size issue.

Conclusions
In conclusion, ARCA-L in children has wide clinical 
manifestations and a risk of sudden death, which might 
be associated with gene mutations. Further studies with 
large sample sizes are needed to determine whether it 
is an unknown clinical phenotype of known causative 
genes.
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