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Abstract
Background Morphological features including interarterial course, intramural course, high ostial location and slit-like ostium are
presumed risk factors for sudden cardiac death in children with anomalous aortic origin of the coronary artery (AAOCA). To
facilitate clinical risk stratification, the diagnostic accuracy of CT angiography for individual risk factors in the setting of
AAOCA must be established.
Objective We assessed diagnostic accuracy of standardized CT angiography interpretation for morphological characteristics that
might determine risk in children with AAOCA by comparing them to surgical findings.
Materials and methods We created a standardized protocol for CT angiography of AAOCA and retrospectively evaluated
diagnostic performance in 25 consecutive surgical patients. Relevant morphological variables in AAOCA were assessed by
three independent blinded readers, with surgery as the reference standard. We used Cohen kappa coefficients and accuracies to
assess agreement between readers and surgical findings, and we calculated intraclass correlation coefficients to compare length of
the intramural course.
Results CT angiography correctly identified AAOCA in all patients. For the three readers, accuracies for detecting ostial stenosis
were 84%, 94% and 96%; for high ostial origin, accuracies were 76%, 78% 82%; for intramurality using the peri-coronary fat
sign, accuracies were 98%, 96% and 92%; and for intramurality using oval shape of coronary artery, accuracies were 98%, 94%
and 92%. The intraclass correlation coefficients (ICCs) for predicting intramural length among the three readers were 0.67, 0.75
and 0.81 using peri-coronary fat, and 0.69, 0.50 and 0.81 using oval shape, respectively.
Conclusion CT angiography reliably identified AAOCA in all children and detected the presence of intramurality with high
accuracy.
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Introduction

Anomalous aortic origin of a coronary artery (AAOCA) from
the incorrect coronary sinus of Valsalva is considered to be the
second leading cause of sudden cardiac death in young ath-
letes in the United States [1]. Left main coronary artery orig-
inating from the right sinus of Valsalva (ALCA) and the right
coronary artery arising from the left sinus of Valsalva
(ARCA) represent the most common subtypes of AAOCA,
with the former carrying at least a 20-fold higher risk of sud-
den death [2]. The true prevalence of AAOCA is unknown. A
recent study by Angelini and colleagues using cardiac MRI in
a cohort of asymptomatic middle-school children found the
prevalence of AAOCA to be as high as 0.7% [3]. Therefore it
might be only a minority of children who come to clinical
attention because of symptoms such as chest pain, palpita-
tions, pre-syncope or syncope at rest or with exertion. The
exact pathophysiological mechanism leading to ischemia
and sudden cardiac death in children with AAOCA has not
been elucidated. Potential morphological triggers for myocar-
dial ischemia include an acute angle of takeoff of the anoma-
lous coronary artery from the aortic wall creating a slit-like
ostium that collapses or compresses easily, intrinsic stenosis
of the ostium, hypoplasia of the proximal course, and an in-
tramural segment of the proximal coronary artery that might
be compressed within the aortic wall, or between the aorta and
pulmonary artery [4, 5]. A high origin of the coronary artery
might also predispose children to ischemia by removing the
effect of the aortic sinus on coronary flow in diastole. Based
on this understanding, certain anatomical and morphological
characteristics including interarterial course (coronary artery
traveling between the aorta and pulmonary trunk), intramural
course (a segment of the anomalous coronary artery contained
in the wall of the aorta), slit-like ostium, and ostial stenosis
have been suggested as high-risk morphology for sudden car-
diac death in children with origin of coronary arteries from
contralateral sinus [5–7]. These anatomical substrates offer
potential targets for risk stratification of children into high-
risk and low-risk groups using noninvasive imaging and func-
tional testing.

There is controversy about the best treatment options for
children with AAOCA. Based on American College of
Cardiology and American Heart Association guidelines, sur-
gical intervention is indicated for ALCA with interarterial
course, and for symptomatic patients with ARCA [8]. Some
programs believe that asymptomatic patients with ARCAwho
have high-risk anatomical features (i.e. intramural course of
proximal coronary artery, slit-like ostium and high origin of
the coronary artery) might benefit from surgical intervention
[9]. Therefore, a noninvasive technique like CT angiography
that can be used to detect this anomaly and depict the high-risk
anatomical characteristics accurately would have a significant
role in determining management [10].

