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Abstract: Background: Anomalous Aortic Origin of a Coronary Artery (AAOCA) is a congenital
condition that can lead to ischemia and sudden cardiac death. Current diagnostic tools are unable to
fully quantify the pathological behavior that occurs mainly with physical effort. Methods: Patients’
computed tomography scans and centerline-based geometric quantities were used to develop three-
dimensional computer-aided design models of the main anatomical variants of AAOCA. Blood
pressure ranging from rest to extreme effort was simulated through structural finite element analyses,
and the pressurized geometries were analyzed to evaluate coronary lumen cross-sectional areas and
variations at the different loading conditions. Results: We simulated 39 subjects, demonstrating
the ability to reproduce accurately the patient-specific anatomy of different AAOCA variants and
capture pathological behaviors. AAOCAs with intramural courses showed compression along the
proximal segment with a caliber reduction ranging from 0.14% to 18.87% at different pressure levels.
The percentage of proximal narrowing relative to the distal segment was greater than any other type
of anomalous course and exceeded 50% with simulated exertion. Conclusions: The present study
proposes a computational pipeline to investigate conditions not reproducible in clinical practice,
providing information to support decision-making in the management of AAOCA patients.

Keywords: AAOCA; intramural course; finite element analysis; patient-specific modeling;
cross-sectional area; lumen stenosis

1. Introduction

Anomalous Aortic Origin of a Coronary Artery (AAOCA) is a congenital condition
in which any of the main epicardial coronary vessels may have an ectopic origin from the
aorta, such as the opposite sinus of the Valsalva [1]. The anomalous origin leads to an
anomalous course because coronary arteries need to reach their myocardial distribution
territory. So, the AAOCA course can be classified as one of five subtypes that, in order of
prevalence, are: retroaortic, interarterial, subpulmonic, prepulmonic, or retrocardiac [2].
The interarterial course can be associated with an intramural segment, i.e., the proximal
coronary runs within the aortic wall. This anatomical feature is generally considered
among the major risk factors for myocardial ischemia and sudden cardiac death (SCD) [3,4],
especially for young competitive athletes [5,6] who undergo intense physical activity. Data
from observational studies are extremely heterogeneous, making it difficult to estimate the
prevalence of the pathology in the general population, but AAOCA is believed to affect at
least one in one thousand individuals [7], and it has been identified as the second most com-
mon cardiovascular cause of SCD (17%) in young people engaged in competitive sports [8].
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The pathophysiological mechanism seems to be related to a compression of the intramural
segment [9,10], but it cannot be determined or quantified during a physical effort. In detail,
the entrapped intramural segment, which already shows hemodynamically unfavorable
anatomy at baseline, may be subjected to a dynamic lateral compression (mimicking a
stenosis) that increases with exertion due to a greater aortic expansion. This dynamic proxi-
mal compression of the coronary may lead to a reduction of oxygenated blood supply to
the heart during effort that can trigger adverse events such as SCD [4]. Clinical evaluations
are based on anatomical assessment and myocardial functional testing [11]. Diagnosis
and morphological evaluation are routinely performed with computed tomography an-
giography (CTA), which allows the definition of anomalous coronary anatomical features.
Functional myocardial evaluation is performed with an exercise stress test, cardiac MRI,
or myocardial scintigraphy, which showed poor ability to detect inducible myocardial
ischemia in AAOCA [12,13]. Cardiac catheterization with fractional flow reserve (FFR) and
intravascular ultrasound (IVUS) may help with risk stratification, but they are invasive
procedures and not always conclusive. CTA acquisitions or the evaluation of hemody-
namic indexes are usually performed at rest, which does not allow for the assessment and
demonstration of the pathogenetic mechanism of the intramural segment compression
under effort.

In this context, computational simulations can help understand the pathophysiological
mechanism of AAOCA, exploring conditions that can trigger ischemia and SCD and that
could not be studied in the clinical setting without jeopardizing patient safety. In our
previous studies, we have presented an idealized structural parametric model of the aortic
root and AAOCA with intramural course, using values obtained from literature [10] or from
measurements taken on CTA scans [9], to evaluate the deformations of the arterial wall and
thus the morphological changes of the lumen during simulated effort conditions. In both
cases, the reconstructed geometry was oversimplified, modeling the coronary lumen as a
round pipe and neglecting the typical elliptic shape of the intramural segment. These works
focused on a single anatomical variant, and a direct application of their methodologies to
all forms of anomalous coronary arteries is not possible, as is the extension of their results.

In this paper, we propose a patient-specific computational pipeline to overcome the
limitations of our previous studies, extending the AAOCA modeling and simulation to
the main subtypes under a wider range of simulated physical conditions. Our aim is to
assess, by means of finite element analysis (FEA), whether there are differences in behavior
between healthy and anomalous coronaries and between different forms of anomalous
coronaries with and without intramural segments. We extract routine parameters that are
used in clinical practice to evaluate the severity of the AAOCA. Therefore, we retrieved the
degree of narrowing and the locations of the phenomenon, which are indicators that may
support decision-making in the management and treatment of AAOCA patients.

2. Materials and Methods

The present AAOCA patient-specific modeling and simulation workflow, depicted in
Figure 1, can be outlined in three main steps:

• Generation of the patient-specific geometric model from CTA scans (Figure 1a–d).
• Structural FEA to obtain deformed model configurations under different loading

conditions (Figure 1e–f).
• Post-processing of simulation results to evaluate enlargement/narrowing along the

coronary vessels (Figure 1g–h).
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Figure 1. AAOCA patient-specific modeling and simulation workflow. (a) Coronary CTA sequence; 
(b) STL reconstruction of the aorta with coronary arteries; (c) Centerline-based geometric quantities 
computation, slicing of the STL reconstruction and extraction of the profile curves; (d) CAD model 
of the aortic root with proximal segments of healthy and anomalous coronary artery; (e) Tetrahedral 
mesh with local refinements; (f) Plot of applied pressures with vertical dashed black lines delimiting 
the different loading regimes: resting diastole, resting systole, low-medium effort, medium-high 
effort, extreme effort; (g) extraction of the coronary luminal surface in its deformed configuration 

