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ABSTRACT: Anomalous coronary arteries originating from the opposite sinus of Valsalva (ACAOS) are a challenge because of
their various anatomic and clinical presentation. Although the prevalence is low, the absolute numbers of detected ACACOS are
increasing because of the growing use of noninvasive anatomical imaging for ruling out coronary artery disease. As evidence-
based guidelines are lacking, treating physicians are left in uncertainty for the optimal management of such patients. The
sole presence of ACAOS does not justify surgical correction, and therefore a thorough anatomic and hemodynamic assess-
ment is warranted. Invasive and noninvasive multimodality imaging provides information to the clinical question whether the
presence of ACAOS is an innocent coincidental finding, is responsible for the patient’s symptoms, or even might be a risk for
sudden cardiac death. Based on recent clinical data, focusing on the pathophysiology of patients with ACAOS, myocardial
ischemia is dependent on both the extent of fixed and dynamic components, represented by anatomic high-risk features.
These varying combinations should be considered individually in the decision making for the different therapeutic options.
This state-of-the-art review focuses on the advantages and limitations of the common contemporary surgical, interventional,
and medical therapy with regard to the anatomy and pathophysiology of ACAOS. Further, we propose a therapeutic manage-
ment algorithm based on current evidence on multimodality invasive and noninvasive imaging findings and highlight remaining
gaps of knowledge.
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with the growing use of recommended noninva-

sive imaging for the evaluation of coronary artery
disease (CAD) in chronic coronary syndromes,’ an in-
crease in absolute number of newly detected coronary
artery anomalies is expected.>® Of particular interest
are anomalous coronary arteries originating from the
opposite sinus of Valsalva (ACAQOS). There exist dif-
ferent clinical presentations and anatomic variants of

Aooording to the US and European guidelines

ACAOS. Anomalous courses of the ectopic proximal
anomalous coronary artery include prepulmonic (an-
terior of the pulmonary artery), intraseptal (also called
subpulmonic course, with a deep course under the
pulmonary artery), retroaortic (behind the aorta), and
interarterial (between the great vessels, ie, aorta and
pulmonary artery).* Most of these variants are con-
sidered benign and coincidental findings with no he-
modynamic relevance and thus not related to cardiac
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Nonstandard Abbreviations and Acronyms

ACAOS anomalous coronary artery
originating from the opposite sinus
of Valsalva

FFR fractional flow reserve

IVUS intravascular ultrasound

L-ACAOS left anomalous coronary artery
originating from the opposite sinus
of Valsalva

R-ACAOS right anomalous coronary artery
originating from the opposite sinus
of Valsalva

SCD sudden cardiac death

symptoms (ie, prepulmonic, subpulmonic, retroaortic,
intraseptal). Conversely, the ACAOS variant with an
interarterial course, that is, with the anomalous ves-
sel running between the great arteries, is the foremost
potential hemodynamical relevant anomaly. These in-
terarterial variants are historically referred to as “ma-
lignant variants” based on the anticipated higher risk
for myocardial ischemia and sudden cardiac death
(SCD), especially affecting young adults during stren-
uous physical activity.>~'° However, these risk estima-
tions derive from autopsy studies and do not reflect
the absolute risk of SCD in people living with ACAOS,"!
which is considered to be rather low.">' In the general
population, ACAOS with an interarterial course prev-
alence is reported to be low (<0.5%), with a more fre-
quent occurrence of right ACAOS (R-ACAQOS, 0.23%)
compared with left coronary ACAOS (L-ACAOS,
0.03%).3'* Several management options for ACAOS
are proposed,'®'6 but they are still under debate, as the
exact pathophysiology is not completely understood.
Furthermore, the level of evidence supporting the US
and European guidelines about diagnostic and ther-
apeutic approaches in patients with these anomalies
is limited,'”?" and treating physicians are often left in
uncertainty about how they should counsel their pa-
tients.'® As the sole presence of ACAOS does not justify
surgical repair in all patients, a comprehensive diag-
nostic workup of these anomalies combining noninva-
sive and invasive assessment to evaluate the anatomy
as well as the hemodynamic relevance under stress
conditions is warranted.'®'6.22 The pathophysiology of
myocardial ischemia in ACAOS is not only represented
by a fixed stenosis (as known from plagues in CAD) but
also by a dynamic component. Both components are
represented by different anatomic high-risk features
and have to be considered when assessing such pa-
tients.?® As different combinations and extent of an-
atomic high-risk features can result in hemodynamic
significance, treatment options have to be optimally
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selected to correct all components and to eliminate
the hemodynamic relevance of the anomalous coro-
nary artery. This state-of-the-art review focuses on the
advantages and limitations of the common contempo-
rary surgical, interventional, and medical therapy with
regard to the anatomy and pathophysiology of ACAOS.
Further, we propose a therapeutic management algo-
rithm based on current evidence on multimodality in-
vasive and noninvasive imaging findings and highlight
remaining gaps of knowledge.