As part of the diagnostic workup, cross-sectional imaging
with echocardiography, MRI or CT is performed in almost all
cases, along with functional testing for evidence of myocardi-
al ischemia with a cardiopulmonary exercise test, and a nucle-
ar/MR/echocardiographic stress perfusion scan. Coronary CT
angiography has been considered the primary imaging modal-
ity for evaluating coronary artery anatomy in this setting [11,
12], and is already widely used for this purpose. A standard-
ized approach to interpreting CT angiography in the setting of
AAOCA is needed to stratify children based onmorphological
risk factors and to compare management strategies among
institutions. The diagnostic accuracy of CT angiography for
detecting individual risk factors in the setting of AAOCA
must also be established to help guide decisions on risk strat-
ification and management.

We performed this study to determine the diagnostic accu-
racy of retrospective electrocardiogram (ECG)-gated CT an-
giography with structured interpretation for morphological
characteristics that might determine risk in children with
anomalous aortic origin of the coronary artery by comparing
them to surgical findings.

Materials and methods

This prospective study was approved by our institutional re-
view board and complied with the Health Insurance
Portability and Accountability Act. We obtained written in-
formed consent from all participants.

Study population

Children referred to our coronary anomalies program with
suspected AAOCA underwent diagnostic workup and
management according to a uniform algorithm (Online
Supplementary Material 1). Every child referred to the
program for suspicion of AAOCA underwent standard-
ized evaluation, which included retrospective ECG-gated
volumetric CT angiography with a 320-detector scanner.
The clinical information, imaging studies and surgical da-
ta of all patients were entered into a longitudinal database.
In this study, we retrospectively reviewed data from con-
secutive children and adolescents who were evaluated by
the multidisciplinary team in 2014–2015 and underwent
surgical intervention during the initial experience. The
indications for surgery and surgical outcomes have been
published [13] and there is no overlap with the imaging
focus of this study.

Computed tomography angiography protocol

Electrocardiogram-gated studies were performed using a vol-
umetric technique with a 320-detector scanner (Aquilion
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ONE; CanonMedical Systems,Ōtawara, Japan). Studies were
obtained without sedation or beta-blockade, and during voli-
tional breath-holding where possible. Our system did not re-
tain the records for heart rate at the time of the CT. Based on
the recollection of the authors, the heart rates were typical for
the patient’s age, ranging 70–100 beats per minute (bpm). The
gantry rotation time was 0.35 s. Tube voltage was set at 80–
120 kV, and tube current at 150–400 mA based on the pa-
tient’s age and weight. About 1.5–2.0 mL/kg of the nonionic
contrast agent Optiray 320 mg/mL (Mallinckrodt Medical
Inc., St. Louis, MO) was injected at a rate of 3–5 mL/s into
a lower extremity peripheral vein via a 18- to 22-gauge (G)
cannula. All images were obtained with retrospective ECG
gating, with half-scan reconstruction used to reconstruct 20
phases at every 5% across the cardiac cycle. A three-
dimensional adaptive iterative dose reduction algorithm
(Toshiba Medical Systems, Ōtawara, Japan) was used to ob-
tain 0.5-mm-thick axial slices. The PhaseXact scanner soft-
ware (Toshiba Medical Systems) was used to automatically
determine the cardiac phase with least cardiac motion for CT
angiography image reconstruction. If a motion-free phase was
not identified, image reconstruction proceeded to 1% intervals
around the 5% intervals to identify artifact-free images of the
coronary artery origins and proximal course.

Image analysis and standardized interpretation
template

The Digital Imaging and Communications in Medicine
(DICOM) datasets of pre-selected coronary CT angiogra-
phy datasets were transferred to a post-processing worksta-
tion (Vitrea; Canon Medical Systems, Tustin, CA). Image-
reformatting techniques, including multiplanar reformation,

maximum-intensity projection and virtual angioscopy, were
used for analysis of coronary CT angiography examinations.
Oblique reformats were generated in the oblique axial, oblique
coronal and oblique sagittal planes, which were parallel and
orthogonal to the long-axis plane of the intramural course of
the anomalous coronary artery. We generated virtual
angioscopic images with a CT thresholding technique, which
has been described [14], to produce intraluminal views of the
right and left coronary artery ostia that simulated the appear-
ance at surgery (Fig. 1). Three pediatric radiologists with
12 years (reader 2, R.K.), 7 years (reader 3, P.M.M.) and
3 years (reader 1, S.P.J.) of experience in pediatric cardiovas-
cular imaging, who were blinded to the surgical findings and
clinical information of patients, independently reviewed the
25 coronary CT angiography examinations using a standard-
ized interpretation template. All morphological features were
evaluated similarly at the time of surgery using the same ref-
erence standard template.