Figure 1. AAOCA patient-specific modeling and simulation workflow. (a) Coronary CTA sequence;
(b) STL reconstruction of the aorta with coronary arteries; (c) Centerline-based geometric quantities
computation, slicing of the STL reconstruction and extraction of the profile curves; (d) CAD model of
the aortic root with proximal segments of healthy and anomalous coronary artery; (e) Tetrahedral
mesh with local refinements; (f) Plot of applied pressures with vertical dashed black lines delimiting
the different loading regimes: resting diastole, resting systole, low-medium effort, medium-high
effort, extreme effort; (g) extraction of the coronary luminal surface in its deformed configuration
(legend: magnitude of nodal displacements); (h) enlargement/narrowing along the coronary vessel,
with reference to the undeformed configuration, at six different simulated pressure levels. Simulated
pressure = basal pressure (i.e., 60 mmHg) + applied load.
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2.1. Study Population

Computed Tomography Angiography (CTA) images of patients with AAOCA referred
to the IRCCS Policlinico San Donato (Italy) between 2013 and 2022 were retrospectively
retrieved from the institutional database and evaluated using RadiAnt DICOM Viewer
version 2022.1.1 (Medixant). The selection of the study population was conducted to
include all the main types of anomalous courses while, at the same time, keeping the
sample size balanced between anomalies with and without an intramural segment and
between right coronary arteries (RCA) and left coronary arteries (LCA). No patients with
concomitant major cardiac pathologies or atherosclerosis of the proximal coronary arteries
were included in this study. CTA scans of poor quality were excluded. Diastolic sequences
with a slice thickness of at least 1 mm and without severe image artifacts were considered
suitable for segmentation and three-dimensional (3D) reconstruction. The patients’ images
were de-identified before further processing.

2.2. Patient-Specific Model and Simulation: From CTA to CAD Model

The aortic and coronary lumens were segmented from the diastolic sequence of the
selected coronary CTA scans using Mimics Medical v.24 software (Materialise, Leuven,
Belgium). The segmented anatomies were exported as unstructured triangulated surfaces
(STL reconstructions) for further processing via a script in VMTK v1.4 software (Orobix,
Bergamo, Italy). First, the surfaces representing the lumen of the aorta and coronary arteries
were smoothed with a Taubin filter and clipped. The clipping operation was performed
manually through cutting planes using the following anatomical landmarks: the first
main bifurcation for the LCA, the left ventricular outflow tract (LVOT), the sinotubular
junction for the aorta, and a distal secondary branch for the RCA. Then, the modified
STL reconstructions were remeshed and eventually extended in the direction normal to
the boundaries under the assumption that some improvements are required to avoid
issues during centerline computation [14]. Centerline-based geometric quantities, such as
cross-sectional areas, Frenet-Serret frames, and minimum and maximum diameters, were
extracted for a length of 5 cm (otherwise for the maximum length available) and used for
the computer-aided design (CAD) modeling step. The 3D patient-specific CAD model
was generated through Grasshopper, a visual programming language and environment
integrated within the software Rhinoceros v6.35 (McNeel and Associates, Seattle, WA,
USA). The STL reconstruction of the aortic root was sliced with cross-sectional planes
perpendicular to its centerline to obtain the contour curves of the lumen. The polylines thus
obtained were rebuilt as Non-Uniform Rational B-Splines (NURBS) curves and interpolated,
generating the CAD model of the inner surface of the aortic root. The points that formed the
luminal profile curves were radially shifted to define the boundaries of the outer surface of
the aortic root. The magnitude of radial displacements, i.e., the arterial wall thickness, was
uniformly set to 3 mm, according to the literature [15,16]. Regarding the coronary artery
model, the inner surface was obtained by interpolating elliptical sections perpendicular to
the centerline, whose positions, maximum, and minimum diameter values were previously
retrieved. Sections at the level of secondary branches were excluded, and the coronary wall
thickness was uniformly set to 0.9 mm [17]. The intersection between the aorta and the
coronary model was granted by duplicating the coronary section closest to the ostium and
iteratively moving it toward the nearest point of the aortic centerline until it was completely
inside the aortic lumen. Finally, Boolean operations led to the 3D geometric model of the
aortic root together with the proximal segments of the coronary arteries.

2.3. Geometric Model Accuracy

The geometric model’s accuracy was evaluated by computing the signed shortest dis-
tance of each point on the inner surface of the geometric model from the STL reconstruction.
The distance was considered positive for points outside the inner surface of the geometric
model and negative otherwise. No smoothing strategies have been adopted on the STL
reconstructions, taken as references for the comparison.
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2.4. Simulation Settings and Analysis

Structural FEAs were carried out by the commercial finite element package Abaqus/
Standard 2019 (Dassault Systemès, Providence, RI, USA). A neo-Hookean model was used
for the wall of the aorta and coronary arteries, while the constitutive properties of the fluid
domain were not taken into account and prescribed pressure loads were uniformly applied
to the inner surface of the solid domain. The hyperelastic parameters were set by assuming
an elastic modulus E = 1.5 MPa, a Poisson ratio ν = 0.49, and a density of 1.2 g/cm3 [18].
These material properties correspond to the C10 and D1coefficients of the neo-Hookean
model, 0.2517 MPa and 0.08 MPa−1, respectively. The models were discretized using
hybrid 4-node tetrahedral elements (C3D4H) with an approximate global size of 1 mm to
include at least three elements within the aortic wall. According to a preliminary mesh
convergence analysis, local mesh refinements with an element size of 0.3 mm were applied
in the coronary regions and in the intramural tract if they were present. Static analyses were
performed considering that the 3D geometric model, derived from the medical images,
resembles the patient’s anatomy in diastole. Since the diastolic pressure value was not
available for all subjects, this was assumed for the entire study population to be equal to
the 5th percentile of the arterial pressure range for healthy subjects [19], matching the mean
age of our patient cohort. Incremental loads were then applied to simulate blood pressure
between this basal value (i.e., 60 mmHg) and 250 mmHg. The specified range completely
covers the interval of arterial pressure variation for healthy subjects at rest and during
physical exercise. It is worth noting that prestress modeling was not included in the present
work, so the initial configuration was unloaded and corresponded to diastolic pressure,
which is assumed to be the same for both the aorta and coronary arteries. As a result, a
pressure load of 190 mmHg was uniformly applied to the aortic lumen with increments
of 10 mmHg. At the same time, the pressure load imposed on the inner surface of the
coronaries was increased linearly, with a step of 5 mmHg, up to a value of 60 mmHg and
then kept constant, while the aortic lumen persisted to be further loaded until 190 mmHg,
as shown in Figure 1f, to reach a simulated pressure of 250 mmHg. This behavior is
consistent with the normalization of the coronary perfusion response to exercise [20].
Boundary conditions were set according to our previous studies [9,10]: the proximal and
distal cross-sections of the aortic root were constrained longitudinally and circumferentially,
allowing only displacements in the radial direction. Spring elements of type spring1 were
added to the free extremity of the coronary arteries, acting orthogonally to the plane of
the distal cross-section and with a rigidity of 1 MPa, to simulate the constraint due to the
myocardium.