PATHOPHYSIOLOGICAL
MECHANISMS OF ISCHEMIA IN
ACAOS

Despite growing understanding of the pathophysi-
ology of ACAQS, the underlying mechanisms of isch-
emia remain ambiguous because of the highly variable
extent of the different anatomic high-risk features.??
The interarterial course was historically considered to
be main driver of ischemia, assuming a scissor-like in-
terruption of the coronary blood flow, especially during
exertion, as a consequence of the close proximity of
the anomalous segment to the aorta and pulmonary
artery.® However, considering the pressure condition in
the respective circulatory systems, it is unlikely that the
low-pressure pulmonary artery would develop substan-
tial counterforce to occlude the higher-pressure anom-
alous coronary artery. On the contrary, at the site of
closest aortopulmonary proximity, the anomalous seg-
ment frequently runs inside the aortic wall with associ-
ated other anatomic high-risk features.®?42% Therefore,
the interarterial course may rather act as a surrogate
for the anatomic high-risk features such as the slitlike
ostium, the acute take-off angle, the proximal narrow-
ing (also referred to as hypoplasia) with elliptic vessel
shape, and, most importantly, the intramural course (ie,
course within the tunica media of the aortic wall).?5-36
In the 2-tier concept, hemodynamic relevance of the
fixed components is featured by the slitlike ostium and
proximal narrowing, while the dynamic component is
represented by the acute take-off angle, elliptic vessel
shape, and, most importantly, the intramural course.
Elements of the fixed component correspond best to
the concept of obstructive coronary stenosis known
from CAD, that is, flow restrictions based on the static
reduction of the cross-sectional area. Accordingly, as-
sessment can be performed similarly to patients with
CAD, including determination of percentage of cross-
sectional area stenosis of the anomalous in relation to
the unobstructed, distal reference segment,®” or mea-
surement of the pressure gradient over the anomalous
segment, that is, fractional flow reserve (FFR) or nonin-
vasive ischemia testing using adenosine as a pharma-
cologic vasodilatator.3® Revascularization may then be
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considered in case of a reduction of the cross-sectional
area >50% in the intravascular ultrasound (IVUS)*" or
an FFR <0.80 or the presence of noninvasive assessed
ischemia.®® Of note, FFR cutoff values are adopted from
the experience in CAD and have not been validated in
ACAQOS. Conversely, anatomic features of the dynamic
component (which may represent the main driver for
ischemia in ACAOS) gain hemodynamic relevance only
during exercise and elevation of stroke volume, blood
pressure, and heart rate. Of note, pharmacologic va-
sodilatation cannot assess the dynamic components,
as it requires an increased cardiac output with subse-
quent augmented vessel walll stress of the aorta.?+39-44
These exercise-induced adaptations can provoke a lat-
eral compression sufficient to cause myocardial isch-
emia (even during diastole). Therefore, physical stress
or positive inotrope/positive chronotrope protocols
including volume infusion to mimic strenuous exer-
cise are needed to depict ischemia by dynamic com-
pressions. Angelini et al® illustrated this concept in a
study using IVUS under rest and during dobutamine
infusion, a beta-sympathomimetic drug that increases
heart rate and stroke volume.®”3%#" Furthermore, not
only the presence but also the extent of the intramu-
ral course seems to be relevant. In particular, the pe-
culiar anatomic characteristic of the length related to
the width of the intramural segment itself may mostly
contribute to the dynamic component and therefore to
the pathophysiology of ACAOS. The normal anatomic
origin and intraparietal aortic wall course of a coronary
artery is characterized by an exit angle, which is ap-
proximately equal to 90° (Figure 1A). On the contrary,

ACAOS Management

when there is an abnormal angulated orifice, the cor-
onary vessel passes obliquely through the aortic wall
for a distance (a), which is equal or inferior to the cor-
onary artery’s diameter (b), and the exit-angle ranges
typically between 45° and 90° (Figure 1B). Finally, in the
presence of an abnormal intramural course, the cor-
onary vessel passes obliquely through the aortic wall
for a distance (a), which is greater than the coronary
artery’s diameter (b), and the exit angle is about >0°
to 45° (Figure 1C). In this latter case, the length of the
intramural tract is greater than the coronary diameter
(a>b). The latter diagram clarifies that the longer the
intramural tract is, the more prone it is to intraparietal
compression during acute systolic blood pressure
increase, as in strenuous physical effort, which can
justify the increased ischemic risk for this anatomic
characteristic. Intuitively, the longer the tract is, the
higher the risk of prolonged coronary occlusion, but
there are currently no data supporting this hypothesis,
which could also help predict and stratify the ischemic
risk. Several studies have shown that the length of the
intramural segment?®3245.46 gs well as the extent of
the elliptic proximal vessel shape (defined as height/
width ratio of >1.3%") is associated with an increased
risk for ischemia. However, in previous studies, none
of the anatomic features correlated independently with
ischemia.?? Thus, a complex interplay between the dif-
ferent dynamic and fixed components has been sug-
gested. In addition, hemodynamic relevance depends
on the supplied myocardial mass’ as well as other con-
tributing factors (eg, volume status and type of physi-
cal activity).?? Further, several findings suggest an age
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Figure 1. lllustration with variants of proximal coronary artery anatomy.

A, The normal anatomic origin and intraparietal aortic wall course of a coronary artery, and the exit angle is equal to =90°. B, The
abnormal angulated orifice: the coronary vessel passes obliquely through the aortic wall for a distance (a) that is equal or inferior to
the coronary artery’s diameter (b), and the exit angle is <90°. C, The abnormal intramural course: the coronary vessel passes obliquely
through the aortic wall for a distance (a), which is greater than the coronary artery’s diameter (b), and the exit angle is about >0° to 45°.
Of note, proximal narrowing exceeds the intramural course in most cases. Hence, juxta-aortic calibers are frequently smaller than the

distal reference calibers.
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dependence because of a reported decreased risk
for SCD beyond the age of 30years.333 It has been
demonstrated that the midterm outcome in middle-
aged individuals with newly diagnosed ACAQOS is not
statistically different from a matched control cohort
without ACAQOS irrespective of the anatomic high-risk
features.”® In this context, the underlying mechanism
could be attributable to either selection bias toward
low-risk patients with increasing age or a pathophysio-
logic explanation. It is conceivable from a pathophysio-
logic point of view, that with increasing age, thickening
and increasing stiffness of the aortic wall is associated
with a decrease of the distensibility,*® and thus, the dy-
namic component may become less relevant. On the
other side, one could argue that with aging the disten-
tion of the aorta could even accentuate anatomic high-
risk features such as a slitlike ostium or acute take-off
angle. Another important point is to consider that in
older patients with ACAQOS, possible concomitant CAD
may step into the front, resulting in myocardial isch-
emia based solely on CAD3%4° or the combination of
both the anomalous vessel and atherosclerotic lesions
within the same anomalous vessel.°