Reporting template

We synthesized the information from the variables to create a
structured reporting template for AAOCA, which can be used
for CT or MRI, and with minimal modification for echocardi-
ography, catheter angiography and surgery (Fig. 2). The tem-
plate contains coded numerical variables for the type of
AAOCA, ostial morphology, location of the coronary ostia,
ostial relationship, presence of intramural course, length of
intramural course, coronary dominance, and presence of other
abnormalities like intramyocardial course of the coronary ar-
tery or abnormal branching pattern.

The standardized CT angiography interpretation template
contained the following variables for each coronary artery:

Fig. 1 Appearance of anomalous left coronary artery in an 8-year-old
girl. a Virtual angioscopy. b Surgical photograph. c Artistic
representation of the coronary ostia. Virtual angioscopy (a) and
representative findings at surgery (b) show similarities in the coronary
artery ostial appearance. Note the slit-like appearance of the left coronary

artery ostium (arrowhead). The right coronary artery ostium (arrow) has
a normal configuration. In (c), note the slit-like ostium and intramural
course of the left coronary artery (red arrows and dotted line) and the
normal rounded configuration of the right coronary artery (black arrow)
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& Type of AAOCA: We classified the anomalous coronary
artery as one of the following: (1) right coronary artery
arising from left sinus, (2) left coronary artery arising from
right sinus or (3) single coronary artery arising from the
right or left sinus.

& Location of coronary ostia: We defined the exact loca-
tion of the coronary ostia within the aorta using an al-
phanumeric coding system based on a standardized to-
pography map (Fig. 3) that has been described [9]. The
sinuses were labeled as 1, 2 or 3 starting with the right
sinus, with a clockwise progression. The commissural
locations were labeled as X, Y or Z starting with the
right–left commissure. The middle 50% of a sinus was
labeled as b, while the ipsilateral juxtacommissural re-
gions were labeled as a and c, respectively. The vertical

location of the coronary ostium was classified into four
types according to the relationship to the level of the
valve leaflet attachment to the aortic root and the
sinotubular junction: (I) aortic annulus to commissural
edge, (II) commissural edge to sinotubular junction,
(III) at sinotubular junction, (IV) above the sinotubular
junction. On CT angiography assessment, the dynamic
three-dimensional (3-D) datasets were manipulated on
the workstation with coronal cine imaging to distinguish
level I (origin from the aortic root at or below the level of
the valvular commissures, which are indicated by leaflet
opening) from level II (origin from the aortic root above
the level of the commissures and at the level of the col-
umn/pillar, which represent the suspensory support
structures for the leaflet). Levels III and IV indicated a

Fig. 2 Reporting template for anomalous aortic origin of the coronary
arteries (AAOCA). A slightly modified version of this template could be
used to document key reporting elements in AAOCA for CT, MRI,

echocardiography, catheter angiography and surgery. LCA left coronary
artery, RCA right coronary artery

Fig. 3 Standardized nomenclature map used to describe the origin of the
coronary arteries by CT, echocardiography or surgical findings. a
Transverse view of the aortic root shows the radial location of the ostia,
with 1, 2 and 3 corresponding to the right, left and non-coronary sinuses,

respectively. b Graphical representation of the coronal view of the aortic
root and ascending aorta shows the vertical location of the ostia. cKey for
the nomenclature on both views. Copyright 2013, Texas Children’s
Hospital (reprinted with permission)
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high location of the coronary ostium, at or above the
sinotubular junction. An example of the use of CT to
define location of the coronary ostia is given in Fig. 4.

& Ostial relationship: Relationships of the coronary ostia
arising from the aortic root were classified as follows
(Fig. 5):

Type 1: separate ostia,
Type 2: adjacent ostia,
Type 3: single ostium branching within aortic wall, and
Type 4: single ostium branching outside aortic wall

(single coronary artery).
& Ostial morphology: The appearance of coronary ostium was

classified as round, oval, slit-like or pinhole based on the
appearance at virtual angioscopy (Fig. 6). The diagnosis of
coronary artery ostial stenosis was made based on the pres-
ence of either a slit-like ostium or a pinhole ostium at virtual
endoscopy. Severity of ostial stenosis was not graded.

& Presence and length of intramural course: The intramural
course was defined as the course of the proximal coronary
artery through the wall of the aorta prior to entering the
mediastinum (Fig. 7). We used two independent methods
to determine the presence and length of intramural seg-
ment of coronary artery by CT angiography:

(1) Cross-sectional shape of the proximal coronary ar-
tery onmultiplanar reformation: The intramural seg-
ment has an oval cross-sectional shape of lumen,
while the mediastinal segment has a round shape.