2.5. Post-Processing of Simulation Results

The deformed configuration of the coronary lumen was processed for each defined
pressure increment. The cross-sectional areas of the vessel were calculated from the ostium
along the entire length of the coronary arteries, every 0.1 mm, and used to assess potential
enlargement/narrowing with reference to the undeformed configuration. The anomalous
coronaries were divided into three zones to better localize the phenomenon: the ostial zone
(OST), from the origin up to a length of 1.5 mm; the intramural or middle zone (MID),
from the end of the ostial zone to the end of the intramural segment; and the distal zone
(DIS), from the end of the intramural zone to the end of the coronary model. In the case of
AAOCA without an intramural course, the length of the middle zone was considered equal
to the average length of the intramural segments. Measurement of intramural tract lengths
was performed on the 3D CAD models in their basal configuration. Healthy coronaries
were divided into two zones: the ostial zone, defined as above, and the distal zone, from
the end of the ostial zone to the end of the coronary model. Each of the segments defined
above was characterized by taking the median luminal area (MLA) variation, defined
as the median of the percentage variations of the luminal cross-sectional areas over the
corresponding length. These variations were computed with reference to the undeformed
basal configuration [i.e., (deformed area − basal area)/basal area × 100]. Furthermore, we
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assessed the clinical relevance of luminal cross-sectional area reduction by measuring the
percentage of proximal course narrowing with respect to the distal segment [i.e., (distal area
− proximal area)/distal area × 100] [21]. Positive values denote the degree of proximal
stenosis, while negative values indicate no reduction in lumen caliber, i.e., the proximal
segment has a greater cross-sectional area than the distal segment.

2.6. Statistical Analysis

Categorical variables were reported as numbers and frequencies. Considering non-
normal distributions assessed using the Anderson-Darling test and data visualization,
continuous variables were expressed as median and interquartile range (IQR), unless
otherwise specified. Two-by-two comparisons of MLA variations between homologous
segments within right and left coronary arteries were made by Mann-Whitney U tests to
assess whether there are differences in behavior between healthy and anomalous coronaries
and between anomalous coronaries with and without intramural course. The Bonferroni
correction method was applied to adjust the p-values resulting from these pairwise compar-
isons. p-values were two-tailed, and a p < 0.05 was considered statistically significant. To
complement the statistical hypothesis test and capture the magnitude of the phenomenon,
we reported the effect size between two homologous segments as the median difference
and bootstrapped the 95% confidence interval (CI).

3. Results
3.1. Study Population

The study population consisted of 39 subjects with AAOCA, retrospectively selected
from patients referred to IRCCS Policlinico San Donato (Italy) between 2013 and 2022. The
study cohort was composed of 27 males (69%) and 12 females (31%), with a median age
of 35 (38) years. We divided the population into left and right coronary artery anomalies,
further grouping them according to the type of proximal course. Table 1 summarizes the
different types of coronary arteries in the study population.

Table 1. Coronary arteries in the patient cohort (n = 39).

LCA RCA

Anomalous (n = 40) 22 18

Intramural 8 11

Interarterial - 7

Prepulmonary 3 -

Retroaortic 6 -

Subpulmonary 5 -

Non-anomalous (n = 44) 23 21

Non-anomalous LCAs and RCAs, hereinafter called healthy, were collected from
patients with right and left AAOCA, respectively. Twenty patients had an anomalous
LCA, of which seven were intramural, five were retroaortic, five were subpulmonary, and
three were prepulmonary. Notably, one subject presented with two different anomalies:
an intramural left anterior descending coronary artery and a retroaortic left circumflex
coronary artery. Eighteen patients had an anomalous RCA with an interarterial course,
including eleven with and seven without an intramural segment. No retrocardiac course
was observed. The CTA images of the selected subjects had an average slice thickness of
0.65 mm (in a range of 0.5 to 1 mm) and an average pixel spacing of 0.35 mm (in a range of
0.23 to 0.53 mm).
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3.2. Geometric Model Accuracy

The results of our geometric modeling method for the four types of anomalous coro-
nary courses are shown in Figure 2, superimposed on the respective STL reconstructions
obtained by segmenting the CTA images.
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Figure 2. Three-dimensional patient-specific CAD models of the aortic root with healthy and anoma-
lous coronary arteries differentiated by the type of course: (a) interarterial/intramural; (b) retroaortic;
(c) subpulmonary; (d) prepulmonary. In each panel, the arterial wall model is shown in red and the
STL lumen reconstruction in transparency.