DIAGNOSTIC MANAGEMENT OF
ACAQOS

Based on the complex pathophysiologic mechanisms of
myocardial ischemia in patients with ACAOS, the clinical
presentation is heterogeneous.™ In fact, most patients are
asymptomatic; however, encountered symptoms may
include angina pectoris, exercise- related or -unrelated
chest pain, palpitations, dyspnea, dizziness, syncope,
and myocardial infarction as well as SCD.81128:3751-64
Besides acute ischemia—induced arrhythmias, repeti-
tive minor ischemic events with consecutive myocardial
fiorosis may serve as a substrate for ventricular tach-
yarrhythmias and SCD.%% Consequently, multimodality

ACAOS Management

diagnostic management of patients with ACAOS should
not only imply the detection of anatomic high-risk fea-
tures and myocardial ischemia of ACAOS but also pro-
vide information for possible myocardial fibrosis/scar in
suspected cases (Figure 2).1415:30

We recently proposed a testing algorithm in indi-
viduals who present with stable symptoms or who are
asymptomatic with suspected or confirmed ACAOS.
The testing algorithm includes anatomic and ischemia
testing with the main goal to differentiate hemodynam-
ically relevant ACAOS from innocent coincidental by-
standers.?? Of note, in patients with ACAOS presenting
in an acute setting (ie, myocardial infarction, troponin
leakage) direct revascularization should be aimed.®®
Based on previous studies showing a reduced risk
for potentially serious adverse events with increasing
age,'®333586 the diagnostic downstream testing rec-
ommendations have been adapted to age (below and
above 30years old). One has to be aware that dichot-
omization of the age 30years is arbitrary and should
not be seen as a stringent recommendation but should
rather be seen as a guidance.

Noninvasive Diagnostic Assessment

In the population <30years of age, and especially in the
pediatric population, the initial diagnostic modality should
be transthoracic echocardiography by an experienced
sonographer. Transthoracic echocardiography enables
the imaging of the origin and the proximal course of the
coronary arteries noninvasively and without radiation ex-
posure.*657 If ACAOS cannot be ruled out with certainty
(eg, low acoustic window quality®®) or in cases in which
ACAQS is confirmed, additional imaging is required to
assess and quantify the anatomic high-risk features
including the intramural course. Coronary computed
tomography angiography (CCTA) or cardiac magnetic
resonance (CMR) imaging are ideal anatomic diagnos-
tic modalities in ACAOS, whereas CCTA provides the

Figure 2. Comparison of the diagnostic management in 2 similar cases of R-ACAOS.

A, A 65-year-old woman with atypical chest pain and exertional dyspnea (New York Heart Association class Il) since 4 months. Normal
electrocardiographic and echocardiographic (LVEF 60%) findings, bicycle exercise testing with exercise-induced dyspnea without
ischemic ECG alterations at heart rate (HR) 154/min (99% of maximum HR). A1 and A2, Coronary computed tomography angiography
showing absence of coronary artery diseases (CAD), a R-ACAOS with acute take-off angle (18.3°), an intramural course (7.8 mm) and
an elliptic vessel shape (ratio 2.8). No slitlike ostium or proximal narrowing could be illustrated. A3, Single-photon emission computed
tomography with physical stress showing no exercise-induced myocardial ischemia at a HR of 155/min. A4, Invasive coronary
angiography illustrating both the anomalous and the left coronary artery with one injection (projection: right anterior-oblique 2°, caudal
8°). A5, Invasive physiologic assessment with FFR during a dobutamine-volume challenge demonstrating absence of hemodynamic
relevance. B, A 48-year-old man with fatigue, atypical chest pain, and occasionally dyspnea/palpitations since 6 months. Normal
electrocardiographic and echocardiographic (LVEF 60%) findings, bicycle exercise testing without symptoms or ischemic ECG
alterations at max. HR of 167/min (97% of maximum HR), B1 through B3, CCTA showing absence of CAD, an R-ACAOS with acute
take-off angle (3.9°), an intramural course (14.3mm), an elliptic vessel shape (ratio 3.4) as well as a slitlike ostium. No relevant proximal
narrowing could be illustrated. B4 and B5, lllustration of the oval vessel shape within the intramural course (B4) and normalization of
the round vessel shape at the distal reference site (B5). B6, Invasive coronary angiography illustrating both the anomalous and the
left coronary artery with 1 injection (projection: left anterior-oblique 84°, caudal 7°) Invasive physiologic assessment with FFRp . tamine
demonstrating hemodynamic relevance of the anomalous course. CAD indicates coronary disease; CCTA, coronary computed
tomography angiography; FFR, fractional flow reserve; LVEF, left ventricular ejection fraction; and R-ACAOS, right anomalous coronary
artery originating from the opposite sinus of Valsalva.
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best noninvasive spatial resolution as well as the pos-
sibility to evaluate the full course of the coronary arter-
ies.'41530 One of the main advantages of CMR is that it
inherits the ability to visualize and assess the origin and

J Am Heart Assoc. 2022;11:e7869. DOI: 10.1161/JAHA.122.027098

the proximal course of the anomalous coronary artery
without radiation.?®-"" Whether CMR may further help to
detect patchy myocardial necrosis with regard to SCD
prevention in ACAQOS is under discussion.” In cases of
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ACAQOS without anatomic high-risk features (“benign”
variants), no further testing is needed. In all other cases,
noninvasive and if applicable invasive functional testing
is recommended (ie, transthoracic echocardiography,
CMR, single photon emission computed tomography or
positron emission tomography using physical exercise or
dobutamine stimulation).