(2) Status of peri-coronary fat: The intramural segment
has a thin wall of soft-tissue density on the luminal
side, whereas the mediastinal segment has a com-
plete peri-coronary cuff of low-density fat. We refer
to the latter as the “peri-coronary fat sign” for
intramurality. The calculation of intramural length

using the peri-coronary fat sign and the coronary
shape is illustrated in Fig. 7.

Surgical findings

Patients were offered surgical intervention based on the de-
scribed algorithm (Online SupplementaryMaterial 1), individ-
ual considerations and discussion with the family. Findings
were recorded by the surgeon using the same standardized
template as described for imaging. Type of AAOCA was de-
termined by visual inspection. A coronary ostium was defined
as slit-like if, on direct inspection, it appeared crescentic, with
the superoinferior dimension being greater than the transverse
one. The ostium was considered stenotic if the dimension of
the ostium was qualitatively smaller than the dimension of the
distal (non-intramural) coronary. Location of the ostia was
recorded using the same topography map used for imaging.

To determine intramurality, the aortic root was completely
dissected prior to arresting the heart, in particular around the
area where the anomalous coronary arose from the aorta. After
opening the aorta via an oblique aortotomy, the coronary ar-
tery was probed. A transmural fine stitch was placed from
outside the aorta at the crotch of the anomalous coronary
and into the aortic lumen. This stitch provided a sense of the
length and direction of the intramural segment. After
completely unroofing the intramural segment, a suture was
used to measure the length of intramurality.

Statistical analysis

Statistical analysis was performed on SAS 9.3 software (SAS
Institute, Cary, NC). To assess the agreement between each of

Fig. 4 Applying standardized nomenclature for ostial location in
anomalous aortic origin of the coronary artery (AAOCA). a Coronal
reformatted CT angiogram in a 16-year-old boy shows AAOCA of the
left coronary artery (LCA) from the right sinus close to the right/left
column, and at the level of the sinotubular junction (1c, level III) with

an intramural course. The right coronary artery (RCA) ostium is located in
the middle of the right sinus below the sinotubular junction (1b, II). b
Corresponding virtual angioscopic image facing the ostia shows that the
two ostia are separate from each other, corresponding to a type 1 ostial
branching pattern
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the readers and the surgical findings, we calculated Cohen kappa
coefficients and accuracies together with their 95% confidence
intervals for categorical variables, and intraclass correlation coef-
ficients (ICC) with 95% confidence intervals for the length of the
intramural course. We created Bland–Altman scatter plots for
length of intramurality for the three readers. We applied weighted
kappa coefficients to variables with more than two ordered

categories (i.e. radial location and ostial height), with higher
weights when observations were farther apart. In addition, sensi-
tivities, specificities, positive predictive values and negative pre-
dictive values were calculated for dichotomized variables. We
calculated Fleiss kappa coefficients to estimate the agreement
among the three readers for categorical variables. ICCs were cal-
culated to estimate the agreement for continuous variables. To

Fig. 5 Ostial branching pattern in anomalous aortic origin of the coronary
artery (AAOCA). First column: cross-sectional multiplanar reformatted
CT angiography images (a, d, g and j). Middle column: corresponding
virtual angioscopic images of the coronary ostia (b, e, h and k). Last
column: schematic of coronary ostial relationship types (c, f, i and l).
Each row represents a type of ostial branching pattern seen in AAOCA.
a–c Type 1 branching with separate ostia in a 16-year-old boy with
anomalous left coronary artery with a slit-like ostium and an intramural
course crossing the column. d–f Type 2 branching with adjacent ostia in a

10-year-old boy with anomalous right coronary artery with slit-like
ostium and an intramural course. g–i Type 3 branching, with a single
ostium bifurcating within the aortic wall in a 14-year-old boy. There is
high origin of both coronary arteries above the sinotubular junction, with
slit-like ostium of the left coronary artery and an intramural course. j–l
Type 4 branching with a single ostium bifurcating outside the aortic wall
in a 16-year-old boy. This represents a single coronary artery with round
ostia of both coronary branches, without an intramural segment
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Fig. 6 Coronary ostial morphology. The coronary ostium is classified as
round, oval, slit-like or pinhole based on a virtual angioscopic projection
facing the ostium. a In a 12-year-old boy, the right coronary artery has a
round orifice (thick arrow), while the anomalous left coronary artery has a
slit-like orifice (thin arrow). b In a 9-year-old boy, the right coronary

artery ostium (down-facing arrow) is pinhole in appearance, consistent
with severe ostial stenosis. The left coronary artery ostium (up-facing
arrow) is oval in shape. The ostia are adjacent to each other and located
in the anterior aortic wall, just above the sinotubular junction