Figure 3 depicts the signed distance of each point on the inner surface of the geometric
model from the STL lumen reconstruction, taken as a reference. Overall, the pointwise
distance ranges from −4.42 mm to 4.06 mm, with the greatest differences located at the
extremities of the models, where surface processing operations slightly altered the local
geometry of the raw STL files. The median of the pointwise distances is 0.06 mm, and 90%
of the values are between −0.26 (5th percentile) and 0.44 mm (95th percentile), i.e., within
the in-plane resolution range and below the out-of-plane resolution of CTA scans.
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Figure 3. Pointwise distance between the STL reconstruction (ground truth) and the luminal surface
of the geometric model in each type of anomalous course: (a) interarterial/intramural; (b) retroaortic;
(c) subpulmonary; (d) prepulmonary. Colors are displayed as a function of distance. Positive values,
in red, indicate that the STL reconstruction, shown in transparency, is outside the lumen model.
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3.3. Variations in Coronary Cross-Sectional Area

Median luminal area variations of coronary vessels at the ostial, middle, and distal
zones, with each increase in simulated pressure, are shown in Figure 4 for each type
of course. Enlargement or narrowing was computed with reference to the undeformed
configuration at a basal pressure of 60 mmHg. Tables 2–7 present MLA variations with IQR
and p-values resulting from pairwise comparisons. The effect size of such comparisons,
expressed as median difference and 95% CI, is provided in the Appendix A (Tables A1–A6).
Values are reported, for convenience, only for five levels of pressure that can be considered
the lower and upper limits of blood pressure under different regimens: resting diastole,
resting systole, medium-high effort, and extreme effort. For the sake of completeness, we
also reported results regarding the prepulmonary course, but because of the small sample
size (n = 3), statistical analysis was not performed.
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Figure 4. Median luminal area variations of coronary vessels at increasing simulated blood pressure:
(a) ostial segment of the LCAs; (b) ostial segment of the RCAs; (c) middle tract of the LCAs; (d) middle
tract of the RCAs; (e) distal segment of the LCAs; (f) distal segment of the RCAs. MLA variations
are shown in green for healthy coronaries, red for AAOCAs with intramural course, light blue
for AAOCAs with prepulmonary course, yellow for AAOCAs with retroaortic course, purple for
AAOCAs with subpulmonary course, blue for AAOCAs with interarterial course, and no intramural
tract. The black dashed horizontal line represents null changes in the MLA with respect to the
reference sections in basal conditions.
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3.3.1. LCA Ostial Segment

MLA variations in the ostial segment of LCAs are presented in Table 2 for healthy,
intramural, prepulmonary, subpulmonary, and retroaortic courses. Figure 4a shows that
AAOCA with intramural courses is the only variant experiencing luminal narrowing.
AAOCAs with intramural course differ significantly from healthy coronaries under any
simulated pressure condition (p = 0.006 at 70 mmHg, p < 0.001 in all other cases) and
from AAOCAs with subpulmonary course (p = 0.016), except for 70 mmHg. There are
no statistically significant differences between intramural and retroaortic courses other
than the one observed at 250 mmHg (p = 0.013). Healthy coronary arteries have significant
differences from AAOCAs with retroaortic course at all simulated pressure levels and from
AAOCAs with subpulmonary course, except for 70 mmHg. The median differences in
MLA variations show that all AAOCAs have less expansion than healthy coronaries and
that the greatest discrepancies occur for AAOCAs with intramural courses (Table A1).

Table 2. Median luminal area variation of the ostial segment in left coronary arteries.

LCA OST Simulated Pressure [mmHg]
Course 70 90 120 180 250

MLA
Variation

[%]

HC 0.76 (0.21) 2.24 (0.62) 4.37 (1.41) 8.71 (2.54) 12.38 (4.59)
IM −0.76 (1.57) −2.23 (2.31) −4.88 (4.8) −9 (10.84) −18.87 (14.19)
PP 0.31 (0.31) 1.38 (0.93) 3.53 (2.02) 5.95 (4.57) 3.36 (9.71)
SP 0.5 (0.15) 1.4 (0.25) 2.95 (0.36) 6.79 (1.34) 9.05 (2.52)
RA 0.3 (0.34) 0.91 (0.49) 1.89 (1.22) 3.85 (3.69) 4.24 (6.34)

p-value

IM vs. HC 0.006 <0.001 <0.001 <0.001 <0.001
IM vs. SP 1.000 0.016 0.016 0.016 0.016
IM vs. RA 1.000 0.200 0.080 0.080 0.013
SP vs. HC 0.099 0.027 0.022 0.022 0.033
RA vs. HC 0.005 0.003 0.004 0.006 0.028

HC: healthy coronary; IM: intramural; PP: prepulmonary; SP: subpulmonary; RA: retroaortic.

3.3.2. LCA Middle Segment

MLA variations in the middle segment of LCAs are presented in Table 3 for intramural,
prepulmonary, subpulmonary, and retroaortic courses. Figure 4c shows that AAOCA with
intramural courses is the only variant subject to a reduction in luminal area. AAOCAs with
intramural course differ significantly from AAOCAs with subpulmonary and retroaortic
course (p = 0.009, p = 0.004, respectively) under any simulated pressure condition, except for
70 mmHg. The median differences in MLA variations show that AAOCAs with intramural
courses enlarge less than the other types of anomalous courses (Table A2).

Table 3. Median luminal area variation of the middle segment in left coronary arteries.

LCA MID Simulated Pressure [mmHg]
Course 70 90 120 180 250

IM −0.14 (0.3) −0.81 (0.8) −1.8 (1.01) −4.8 (3.55) −9.98 (8.09)
PP 0.18 (0.09) 0.63 (0.15) 1.25 (0.4) 2.58 (0.66) 2.46 (0.63)
SP 0.29 (0.21) 0.88 (0.47) 2.01 (0.62) 3.43 (1.03) 3.85 (2.2)

MLA
Variation

[%] RA 0.2 (0.14) 0.65 (0.28) 1.21 (0.57) 2.63 (1.13) 1.96 (2.05)
IM vs. SP 0.112 0.009 0.009 0.009 0.009p-value
IM vs. RA 0.076 0.004 0.004 0.004 0.004

IM: intramural; PP: prepulmonary; SP: subpulmonary; RA: retroaortic.

3.3.3. LCA Distal Segment

MLA variations in the distal segment of LCAs are presented in Table 4 for healthy,
intramural, prepulmonary, subpulmonary, and retroaortic courses. Figure 4e shows that
AAOCA with a retroaortic course undergoes luminal narrowing for high values of simu-
lated blood pressure. There are no significant differences between AAOCAs with intramural
courses and AAOCAs without intramural courses. Healthy coronary arteries differ signifi-
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cantly from AAOCAs with a retroaortic course under simulated pressure conditions. The
median differences in MLA variations show that the greatest discrepancies occur when
comparing healthy coronaries and AAOCAs with retroaortic courses (Table A3).