In the population >30years of age, direct CCTA is
recommend to assess the presence or absence of
concomitant CAD.

Invasive Diagnostic Assessment

For decades, invasive coronary angiography has been
seen as the anatomic diagnostic gold standard in pa-
tients with ACAOS. However, currently state-of-the-art
CCTA/CMR is preferred because of its lower costs and
the ability to noninvasively provide high-resolution visu-
alization of the anatomic high-risk features, whereas
invasive coronary angiography serves rather as an al-
ternative modality in defining the anatomy of ACAOS.??
However, invasive coronary angiography in combination
with intravascular imaging such as IVUS or optical co-
herence tomography still plays an important role in as-
sessing high-risk features. Although optical coherence
tomography provides a better spatial resolution, it is lim-
ited by a larger probe diameter and requires continuous
contrast agent injection during recording. Two limitations
especially relevant in ACAOS with a slitlike ostium and
high-grade proximal narrowing. Further, IVUS and inva-
sive FFR are the preferred modality to assess functional,
dynamic changes under stress conditions.

Stress Protocols in ACAOS

One must be aware that noninvasive functional test-
ing in ACAOS might lead to false-negative results, es-
pecially after submaximal stress protocols.”® When
choosing a noninvasive functional testing, myocardial
perfusion stress positron emission tomography might
represent the most sensitive technique, as it allows not
only a qualitative but also a quantitative assessment of
the coronary flow under stress and resting conditions.*
However, probably the most adequate hemodynamic
assessment of ACAOS includes an invasive physiologic
evaluation under a dobutamine/volume challenge (ie,
IVUS/optical coherence tomography and FFR). The pro-
tocol aims to reach, if possible, a maximal stress test (ie,
100% of the maximal heart rate, estimated by the for-
mula 220 minus age) by using a dobutamine dose up to
40ug/kg per body weight per minute as well as steady
infusion of saline during the whole procedure (usu-
ally >1500mL to prevent a preload decrease). If target
heart rate cannot be achieved, 1 mg of atropine can be
added to the ongoing dobutamine infusion. It is impor-
tant to note that the intubation of the anomalous ostium
in combination with advanced diagnostic including FFR

J Am Heart Assoc. 2022;11:e7869. DOI: 10.1161/JAHA.122.027098
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and intravascular imaging requires a high level of exper-
tise and should be performed by ACAOS-experienced
interventional cardiologists.” Potential but rare risks in-
clude aortic or coronary dissections with consecutive
myocardial infarction or stroke. Further, the invasive as-
sessment using a dobutamine challenge is not feasible
in every patient and especially poses difficulties in the
pediatric population, where invasive imaging frequently
requires general anesthesia. In these cases, noninvasive
functional imaging might be the preferred approach.
Consequently, it is recommended to refer patients with
ACAQOS to a specialized and experienced tertiary center
where coronary artery anomalies are interdisciplinarily
managed by cardiac imaging specialists, interventional
cardiologists, and heart surgeons.

THERAPY OF PATIENTS WITH ACAOS

Because of the complex pathological mechanisms of
myocardial ischemia in patients with ACAQOS, a uniform
treatment strategy is not applicable. Based on the pres-
ence of different anatomic high-risk features, possible
concomitant CAD, and functional imaging, an individu-
ally tailored therapy is advised (see Table 1). Of note,
the pre- and postoperative diagnostic assessment
in published trials is heterogeneous, and evidence of
ACAOS-related myocardial ischemia exists only in few
studies.?®®? Because of the limited information on the
diagnostic workup, evidence is lacking whether the
indication for surgical correction of ACAOS was truly
beneficial or whether the operation was performed in
hemodynamic nonrelevant anomalies. Consequently,
thorough verification of the therapeutic success is not
possible on the basis of the existing published data.

Surgical Management

Surgical revascularization is the primary treatment
strategy in patients with hemodynamically relevant
ACAQS 527576 An overview of the most relevant clini-
cal trials with regard to treatment of patients with
ACAQOS is depicted in Table 2.28:3751-64 Although coro-
nary “unroofing” is the most common surgical proce-
dure reported in the literature,”® currently there are no
recognized guideline recommendations on surgical
techniques (neither in the American Heart Association/
American College of Cardiology 2018 guidelines' nor
in the European Society of Cardiology 2020 guide-
lines?9). Various surgical techniques have been re-
ported, and the most common procedures with their
advantages and limitations are outlined below.

Coronary Unroofing/Neo-Ostium Creation

In ACAOS with the presence of an intramural course,
coronary unroofing is the preferred surgical revascu-
larization therapy according to a recent study by the
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Congenital Heart Surgeons Society.? After exploration
and confirmation of the intramural course using a coro-
nary probe, the common wall with the aorta is sharply
excised or incised over the probe along its entire in-
tramural course proximal to the site where it emerges
from the aortic wall.”""® In addition, tacking sutures
are placed to ensure intimal continuity and prevent
dissection. Further, the combination with an “unfloor-
ing” technique by augmenting the antiaortic side of the
coronary artery with a longitudinal patch has been de-
scribed.”® A neo-ostium is formed in the “correct” sinus
of Valsalva, usually with an enlargement of the ostium
(Figure 3A), and hence, the unroofing procedure in-
cludes a component of coronary ostioplasty.”® The
therapeutic procedure of coronary unroofing directly
addresses the anatomic high-risk feature slitlike ostium
as well as the intramural course with its elliptic vessel
shape. However, acute take-off angle is often not com-
pletely corrected,’® and proximal narrowing frequently
exceeds the intramural segment. Thus, caliber of the
anomalous vessel returns to its normal, distal reference
parameter several millimeters distal to the aortic wall.
Therefore, a remaining coronary stenosis between the
unroofed segment and the distal coronary artery is
possible.®°