Fig. 7 Identification of intramurality on CT angiography. a, b
Schematics show normal origin of the coronary artery (a) and
intramural course of the coronary artery (b) to illustrate the peri-
coronary fat sign. In the intramural segment, the black peri-coronary fat
does not completely encase the coronary artery on the luminal aspect
(large solid arrow), whereas in the mediastinum, the fat completely
encases the coronary artery (open arrow). c Oblique reformatted long-
axis CT image of an anomalous right coronary artery in a 14-year-old girl
shows narrowing of the intramural segment (line) and an increase in

caliber in the mediastinal segment. d, e Oblique sagittal CT images
show the cross-section of the anomalous right coronary artery
demonstrating the peri-coronary fat sign. The intramural segment has a
thin wall of soft-tissue density on the luminal side (arrow in d) and an
incomplete rim of low-density fat, whereas the mediastinal segment has
complete peri-coronary cuff of dark fatty density, including on the
luminal side (arrow in e). The cross-section of the intramural segment
(d) also has an oval shape, as opposed to the round shape after it emerges
from the aortic wall into the mediastinum (e)
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interpret kappa and ICCs, we used the Cicchetti guidelines [15]:
less than 0.40 — poor; between 0.40 and 0.59 — fair; between
0.60 and 0.74— good; between 0.75 and 1.00— excellent.

Results

Patient characteristics

A total of 25 consecutive children undergoing surgical inter-
vention were assessed by this approach. The age of the study
patients ranged from 4 months to 18 years at the time of
surgery (median age: 12.5 years, interquartile range 5.1 years).
The male-to-female ratio was 1.5:1.0. The mean volumetric
CT dose index (CTDIvol) was 17.3 mGy (range 9.3–
24.3 mGy), mean dose–length product (DLP) was 280 mGy·
cm (range 149–391 mGy·cm), and the mean calculated effec-
tive dose in mSv was 5.0 (range 2.7–7.0 mSv).

Type of anomalous aortic origin of the coronary
artery

A total of 18 ARCA and 7 ALCA were found in 25 children
and adolescents with CT angiography. The three readers
showed complete agreement between CT angiography and
surgery regarding the type of AAOCA (Table 1).

Location of coronary ostia

High origin of coronary artery was seen in 13/50 coronary
arteries (26%). The diagnostic performance of CT angiogra-
phy for detecting high take-off of coronary artery was 79%
(Table 2). Kappa correlation coefficient (95% confidence in-
tervals) for interobserver agreement for radial origin was 0.64
(0.51, 0.77) and for vertical origin was 0.25 (0.07, 0.44).

Coronary ostial relationship

There was complete agreement among the three readers be-
tween CT angiography and surgery regarding the relationship
of the coronary ostia.

Ostial morphology

Among 50 coronary arteries directly assessed intraoperatively,
26 coronaries demonstrated oval or slit-like shape of the ori-
fice. One child had abnormal appearance of both the right and
left coronaries. Of the 26, 24 coronary arteries were classified
as having a stenotic ostium. The diagnostic performance of
CT angiography for detecting slit-like ostium and ostial ste-
nosis is shown in Table 3. Kappa correlation coefficient (95%
confidence intervals) for interobserver agreement for ostial
stenosis was 0.75 (0.61, 0.90).

Presence of intramural course

Twenty-four patients had an intramural segment of the prox-
imal portion of anomalous coronary artery identified at sur-
gery. The presence of an oval cross-sectional shape of coro-
nary artery on CT angiography had 98%, 94% and 92% ac-
curacy for detecting surgically confirmed intramural seg-
ments. The diagnostic accuracy of CT angiography for detect-
ing intramurality using the peri-coronary fat sign was similar
(98%, 96% and 92%) (Table 4). Kappa correlation coefficient
(95% confidence intervals) for interobserver agreement for
intramural course based on peri-coronary fat was 0.92 (0.83,
1.00) and based on shape was also 0.92 (0.83, 1.00).

Length of intramural course

For the three readers, respectively, the intra-class correlation
coefficients for predicting intramural length were 0.67, 0.75
and 0.81 using peri-coronary fat, and 0.69, 0.50 and 0.81
using oval shape (Table 5). Bland–Altman plots for the three
readers for determining intramural length using the peri-
coronary fat sign and the oval cross-sectional shape of the
proximal coronaries are in Online Supplementary Material 2.
Scatter plots with regression lines for length of intramurality
based on peri-coronary fat and cross-sectional shape, com-
pared with surgery, are provided in Fig. 8.