Table 4. Median luminal area variation of the distal segment in left coronary arteries.

LCA DIS Simulated Pressure [mmHg]
Course 70 90 120 180 250

MLA
Variation

[%]

HC 0.49 (0.17) 1.36 (0.67) 2.99 (1.63) 6.41 (2.66) 8.52 (5.2)
IM 0.42 (0.31) 1.03 (1.21) 2.08 (1.81) 4.86 (3.55) 5.15 (7.12)
PP 0.21 (0.07) 0.6 (0.25) 1.19 (0.42) 2.4 (0.84) 2.38 (0.77)
SP 0.27 (0.05) 0.78 (0.29) 1.62 (0.44) 3.02 (1.03) 2.9 (1.46)
RA 0.12 (0.21) 0.23 (0.92) 0.33 (1.91) 0.08 (4.26) −2.94 (4.93)

p-value

IM vs. HC 1.000 1.000 0.400 0.320 0.286
IM vs. SP 1.000 1.000 1.000 1.000 1.000
IM vs. RA 0.813 0.426 0.200 0.293 0.127
SP vs. HC 0.139 0.069 0.058 0.050 0.058
RA vs. HC 0.005 0.006 0.005 0.014 0.002

HC: healthy coronary; IM: intramural; PP: prepulmonary; SP: subpulmonary; RA: retroaortic.

3.3.4. RCA Ostial Segment

MLA variations in the ostial segment of RCAs are presented in Table 5 for healthy,
intramural, and interarterial courses. Figure 4b shows that both AAOCAs with intramural
courses and AAOCAs with interarterial courses are subject to a reduction in luminal area.
The comparison between these two types of courses is not statistically significant, while
both differ significantly from healthy coronary arteries (p < 0.001) under any simulated
blood pressure conditions. The median differences in MLA variations show that the greatest
discrepancies occur when comparing healthy coronaries and AAOCAs with intramural
courses (Table A4).

Table 5. Median luminal area variation of the ostial segment in right coronary arteries.

RCA OST Simulated Pressure [mmHg]
Course 70 90 120 180 250

MLA
Variation

[%]

HC 0.55 (0.35) 1.25 (0.88) 2.69 (1.77) 5.68 (4.07) 7.49 (7.66)
IM −0.59 (1.14) −1.19 (2.62) −3.34 (3.42) −7.11 (7.67) −18.69 (19.32)
IA −0.37 (0.61) −0.81 (1.08) −1.54 (1.89) −2.9 (2.04) −5.75 (7.28)

p-value
IM vs. HC <0.001 <0.001 <0.001 <0.001 <0.001
IM vs. IA 1.000 1.000 0.378 0.256 0.167
IA vs. HC <0.001 <0.001 <0.001 <0.001 <0.001

HC: healthy coronary; IM: intramural; IA: interarterial.

3.3.5. RCA Middle Segment

MLA variations in the middle segment of RCAs are presented in Table 6 for intramural
and interarterial courses. Figure 4d shows that both AAOCAs with intramural courses
and AAOCAs with interarterial courses experience luminal narrowing. The comparison
between these two types of courses is statistically significant under any simulated pressure
condition, except for 70 mmHg.

Table 6. Median luminal area variation of the middle segment in right coronary arteries.

RCA MID Simulated Pressure [mmHg]
Course 70 90 120 180 250

MLA
Variation

[%]

IM −0.41 (0.58) −1.46 (1.06) −2.46 (2.34) −5.13 (2.91) −11.36 (11.38)

IA 0.01 (0.35) −0.53 (1.2) −0.8 (1.69) −1.11 (3.39) −3.67 (7.04)
p-value IM vs. IA 0.285 0.020 0.027 0.006 0.002

IM: intramural; IA: interarterial.
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3.3.6. RCA Distal Segment

MLA variations in the ostial segment of RCAs are presented in Table 7 for healthy, intra-
mural, and interarterial courses. Figure 4f shows that both healthy coronaries and AAOCAs
are not subject to luminal narrowing. There are no significant differences other than the
one observed by comparing AAOCAs with intramural courses and healthy coronaries at
250 mmHg (p = 0.013). The median differences in MLA variations show that AAOCAs with
intramural courses have less expansion than the other course types (Table A6).

Table 7. Median luminal area variation of the distal segment in right coronary arteries.

RCA DIS Simulated Pressure [mmHg]
Course 70 90 120 180 250

MLA
Variation

[%]

HC 0.24 (0.07) 0.72 (0.23) 1.44 (0.35) 2.92 (0.8) 2.91 (0.71)
IM 0.23 (0.13) 0.65 (0.22) 1.24 (0.4) 2.32 (0.97) 1.1 (2.89)
IA 0.29 (0.1) 0.91 (0.19) 1.87 (0.46) 3.85 (0.68) 3.98 (0.76)

p-value
IM vs. HC 0.919 0.528 0.623 0.175 0.018
IM vs. IA 0.625 0.050 0.068 0.068 0.068
IA vs. HC 1.000 0.076 0.231 0.203 0.263

HC: healthy coronary; IM: intramural; IA: interarterial.

In addition, the comparison between left AAOCAs with intramural courses and right
AAOCAs with intramural courses does not show any statistically significant differences.

3.4. Proximal to Distal Narrowing

The MLAs of the ostial, middle, and distal zones of healthy and anomalous coronary
arteries are summarized as median and IQR in Table A7 for the LCAs and in Table A8 for
the RCAs. Tables 8 and 9 report the percentage of proximal course narrowing in relation
to the distal segment for each different type of anomalous course in the LCAs and RCAs,
respectively. We recall that negative values indicate the absence of proximal stenosis,
i.e., the proximal segment has a greater MLA than the distal segment. The prepulmonary
and retroaortic courses do not exhibit proximal narrowing. The subpulmonary course
has a reduction of the MLA both at the ostial and middle levels compared with the distal
reference, which ranges from 16% to 19% under all simulated pressure conditions. The
intramural course in LCAs shows ostial and middle stenosis of 25% and 48% in basal
condition, increasing to 48% and 56%, respectively, with a simulated pressure of 250 mmHg.
The interarterial course has a reduction of the MLA in the ostial and middle zones compared
with the distal reference, which never exceeds a value of 30%. The intramural course in
RCAs presents ostial and middle stenosis of 42% and 44% in basal condition, increasing to
59% and 50%, respectively, with a simulated pressure of 250 mmHg.