Based on the largest body of evidence for a surgi-
cal procedure in ACAOS,! coronary unroofing should
be applied in situations with a long course (ie, up to
the appropriate cusp) without contact with the com-
missure. However, other important anatomic features
may limit its ubiquitous application. Especially in cases
where the anomalous vessel traverses below or next
to the commissure, an unroofing along the entire in-
tramural course could impair the suspension of the
aortic valve. In these anatomic variants, the treatment
should be characterized by either detaching the com-
missure or performing a commissural resuspension®’
or aortocoronary window, that is, unroofing before and
after the commissure while leaving the commissure
intact.56.678388 |n fact, there is evidence that commis-
sural manipulation (defined as takedown or resuspen-
sion of the commissure) is associated with a higher
risk of postoperative aortic regurgitation.®> Formation
of a neo-ostium at the location where the anomalous
vessel emerges from the aortic wall without concom-
itant unroofing has been described as a valuable
alternative.58:83

Further, success of the unroofing procedure de-
pends on the length of the intramural course. Mery et
al®® demonstrated that patients with a long intramural
segment benefit the most, whereas a short intramural
segment limits the success of the unroofing technique.
This is particularly true in cases where the anomalous
vessel remains within the incorrect sinus and courses
through a thickened commissure or pillar (ie, the aortic
wall segment above the commissure’®).82 Although in

J Am Heart Assoc. 2022;11:e7869. DOI: 10.1161/JAHA.122.027098
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such variants, unroofing may increase the size of the
ostium, it does not address compression of the pillar or
proximal narrowing. Hence, significant flow restriction
may persist as described in the study by Mery et al,>
where this was the case in 4 of 5 cases as documented
in postoperative CCTA. Furthermore, a short intramural
course is often associated with an insufficient correc-
tion of the acute take-off angle after unroofing and thus
persistent hampered coronary flow patterns.®®

Coronary Translocation/Reimplantation

Coronary translocation or reimplantation of the anom-
alous coronary artery in the appropriate sinus of
Valsalva is a method often described in patients with
either a short or absent intramural course, where the
unroofing technique is limited."®45%6290 Fyrther, re-
implantation has been applied in the situation of rare
ACAQOS variants with intraseptal or intraconal course in
combination with a supra-arterial myotomy of the aber-
rant segment.®™-°% Coronary translocation starts with
careful mobilization of the proximal coronary artery in
the epicardial fat, followed by a transection with aor-
tic button and reimplantation in the “correct” sinus of
Valsalva using an aortic punch or a medial trap-door
technique.f28” Afterwards, the ostium’s original loca-
tion is closed with a small prosthetic patch’® (Figure 3B).
Alternatively, translocation of the anomalous coronary
artery by transecting it just as it emerges from the
aortic wall has been described. The proximal stub is
then overseen and the coronary artery reimplantated
by an end-to-site anastomosis.?%%4% Similar to coro-
nary unroofing, coronary translocation corrects the
anomalous intramural course. However, a slitlike os-
tium and proximal narrowing are often not corrected,
requiring an additional procedure, that is, coronary
ostioplasty.®® In general, coronary translocation is a
challenging procedure and involves extensive dissec-
tion and manipulation of the artery, both associated
with complication as neo-ostial obstruction, kinking,
and flow disruption.”8859596 |n addition, the long-term
effect of a circumferential anastomosis, especially in
young patients, is unknown.5®

Coronary Ostioplasty

Coronary ostioplasty (ie, “anatomic surgical repair”)
refers to a surgical technique with complete recon-
struction of the anomalous coronary ostium.”®% This
procedure (Figure 3C) starts with transection of the
aortic wall followed by an incision from the cut edge
of the aorta into the ostium of the anomalous coronary
artery and extended into the anomalous vessel. Finally,
a triangular patch (usually pericardium) is sutured into
this incision, resulting in the creation of a neo-ostium
as well as an enlarged proximal segment.®” By creating

11
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A Coronary unroofing

Slitlike ostium

B Coronary translocation / reimplantation

Reimplanted coronary button

Patch closure of excised LCA button

Incision into aortic root &
coronary off-spring

Intramural course &
sharp angulation of LCA
Neo-ostium patchplasty

D Pulmonary artery translocation

Incision into LPA

Patchplasty

Figure 3. lllustration of the different surgical procedures.

A, Coronary unroofing. Exploration of the intramural course using a coronary probe is followed by excision/incision of the common
wall with the aorta over the probe along its entire intramural course proximal to the site where it emerges from the aortic wall. Then,
a neo-ostium is formed. B, Coronary translocation/reimplantation. After mobilization of the anomalous coronary artery, a transection
with an aortic button and reimplantation in the “correct” sinus of Valsalva using an aortic punch is performed. C, Coronary ostioplasty.
After transection of the aortic wall, an incision from the cut edge of the aorta is made into the ostium of the anomalous coronary
artery and further extended into the artery itself. Then, a patch is sutured into this incision, resulting in the creation of a neo-ostium
as well as an enlarged proximal segment D, Pulmonary artery translocation. The main pulmonary artery is divided at its bifurcation
and moved to the left, while a patch suture enlarges the pulmonary artery confluence (lateral approach). Alternatively, pulmonary
artery translocation can be performed by moving the pulmonary arteries anterior to the aorta (anterior approach also called modified
LeCompte maneuver). Panel (A) is adapted from Borns et al. Front Cardiovasc Med. 2021 Jan 21;7:591326. All images are drawn by