Discussion

The present study indicates that volumetric coronary CT angi-
ography with retrospective ECG-gating, using a standardized
interpretation template, allows for the accurate detection of the
likely pathological substrates in various types of AAOCAwhen
compared to surgery as the reference standard. Our results also
indicate that the status of peri-coronary fat and the oval shape of
the proximal coronary artery on CT represent reliable methods
to delineate the presence and length of intramurality.

A structured CT angiography report that describes relevant
pathological targets inAAOCAand is used alongwith functional
testing in a multi-disciplinary setting to manage children with
AAOCA might offer high clinical utility for therapeutic
decision-making and allow surgical choices and results from
different centers to be compared for the same anatomical risk
factors. Standardized morphological features like location of
the ostium, ostial branching pattern, the presence of ostial steno-
sis, and the presence and length of intramurality might be able to
predict the type of surgery needed for an individual patient and
should allow for better risk–benefit analysis because surgical
risks vary with the type of procedure. For instance, the proximal
course of the anomalous coronary arterywith a level 1 or 2 origin
would travel through the commissure or column, respectively,
and surgical unroofing should consider the potential to
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destabilize the suspensory apparatus of the leaflets resulting in
aortic regurgitation, with coronary translocation being an alterna-
tive surgical option. The impact of such a standardized diagnostic
approach to risk stratification and surgical decision-making can
be investigated in future work.

Electrocardiogram-gated coronary CT angiography is an
accepted modality of choice for detecting coronary artery ab-
normalities [16]. One study showed that coronary CT angiog-
raphy could determine with high accuracy the presence or
absence of an intramural segment using elliptical shape of
the anomalous coronary ostium [17]. In this study, we exam-
ined the accuracy of CT angiography to determine the pres-
ence and length of the intramural segment by the oval shape of
the proximal coronary artery as well as a new peri-coronary fat
sign. A recent multi-institutional study reported that symp-
tomatic patients with anomalous coronary artery had a longer
intramural course than asymptomatic patients [5]. Therefore,
reliable identification of intramural length is an important part
of diagnostic evaluation. The current reference standard for
identifying intramural length is intravascular US, which is
limited by its invasive nature and the lack of widespread ex-
pertise in the setting of AAOCA. The availability of two in-
dependent signs, namely the oval shape and the absence of the
peri-coronary cuff of fat, for identifying and assessing length
of intramurality on CT enhances the diagnostic confidence of
CT in this setting. The incremental value of availability of a
second sign for intramurality in addition to the widely used
oval shape needs to be studied in a larger series.

Our study showed overall high accuracy of these signs
among readers of varying experience for detecting
intramurality. But it also showed that interobserver agreement
varied depending on the morphological attribute. It was excel-
lent for identifying the type of anomalous coronary artery,
ostial stenosis, ostial relationship, and presence of intramural
and interarterial course, good to excellent for intramural
length and radial location of the ostium, fair for vertical loca-
tion of the ostium, and poor for course through the commis-
sure or inter-coronary pillar. The poor performance in identi-
fying a high origin of the coronary artery above the
sinotubular junction was a result of disagreement between
the readers on where the sinotubular junction, essentially a
discrete line, was located. Because the ostium is commonly
located at the sinotubular junction, there was disagreement on
whether the vertical level was II, III or IV. It is unclear whether
this is clinically relevant because all clear-cut cases of high
origin well above the sinotubular junction were accurately
identified. We recommend that vertical levels III and IV be
combined into a single category because they represent abnor-
mally high origin of the coronary artery, where the coronary
does not benefit from the pooling of blood in the sinus that
promotes filling in diastole. The poor performance with re-
spect to course through the intercoronary column was also a
result of the frequent location of the proximal course of the
anomalous coronary artery at the sinotubular junction,
resulting in disagreement on whether it touched the top of
the column or passed just superior to the column. The column

Table 1 Diagnostic performance
of CT angiography for type of
anomaly in 25 children and
adolescents: right versus left

Variable Surgery Reader 1 Reader 2 Reader 3

Major anomaly (right) 18 (72%) 18 (72%) 18 (72%) 18 (72%)

Kappa (95% CI) 1 (1–1) 1 (1–1) 1 (1–1)

Accuracy with 95% CI 100 (78–100) 100 (78–100) 100 (78–100)

Major anomaly (left) 7 (28%) 7 (28%) 7 (28%) 7 (28%)

Kappa (95% CI) 1 (1–1) 1 (1–1) 1 (1–1)