Table 8. LCA. Proximal to distal narrowing [%].

Simulated Pressure [mmHg]
Course Segments

Basal 90 120 180 250
OST/DIS 25.0 26.1 28.3 35.3 48.1

IM MID/DIS 48.1 48.9 50.0 52.6 56.0
OST/DIS −201.9 −204.5 −209.1 −213.1 −201.7

PP MID/DIS −102.2 −103.3 −104.2 −106.3 −107.3
OST/DIS 19.4 18.8 18.4 17.6 16.4

SP MID/DIS 16.7 16.4 16.4 16.5 16.5
OST/DIS −33.5 −36.5 −39.6 −46.0 −53.2

RA MID/DIS −21.8 −22.9 −23.7 −26.6 −28.2
Percentage of proximal to distal narrowing = (distal area − proximal area)/distal area × 100. HC: healthy
coronary; IM: intramural; PP: prepulmonary; SP: subpulmonary; RA: retroaortic.
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Table 9. RCA: Proximal to distal narrowing [%].

Simulated Pressure [mmHg]
Course Segments

Basal 90 120 180 250
OST/DIS 41.9 44.6 45.9 50.6 58.7

IM MID/DIS 43.9 45.1 46.0 48.3 50.4
OST/DIS 17.2 18.7 20.2 22.1 28.6

IA MID/DIS 4.4 5.6 6.7 9.5 12.8
Percentage of proximal to distal narrowing = (distal area − proximal area)/distal area × 100. HC: healthy
coronary; IM: intramural; IA: interarterial.

4. Discussion

The present study proposes a patient-specific computational pipeline for modeling and
simulation of the different AAOCA variants. We used structural FEAs to simulate blood
pressure regimens ranging from rest to extreme effort, and we analyzed the pressurized
geometries to evaluate enlargement or narrowing along the coronary vessels at the different
loading conditions. Then, we compared homologous segments to assess differences in
behavior between healthy and anomalous coronaries and between anomalous coronaries
with and without intramural courses. Furthermore, we derived the percentage of proximal
course narrowing in relation to the distal segment at rest and under effort. Our results
showed that the method herein described is able to accurately reproduce the patient-specific
anatomy, regardless of the type of anomaly, ensuring that the computational domain used
in the structural simulations reliably reflects the aortic root and coronary arteries of the
patients under investigation. The structural simulation results revealed that AAOCAs with
interarterial and intramural courses have segment-specific compression along their entire
proximal length that increases with increasing physical effort and that is not observed in the
other types of anomalous courses. The presence of the intramural tract further magnifies the
narrowing effect, in accordance with the literature that recognizes the intramural segment
as a high-risk anatomical feature since it may impede blood flow to the myocardium and
cause ischemia and SCD [3–8]. AAOCAs with a subpulmonary course enlarge their caliber
along the entire vessel length, but they expand less than the healthy coronaries at the
ostium. AAOCAs with a retroaortic course, compared with healthy coronary arteries, show
less expansion of the cross-sectional area at the ostial and distal segments, with slight distal
narrowing at higher values of aortic pressure. The smaller ostial expansion of these two
anomalous courses could find an explanation considering that, since the coronary vessel
passes obliquely through the aortic wall for a short distance (Figure 2b,c), its ability to
expand could be compromised near the origin [22]. The distal narrowing of the retroaortic
course, instead, might be an effect due to the LVOT expansion.

The percentage of proximal course narrowing in relation to the distal segment is
commonly adopted to evaluate the severity of fixed stenosis, and in cases of a value
above 50%, revascularization of the proximal vessel may be considered [21]. We found
that the subpulmonary and interarterial courses presented mild stenosis in the proximal
segment, suggesting that these anomalies should be brought to clinical attention, but
only AAOCAs with intramural courses reached a critical narrowing with an indication
for surgical treatment. The percentage of stenosis was measured using MLAs, so it is
representative of the entire length of the proximal segment, which is another anatomical
feature that plays a key role in the pathology [3,21]. Notably, our analysis showed that the
severity of stenosis increases from diastole to systole, even in resting conditions, confirming
the importance of a dynamic evaluation of the intramural course during the whole cardiac
cycle [23]; moreover, the proximal to distal narrowing became more relevant under effort
conditions. These findings highlight the necessity to characterize the AAOCAs, particularly
the AAOCA with an intramural course, not only at rest but also under a range of physical
conditions. Our work directly addresses this necessity, using patient-specific structural
FEAs to investigate conditions that cannot be reproduced in clinical practice and providing
information to support decision-making in the management and treatment of AAOCA
patients. Diagnosis and anatomical evaluation of AAOCAs, routinely performed with
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coronary CTA at rest, could be supplemented with the assessment of intramural segment
compression under simulated exertion. Analysis of the luminal cross-sectional areas at
different pressure levels may reveal a dynamic stenosis [21] that becomes significant only
during effort conditions, the threat of which could be underestimated by relying exclusively
on conventional assessment of lumen morphology. The approach presented in this paper
has the potential to increase the diagnostic information that can be extracted from CTA
scans about anomalous coronary arteries, especially for patients with milder versions of
high-risk anatomic features. Thus, the indication for further non-invasive or invasive
diagnostic investigations to evaluate the hemodynamic relevance of the anomalous vessel
and, consequently, a possible indication for surgery might be suggested in the first place by
a patient-specific structural simulation based on coronary CTA imaging.

Limitation. The prediction of our model should be validated with clinical data, but the
specific validation scenario is complex to achieve. On the one hand, dobutamine can induce
physical adaptations that typically occur under effort conditions (increased stroke volume,
heart rate, and blood pressure) and may highlight the mechanism of lateral compression by
aortic expansion. On the other hand, a low heart rate is necessary during CTA acquisition
to optimize image quality and interpretability [24], and IVUS imaging with dobutamine
infusion is an invasive procedure, not feasible in every patient, technically challenging,
and with a non-negligible risk [22]. Furthermore, extreme pressure regimes that can be
simulated with computational tools cannot be reproduced in a clinical environment without
endangering patients with AAOCAs. For these reasons, there is currently no study that has
validated AAOCA models, especially the lateral compression of the intramural segment,
against invasive measurements (i.e., IVUS) [25]. This is a limitation that needs to be
addressed in future work to take a step toward the application of computational models of
the AAOCA in clinical practice.