Professor Alexander Kadner. LCA indicates left coronary artery; and LPA, left pulmonary artery.

a new and wider coronary ostium in the appropriate
sinus and additional enlarging of the proximal vessel
course, coronary angioplasty directly addresses all
anatomic high-risk features.®®°® However, similar to
coronary translocation, coronary ostioplasty is a tech-
nically challenging procedure, where a high expertise
is required, and long-term follow-up data on the ap-
plication of a patch in the coronary circulation are miss-
ing. Concerns about thrombus formation in addition to
aneurysmal alterations of the patch have been rarely
reported.®6.%°

Coronary Artery Bypass Graft Surgery

Standard coronary artery bypass grafting (CABG) is
a well-established surgical procedure for treatment
of CAD and is preferred in certain circumstances of
patients with ACAOS. Compared with unroofing or
coronary translocation/ostioplasty, no manipulations
at the aorta or near the aortic valve are needed in

J Am Heart Assoc. 2022;11:e7869. DOI: 10.1161/JAHA.122.027098

CABG, thus reducing procedural risks.®* Although
from the pathophysiologic point of view CABG ad-
dresses all anatomic high-risk features, as it directly
eliminates the anomalous segment, several important
limitations have to be considered to this approach.
First and most important, there is an increased risk of
coronary bypass failure based on the competitive flow
through the native anomalous segment.8476:100-108 |
fact, a high graft failure rate has been described in
the literature,'%3-197 and therefore proximal ligation of
the anomalous coronary artery has been described
as a crucial step for CABG patency.5+7685105108 An
important drawback of this procedure is the complete
dependence of the anomalous supplied myocardium
on a graft and anastomosis with uncertain durability
and, especially important in young patients, uncertain
growth potential.?1°% Hence, several studies propose
that CABG should be limited to only those patients
with concomitant, significant CAD within the anoma-
lous vessel. 85104108
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Pulmonary Artery Translocation

The pulmonary artery translocation approach is char-
acterized by dividing the main pulmonary artery at its
bifurcation and shifting leftward, while a patch suture
enlarges the pulmonary artery confluence (Figure 3D).
Alternatively, pulmonary artery translocation can be
performed by moving the pulmonary arteries anterior
to the aorta (modified LeCompte maneuver),58109-11
Both procedures result in the creation of additional
space between the great arteries,'”® addressing the
historically believed compression of the anomalous
segment between the great arteries. However, this
mechanism is unlikely considering the pressure condi-
tion in the respective circulatory systems. Further, pul-
monary artery translocation does not address any of
the other anatomic high-risk features. Indeed, most of
the reported (successful) applications of this technique
were in combination with unroofing or in patients with
the interarterial course as the only risk factor (ie, with
unclear hemodynamic significance of the ACAQOS).""
Hence, from the pathophysiologic point of view, there
is no indication for this procedure in patients with
ACAQOS.

Percutaneous Coronary Intervention

There is limited evidence for the use of percuta-
neous coronary intervention (PCI) in the setting of
ACAQS 3743118118 |n most case reports, PCl targets
atherosclerotic lesions distal to the anomalous seg-
ment, and thus it does not represent a corrective treat-
ment of ACAOS itself.50119120 There is 1 clinical trial
describing PCI in 42 middle-aged and older patients
with R-ACAQOS, where stenting was conducted under
intravascular ultrasound guidance.3” The authors aimed
at covering the entire intramural segment with a single
stent matched with the distal reference diameter. They
successfully increased the cross-sectional area of the
intramural segment from 4.8mm? to 10.8mm? (mean
distal reference cross-sectional area=12.4mm? when
applying this approach. Further, lateral compression
as well as phasic pulsatility were eliminated after stent
deployment.3” PCl address mainly the slitlike ostium,
the proximal narrowing, and the lateral compression of
the intramural segment, while the acute take-off angle
is not touched (Figure 4). Of note, there is no evidence
of the behavior of a stent exposed to prolonged and re-
peated external dynamic compression in such circum-
stances, and more importantly, there is currently no
indication for this procedure in a pediatric and young
patient population considering the coronary growth
and unknown long-term results. However, whether
this approach might be an alternative in patients less
suitable for surgery is unclear, as long-term outcome
after stent implantation in the intramural segment re-
mains unclear. In fact, 40% (4/10) of the patients who
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underwent clinically indicated follow-up coronary an-
giography demonstrated relevant restenosis requir-
ing revascularization in the above-mentioned study.3’
Therefore, PCl is currently rather an ultimate option in
nonsurgical candidates until more evidence is available
from future trials on the long-term patency of PCI in
ACAQOS. However, it is plausible that with this grow-
ing evidence, PCI will become a valuable therapeutic
option for the treatment of ACAQOS, especially in older
patients.

Conservative Management

Based onthe pathophysiology with exercise-dependent
aggravation of the flow restriction (ie, the dynamic
component), a conservative management with sports
restriction and medical therapy (ie, beta-blocker'@"122)
is possible but should not be promoted as the first-line
therapy. In fact, most institutions recommend these
measures only for bridging patients until the surgical
intervention is performed or in cases in which affected
patients declined an operation or an operation is not
feasible.53:576192121 Egpecially for young patients, long-
term exercise restriction or beta-blocker therapy can
represent a radical limitation with subsequent negative
emotional and health aspects.®%366:123124 Hgnce, con-
servative management is not an option for athletes or
young, active individuals. Accurate diagnostic assess-
ment is crucial, as patients with variants and absence
of hemodynamic relevance should not be limited in
their sports behavior.?? Finally, reports of sudden car-
diac arrest have been reported even after surgical
therapy of the anomaly.?%"? As a reason for this, an
incomplete revascularization®® or a possible underly-
ing arrhythmogenic substrate in ACAOS with previous
myocardial damage have to be considered. Therefore,
the addition of antiarrhythmic medication (eg, beta-
blocker) might be considered in such circumstances.