Accuracy with 95% CI 100 (56–100) 100 (56–100) 100 (56–100)

CI confidence interval

Table 2 Diagnostic performance
of CT angiography for ostial
location

Variable Surgery Reader 1 Reader 2 Reader 3

Radial location of ostium (n=50 cor)

Weighted kappa (95% CI) 0.8 (0.7–0.9) 0.8 (0.7–1) 0.8 (0.7–0.9)

Height of ostium (n=50 cor) 13 (26%) 19 (38%) 14 (28%) 2 (4%)

Kappa (95% CI) 0.5 (0.2–0.7) 0.5 (0.3–0.8) 0.2 (0–0.5)

Accuracy % (95% CI) 76 (62–86) 82 (68–91) 78 (64–88)

Sensitivity % (95% CI) 77 (46–95) 69 (39–91) 15 (2–45)

Specificity % (95% CI) 76 (59–88) 86 (71–95) 100 (91–100)

PPV % (95% CI) 53 (29–76) 64 (35–87) 100 (16–100)

NPV % (95% CI) 90 (74–98) 89 (74–97) 77 (63–88)

CI confidence interval, cor coronaries, NPV negative predictive value, PPV positive predictive value
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was identified by a small wedge-shape area of soft tissue
projecting into the lumen, but this became progressively
harder to see as the column thinned toward the sinotubular
junction. One reader (reader 3) consistently under-called high
origin as well as course through the column in this study.
From a surgical standpoint, almost all cases of levels III or
IV origin with proximal intramural course touching the top of
the column would be candidates for unroofing without the
need for resuspension of the aortic valve leaflet. On the other
hand, level II origin with course through the column would
typically require either taking down the valve leaflet with
resuspension during unroofing, or a coronary translocation

to preserve integrity of valve function and avoid postoperative
aortic regurgitation.

Although the volumetric CT technique used in this study
significantly reduced the radiation exposure when com-
pared to 64-detector technology, optimal imaging of coro-
nary arteries, particularly in free-breathing pediatric pa-
tients with high heart rates, requires acquisition of isotropic
data with high temporal and spatial resolution, which limits
the implementation of certain radiation-dose-reduction
techniques such as prospective ECG gating [18, 19].
Retrospective ECG-gating technique used in this protocol
is considered the best method to reliably obtain motion-free

Table 3 Diagnostic performance
of CT angiography for ostial
morphology

Variable Surgery Reader 1 Reader 2 Reader 3

Slit-like ostium (n=50 cor) 26 (52%) 18 (36%) 24 (48%) 25 (50%)

Kappa (95% CI) 0.7 (0.5–0.9) 0.9 (0.8–1) 0.9 (0.7–1)

Accuracy % (95% CI) 84 (70–92) 96 (85–99) 94 (82–98)

Sensitivity % (95% CI) 69 (48–86) 92 (75–99) 92 (75–99)

Specificity % (95% CI) 100 (86–100) 100 (86–100) 96 (79–100)

PPV % (95% CI) 100 (81–100) 100 (86–100) 96 (80–100)

NPV % (95% CI) 75 (57–89) 92 (75–99) 92 (74–99)

Ostial stenosis (n=50 cor) 24 (48%) 16 (32%) 22 (44%) 23 (46%)

Kappa (95% CI) 0.7 (0.5–0.9) 0.9 (0.8–1.0) 0.9 (0.7–1.0)

Accuracy % (95% CI) 84 (70–92) 96 (85–99) 96 (85–99)

Sensitivity % (95% CI) 67 (45–84) 92 (73–99) 92 (73–99)

Specificity % (95% CI) 100 (87–100) 100 (87–100) 96 (80–100)

PPV % (95% CI) 100 (79–100) 100 (85–100) 96 (78–100)

NPV % (95% CI) 76 (59–89) 93 (77–99) 93 (76–99)

CI confidence interval, cor coronaries, NPV negative predictive value, PPV positive predictive value

Table 4 Diagnostic performance
of CT angiography for presence
of intramurality (IM)

Variable Surgery Reader 1 Reader 2 Reader 3

Presence of IM by peri-coronary fat (n=50 cor) 24 (48%) 23 (46%) 24 (48%) 26 (52%)

Kappa (95% CI) 1 (0.9–1) 0.9 (0.8–1) 0.8 (0.6–0.9)

Accuracy % (95% CI) 98 (88–100) 96 (85–99) 92 (80–97)

Sensitivity % (95% CI) 96 (79–100) 96 (79–100) 96 (79–100)

Specificity % (95% CI) 100 (87–100) 96 (80–100) 88 (71–98)