The geometric model described in this paper does not consider the patient-specific
thickness of the aortic and coronary arterial walls. Regarding the material model, the
assumption of a neo-Hookean formulation does not take into account the highly nonlin-
ear and anisotropic behavior of the aorta and coronary arteries. Moreover, the present
study considered a stress-free configuration of the modelized vessels as a starting point,
disregarding the diastolic pressure. Then, incremental loads were applied to simulate
blood pressure ranging from rest to extreme effort, assuming that the geometry is built
to resemble the patient’s anatomy at the diastolic phase of the cardiac cycle. In order to
accurately model the stress distribution and the corresponding deformation of the aortic
and coronary walls, further development of the study should target these approximations
by implementing strategies to model pre-stress [26,27], incorporating a more complex
constitutive model [28], and assigning patient-specific arterial wall thickness retrieved from
other imaging modalities.

5. Conclusions

The modeling and simulation workflow presented in this paper demonstrated the
ability to accurately reproduce the patient-specific anatomy of any AAOCA variant and
capture pathological behaviors in accordance with clinical hypotheses. Our pipeline,
based on patient-specific structural FEAs, could serve as a computational tool capable
of complementing current diagnostic procedures by investigating effort conditions that
cannot be reproduced in clinical practice, retrieving the degree of narrowing and the critical
locations of the phenomenon, and supporting decision-making in the management and
treatment of AAOCAs without any risk to patient safety.
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Appendix A

Table A1. Median luminal area variation of the ostial segment in left coronary arteries.

LCA OST Simulated Pressure [mmHg]
Course 70 90 120 180 250

HC 0.76 (0.21) 2.24 (0.62) 4.37 (1.41) 8.71 (2.54) 12.38 (4.59)
IM −0.76 (1.57) −2.23 (2.31) −4.88 (4.8) −9 (10.84) −18.87 (14.19)
PP 0.31 (0.31) 1.38 (0.93) 3.53 (2.02) 5.95 (4.57) 3.36 (9.71)
SP 0.5 (0.15) 1.4 (0.25) 2.95 (0.36) 6.79 (1.34) 9.05 (2.52)

MLA
Variation

[%]
RA 0.3 (0.34) 0.91 (0.49) 1.89 (1.22) 3.85 (3.69) 4.24 (6.34)

p-value

IM vs. HC 0.006 <0.001 <0.001 <0.001 <0.001
IM vs. SP 1.000 0.016 0.016 0.016 0.016
IM vs. RA 1.000 0.200 0.080 0.080 0.013
SP vs. HC 0.099 0.027 0.022 0.022 0.033
RA vs. HC 0.005 0.003 0.004 0.006 0.028

IM vs. HC −1.5
[−2.2, −0.2]

−4.5
[−5.6, −2]

−9.2
[−10.8, −4]

−17.7
[−22.6, −8]

−31.3
[−46.2, −25.2]

IM vs. SP −1.3
[−2, 0.1]

−3.6
[−4.7, −1.1]

−7.8
[−9.2, −2.7]

−15.8
[−20.9, −6]

−27.9
[−38, −18.5]

IM vs. RA −1.1
[−1.7, 0.2]

−3.1
[−4.3, −0.8]

−6.8
[−8.7, −1.7]

−12.8
[−19, −3.1]

−23.1
[−34.2, −11.5]

SP vs. HC −0.3
[−0.4, −0.1]

−0.8
[−1.2, −0.5]

−1.4
[−2.2, −0.9]

−1.9
[−3.3, −1]

−3.3
[−6, −0.9]

Effect
Size
[%]

RA vs. HC −0.5
[−0.9, −0.3]

−1.3
[−1.9, −0.8]

−2.5
[−3.6, −1.3]

−4.9
[−6.8, −1]

−8.1
[−11.8, −1.4]

HC: healthy coronary; IM: intramural; PP: prepulmonary; SP: subpulmonary; RA: retroaortic.

Table A2. Median luminal area variation of the middle segment in left coronary arteries.

LCA MID Simulated Pressure [mmHg]
Course 70 90 120 180 250

IM −0.14 (0.3) −0.81 (0.8) −1.8 (1.01) −4.8 (3.55) −9.98 (8.09)
PP 0.18 (0.09) 0.63 (0.15) 1.25 (0.4) 2.58 (0.66) 2.46 (0.63)
SP 0.29 (0.21) 0.88 (0.47) 2.01 (0.62) 3.43 (1.03) 3.85 (2.2)

MLA
Variation

[%] RA 0.2 (0.14) 0.65 (0.28) 1.21 (0.57) 2.63 (1.13) 1.96 (2.05)
IM vs. SP 0.112 0.009 0.009 0.009 0.009p-value
IM vs. RA 0.076 0.004 0.004 0.004 0.004

Effect
Size
[%]

IM vs. SP −0.4
[−0.8, −0.2]

−1.7
[−2.6, −1.2]

−3.8
[−5.9, −2.9]

−8.2
[−9.7, −5.2]

−13.8
[−18.2, −8.2]

IM vs. RA −0.3
[−0.8, 0.2]

−1.5
[−3.4, −1.1]

−3
[−5.1, −2.1]

−7.4
[−9.6, −4.4]

−11.9
[−15.8, −6.3]

IM: intramural; PP: prepulmonary; SP: subpulmonary; RA: retroaortic.
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Table A3. Median luminal area variation of the distal segment in left coronary arteries.