PROPOSED THERAPEUTIC
MANAGEMENT ALGORITHM

Based on the pathophysiology of ACAOS, we propose
the following therapeutic management algorithm aiming
at correcting the different anatomic high-risk features and
restoring hemodynamic physiology (Figure 5). The cer-
titude whether ACAOS with anatomic high-risk features
(ie, including 1 or multiple features: interarterial course,
intramural course, acute take-off angle, slitlike ostium,
proximal narrowing, proximal elliptic vessel shape) is a
coincidental or a hemodynamically relevant finding is
the first and most prominent step in the decision mak-
ing toward the appropriate therapeutic management.
ACAOS-related myocardial ischemia by FFR <0.80 or
minimal lumen area reduction of >50% in IVUS using a
dobutamine/volume challenge or presence of ischemia
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Q

Stent in

the RCA '\\

Figure 4. lllustration of a percutaneous coronary intervention in a right anomalous coronary artery originating from the

opposite sinus of Valsalva. (A and B).

Invasive coronary angiography illustrating the proximal narrowing within the intramural course from two projections (A, right anterior
oblique 40°, caudal 8°; and B, right anterior oblique 46°, cranial 4°). C and D, Postinterventional CCTA illustrating the correct placement
of the 2 stents within the intramural course. C, ostial cross-section, D, distal cross-section. E, 3-dimensional reconstruction from
the postinterventional CCTA-images. CCTA indicates coronary computed tomography angiography; LAD, left anterior descending

(coronary artery); LCX, left circumflex (coronary artery); PA, pulmonary artery; and RCA, right coronary artery.

in noninvasive imaging is an indication for correction of
the anomalous vessel.3%4? If the patient is asymptomatic
and does not show any ACAOS-related ischemia, no
further actions are advised. However, in symptomatic
patients with nonhemodynamically relevant ACAOS,
other underlying causes of the symptoms (eg, nona-
nomalous CAD) should be investigated before a case-
by-case decision is made toward ACAOS correction or
not. In all cases with hemodynamically relevant ACAOS,
the subsequent step involves the assessment of pres-
ence or absence of concomitant CAD. If needed and in
unclear cases, fused/hybrid cardiac imaging can help
in the distinction of anomalous versus nonanomalous
vessel-related ischemia.®%4% In addition, sports restric-
tions (particularly competitive sports) are recommended
during this diagnostic and therapeutic process. Based
on the information from nonivasive and invasive imag-
ing on the presence and extent of anatomic high-risk
features,?? the optimal surgical therapy is selected.®2212°

Presence of an Intramural Course

In the situation of a long intramural course from the
wrong sinus up to the appropriate sinus of Valsalva,
above the commissure, unroofing is the recommended

J Am Heart Assoc. 2022;11:e7869. DOI: 10.1161/JAHA.122.027098

approach. In cases with a short intramural course lim-
ited within the wrong sinus of Valsalva, or in cases with
a long intramural course but a course below the com-
missure, the formation of a neo-ostium or a coronary
translocation would be an alternative strategy to un-
roofing. Of note, decision for creation of a neo-ostium
or coronary translocation depends on the attainable
angle of the neo-take-off. Further, in situations in
which relevant proximal narrowing exceeds the intra-
mural course, an additional patch angioplasty should
be considered.

Absence of an Intramural Course

Absence of an intramural course requires alternative
treatment strategies, as the surgical technique with
the best level of evidence, that is, coronary unroofing,
is not applicable. In the combination of the absence
of the intramural course and absence of a slitike os-
tium and proximal narrowing, coronary translocation
and considering additional patch angioplasty of the
anomalous coronary artery is the recommended sur-
gical procedure. In the situation of the presence of a
slitlike ostium or proximal narrowing (ie, both features
representing a fixed component and thus causing flow
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restrictions similar to a fixed stenosis known from ath-
erosclerotic lesions), coronary translocation with or
without patch ostioplasty should be the best choice
for children and adolescents, while CABG should be
considered in older patients, as competitive flow will
not limit graft patency. Alternatively, in the situation of a
proximal narrowing as the only culprit feature, PCI may
be considered in the older population with high opera-
tive risk as a valuable ultima ratio alternative.

Presence of Concomitant CAD

With increasing age, concomitant CAD gains impor-
tance and impacts on the therapeutic decision.*® In
such situations, fused/hybrid cardiac imaging helps
to differentiate between CAD-related from ACAOS-
related perfusion deficits.3%4° In cases of athero-
sclerotic lesions within the anomalous vessels and a

ACAOS Management

demonstrated hemodynamic relevance of the ectopic
course, CABG is the recommended therapy of choice
as the risk of graft failure attributable to low competing
flow through the native vessel vanishes. In the case of
CAD in nonanomalous coronary arteries, CAD should
be addressed as recommended by the guidelines on
myocardial revascularization'?4?” (CABG or PCI),
whereas ACAOS should be treated according to ana-
tomic features.