PPV % (95% CI) 100 (85–100) 96 (79–100) 88 (70–98)

NPV % (95% CI) 96 (81–100) 96 (80–100) 96 (80–100)

Presence of IM by oval shape (n=50 cor) 24 (48%) 23 (46%) 25 (50%) 26 (52%)

Kappa (95% CI) 1 (0.9–1) 0.9 (0.7–1.0) 0.8 (0.6–0.9)

Accuracy % (95% CI) 98 (88–100) 94 (82–98) 92 (80–97)

Sensitivity % (95% CI) 96 (79–100) 96 (79–100) 96 (79–100)

Specificity % (95% CI) 100 (87–100) 92 (76–99) 88 (71–98)

PPV % (95% CI) 100 (85–100) 92 (74–99) 88 (70–98)

NPV % (95% CI) 96 (81–100) 96 (80–100) 96 (80–100)

CI confidence interval, cor coronaries, NPV negative predictive value, PPV positive predictive value
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coronary images across the cardiac cycle for assessing dy-
namic narrowing. There is a growing interest in cardiacMRI
for assessing the coronary arteries [20–22]. A recent study
in a small group of patients with low heart rate and regular
breathing pattern showed that coronary MR angiography
could accurately determine the presence or absence of an
intramural segment in an anomalous coronary artery [22].
However, MR angiography is not widely used for assessing
coronary arteries because of its relatively high failure rate in
children with higher heart rates, and its inability to match
CT angiography in providing dynamic coronary imaging
with high spatial resolution across the cardiac cycle. These
limitations are expected to improve with recent advances in
cardiac MRI like blood pool contrast agents [23], and the
structured interpretation approach described in this paper
should be valid for MR interpretations as well.

Our study had some limitations. One, because AAOCA is a
relatively rare congenital malformation, the number of pa-
tients in our study is small. However, it represents the largest
continuous series of AAOCA children and adolescents

undergoing standardized imaging assessment and correspond-
ing surgical data collection. Two, our study population
consisted of symptomatic high-risk patients who underwent
surgical intervention, resulting in a bias in patient selection
that might have led to overestimation of the diagnostic perfor-
mance. But comparison of individual morphological features
between imaging and surgery is still valid. Three, the use of
the peri-coronary fat sign is dependent on adequate image
quality that allows distinction between soft tissue and fat.
We have anecdotally encountered patients who had very little
mediastinal fat or had excessive image noise that prevented
this assessment, although none was encountered in this study.
The oval shape can still be used as a reliable sign of
intramurality in these patients. Four, the measurements and
observations made on CT angiography might vary minimally
with the phase of the cardiac cycle. This was not assessed on
this study. The best phase was chosen based on qualitative
assessment of motion and was used for diagnostic assessment.
Dynamic changes in morphology and caliber of the proximal
course of the anomalous coronary artery were not studied.

Table 5 Diagnostic performance
of CT angiography for length of
intramurality (IM)

Variable Surgery Reader 1 Reader 2 Reader 3

IM length by fat (mm) (n=25 cor)a 6 (0–9) 5 (0–11) 5.4 (1–11) 4.7 (1.6–9.8)

ICC (95% CI) 0.67 (0.43, 0.84) 0.75 (0.54, 0.88) 0.81 (0.64, 0.91)

IM length by shape (mm) (n=25 cor)a 6 (0–9) 5.75 (0–11) 5.7 (2–104) 4.8 (1.8–11.1)

ICC (95% CI) 0.69 (0.46, 0.85) 0.50 (0.23, 0.76) 0.81 (0.64, 0.91)

CI confidence interval, cor coronaries, ICC intraclass correlation coefficient
a Only included coronaries that were deemed to be major anomalies

Fig. 8 Performance of the three readers for determining length of
intramurality. a Peri-coronary fat sign. Scatter plots with regression
lines for length of intramurality using the peri-coronary fat sign on CT
angiography for three readers compared with findings at surgery as the

reference standard. b Oval cross-sectional shape. Scatter plots with
regression lines for length of intramurality using an oval cross-sectional
shape of the coronary artery on CT angiography for three readers
compared with findings at surgery as the reference standard
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Conclusion

CT angiography reliably identified AAOCA in all patients,
detected ostial stenosis and ostial location with moderate ac-
curacy, and detected the presence of intramurality with high
accuracy. A standardized CT angiography protocol combined
with a structured reporting template that describes high-risk
morphology in AAOCA, and is used along with functional
testing, might be useful for risk stratification and treatment
planning.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00247-021-05011-0.
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