Eligibility for Sports

Based on the evidence from autopsy studies, where
ACAQS is one of the leading causes of sports-related
SCD, strenuous exercise should be avoided in sus-
pected cases of hemodynamically relevant ACAOS
until completion of a workup.'®?!' However, consider-
ing the required supramaximal testing to demonstrated

ACAOS with 21 anatomic high-risk features: ~ Anatomy . )
« Interarterial course Standard modality Alternative modality
* Intramural course :
¥ | * Acutetake-offangle CCTA CMR / Echo /Invasive
o= * Slitlike ostium, proximal narrowing (IVUS/OCT)
8 * Proximal elliptic vessel shape
g v
8 Assess hemodynamic relevance of ACAOS T Function temath o
0 - FFRypurame S0.80 OF ‘andar mo. ality ‘ernative modality
: ‘ ey :
IVUSDD,_.,.utamme .>50Af ml.nlma.l lumen area rfeductlon or Invasive PET/SPECT/CMR/Echo
- Ischemia noninvasive imaging (max. physical/dobutamine) (FFR/IVUS/OCT)
Standard therapy Alternative therapy
@ ©
| Asymptomatic No treatment required
PCl/Stenting:
Search for alternative underlying
Symptomatic cause of symptoms (eg, CAD in ion f ical
nonanomalous vessels) - Optlc')n @I (I (e
+ Case-by-case decision to treat Cang'dates and older
anomalous vessel patients
a v : 0 --------------------
© Cogcnoomnﬂllgalgzscctiézlthe ® Conservative sports
_‘c’ restrictions and/or beta-
- @ blocker therapy:
Anatomic features * Unroofing — Temporary: until correction
- Long intramural course = of ACAOS is performed
- Course above the valvular commissure
- Acute take-off angle Q Neo-ostium / — Long-term: only
Translocation recommended in selected
cases (ie, nonsurgical /
- B non-PCl candidates)
- If relevant proximal narrowing longer @ Bl opelbEe |
than intramural course present e LY

Figure 5. Flow chart of the therapeutic management in patients with an anomalous coronary artery and confirmed myocardial

ischemia related to ACAOS.

ACAQOS indicates anomalous coronary artery originating from the opposite sinus of Valsalva; CAD, coronary artery disease; CABG,
coronary artery bypass grafting; CCTA, coronary computed tomography angiography; CMR, cardiovascular magnetic resonance
imaging; FFR, fractional flow reserve; IVUS, intravascular ultrasound; OCT, optical coherence tomography; PCI, percutaneous
coronary intervention; PET, positron emission tomography; and SPECT, single-photon emission computed tomography.
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hemodynamic relevance,?”® low-intensity sports (eg,
golf, yoga) are allowed in all cases if asymptomatic.'®2!
After surgical correction and exclusion of proar-
rhythmogenic substrates, reuptake of competitive
sports is safe after an appropriate recovery period (eg,
3months'®2),

GAPS OF KNOWLEDGE

As most of the evidence of therapeutic management in
ACAQS is based on small studies/registries, case se-
ries, or case reports, the following gaps of knowledge
and future research questions aiming at improving
evidence-based treatment of ACAOS are highlighted
below. Ongoing large single-center and multicenter
registries, currently actively recruiting patients, will ide-
ally provide clarifying data for the improvement of the
decision making in this clinical setting.?812°

1. In which situations is a surgical intervention re-
quired in patients with ACAOS, and what are
the most important clinical and imaging findings
for the indication of a surgical correction?

2. What is the long-term outcome of the differ-
ent surgical approaches? Does the anatomic
correction versus conservative treatment result
only in symptom relief, or can cardiac death
be improved as well?

3. What is the optimal method to assess and
evaluate the anatomic high-risk features? A
universal definition including standardized as-
sessments and thresholds is required.

4. Which patients may be candidates for conser-
vative medical treatment?

5. In which patients does PCI represent a possible
minimally invasive treatment option?

6. Should patients with myocardial damage attrib-
utable to ACAOS (ie, scarring as an underlying
possible arrhythmogenic substrate) be treated
surgically and with antiarrhythmic drugs or even
with an implantable cardioverter defibrillator?

7. How should patients with surgically corrected
ACAOS be followed up?

8. How should we manage asymptomatic patients
with hemodynamically relevant ACAOS, and how
should we treat symptomatic patients with no
hemodynamically relevant ACAOS?

9. Is the application of the adopted FFR threshold
of 0.80 as a decision-making tool in ACAOS as-
sociated with an improved outcome, as previously
demonstrated in the CAD population? What is an
optimal cutoff of ischemia burden in nonischemic
testing to decide toward ACAOS correction?

10. Coronary dominance determines the location
and amount of myocardium perfused by the

J Am Heart Assoc. 2022;11:e7869. DOI: 10.1161/JAHA.122.027098
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right or left coronary artery (right or left dom-
inance). The correlation between ACAQOS, cor-
onary dominance, and ischemic presentation is
still unknown. Further studies are needed to
evaluate this potential additional risk factor.

11. What is the best method to assess the success
of surgical correction intraoperatively?

CONCLUSIONS

Thorough anatomic and hemodynamic assessment
of patients with ACAOS is needed to guide optimal
therapeutic management. Because of the heterogene-
ous presentation of ACAOS, usually an interdisciplinary
case-by-case decision is made on the basis of multi-
modality imaging to tailor the optimal therapeutic man-
agement. In patients with ACAOS and a long intramural
anomalous vessel course and proven hemodynamic
relevance, surgical unroofing is the recommended ap-
proach. On the contrary, in cases with ischemia and
short or absence of the intramural course, coronary
translocation or ostioplasty represent the optimal
surgical methods. In patients with concomitant CAD
within the anomalous vessel, CABG or PCl may be
considered as a therapeutic option. Of note, evidence
on the therapeutic management in general is limited,
and major efforts have to be made to collect data from
multinational ACAQOS registries with accurate pre- and
postoperative diagnostics to increase evidence-based
decision making in this clinical setting.
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