LCA DIS Simulated Pressure [mmHg]
Course 70 90 120 180 250

HC 0.49 (0.17) 1.36 (0.67) 2.99 (1.63) 6.41 (2.66) 8.52 (5.2)
IM 0.42 (0.31) 1.03 (1.21) 2.08 (1.81) 4.86 (3.55) 5.15 (7.12)
PP 0.21 (0.07) 0.6 (0.25) 1.19 (0.42) 2.4 (0.84) 2.38 (0.77)
SP 0.27 (0.05) 0.78 (0.29) 1.62 (0.44) 3.02 (1.03) 2.9 (1.46)

MLA
Variation

[%]
RA 0.12 (0.21) 0.23 (0.92) 0.33 (1.91) 0.08 (4.26) −2.94 (4.93)

IM vs. HC 1.000 1.000 0.400 0.320 0.286
IM vs. SP 1.000 1.000 1.000 1.000 1.000
IM vs. RA 0.813 0.426 0.200 0.293 0.127p-value
SP vs. HC 0.139 0.069 0.058 0.050 0.058
RA vs. HC 0.005 0.006 0.005 0.014 0.002

IM vs. HC −0.1
[−0.4, 0.1]

−0.3
[−1.1, 0.8]

−0.9
[−2.1, 0.9]

−1.6
[−4.1, 0.8]

−3.4
[−9.7, 0.7]

IM vs. SP 0.1
[−0.1, 0.3]

0.3
[−0.3, 1.4]

0.5
[−0.6, 1.9]

1.8
[−0.7, 4.1]

2.3
[−4, 5.6]

IM vs. RA 0.3
[0, 0.6]

0.8
[−0.1, 2.1]

1.8
[0.3, 3.8]

4.8
[0.3, 8.5]

8.1
[2, 15.1]

SP vs. HC −0.2
[−0.3, −0.1]

−0.6
[−1.1, −0.1]

−1.4
[−2.2, −0.8]

−3.4
[−5.4, −2.3]

−5.6
[−8.3, −3.6]

Effect
Size
[%]

RA vs. HC −0.4
[−0.6, −0.1]

−1.1
[−2, −0.5]

−2.7
[−3.9, −1.3]

−6.3
[−8.9, −1.6]

−11.5
[−16.8, −6.9]

HC: healthy coronary; IM: intramural; PP: prepulmonary; SP: subpulmonary; RA: retroaortic.

Table A4. Median luminal area variation of the ostial segment in right coronary arteries.

RCA OST Simulated Pressure [mmHg]
Course 70 90 120 180 250

HC 0.55 (0.35) 1.25 (0.88) 2.69 (1.77) 5.68 (4.07) 7.49 (7.66)
IM −0.59 (1.14) −1.19 (2.62) −3.34 (3.42) −7.11 (7.67) −18.69 (19.32)

MLA
Variation

[%] IA −0.37 (0.61) −0.81 (1.08) −1.54 (1.89) −2.9 (2.04) −5.75 (7.28)
IM vs. HC <0.001 <0.001 <0.001 <0.001 <0.001

p-value IM vs. IA 1.000 1.000 0.378 0.256 0.167
IA vs. HC <0.001 <0.001 <0.001 <0.001 <0.001

IM vs. HC −1.1
[−1.8, −0.5]

−2.4
[−4.2, −1.4]

−6
[−7.9, −3.5]

−12.8
[−17.7, −8.5]

−26.2
[−39.4, −17.6]

IM vs. IA −0.2
[−1.1, 0.6]

−0.4
[−2.4, 1.1]

−1.8
[−4, 0.6]

−4.2
[−8, 2.3]

−12.9
[−27.4, −2.8]

Effect
Size
[%]

IA vs. HC −0.9
[−1.6, −0.6]

−2.1
[−3.5, −1.5]

−4.2
[−5.7, −2.4]

−8.6
[−12, −6.5]

−13.2
[−18.9, −7]

HC: healthy coronary; IM: intramural; IA: interarterial.

Table A5. Median luminal area variation of the middle segment in right coronary arteries.

RCA MID Simulated Pressure [mmHg]
Course 70 90 120 180 250

IM −0.41 (0.58) −1.46 (1.06) −2.46 (2.34) −5.13 (2.91) −11.36 (11.38)MLA
Variation

[%] IA 0.01 (0.35) −0.53 (1.2) −0.8 (1.69) −1.11 (3.39) −3.67 (7.04)
p-value IM vs. IA 0.285 0.020 0.027 0.006 0.002
Effect
Size
[%]

IM vs. IA −0.4
[−0.9, 0]

−0.9
[−2, 0.1]

−1.7
[−3.8, −0.1]

−4
[−6.8, −0.4]

−7.7
[−19.7, −1.1]

IM: intramural; IA: interarterial.
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Table A6. Median luminal area variation of the distal segment in right coronary arteries.

RCA DIS Simulated Pressure [mmHg]
Course 70 90 120 180 250

HC 0.24 (0.07) 0.72 (0.23) 1.44 (0.35) 2.92 (0.8) 2.91 (0.71)
IM 0.23 (0.13) 0.65 (0.22) 1.24 (0.4) 2.32 (0.97) 1.1 (2.89)

MLA
Variation

[%] IA 0.29 (0.1) 0.91 (0.19) 1.87 (0.46) 3.85 (0.68) 3.98 (0.76)

p-value
IM vs. HC 0.919 0.528 0.623 0.175 0.018
IM vs. IA 0.625 0.050 0.068 0.068 0.068
IA vs. HC 1.000 0.076 0.231 0.203 0.263

IM vs. HC 0
[−0.1, 0.4]

−0.1
[−0.2, 0.7]

−0.2
[−0.6, 0]

−0.6
[−1.3, 0.1]

−1.8
[−3.9, −0.9]

IM vs. IA −0.1
[−0.2, 0.1]

−0.3
[−0.4, 0]

−0.6
[−1.1, −0.3]

−1.5
[−2.2, −0.8]

−2.9
[−5, −1.4]

Effect
Size
[%]

IA vs. HC 0
[0, 0.6]

0.2
[0, 0.5]

0.4
[0, 0.8]

0.9
[0.3, 1.5]

1.1
[−0.6, 1.7]

HC: healthy coronary; IM: intramural; IA: interarterial.

Table A7. Median luminal area in left coronary arteries.

LCA Simulated Pressure [mmHg]
Course Basal 90 120 180 250

HC 14.27 14.60 14.90 15.49 16.41
IM 9.79 9.75 9.55 8.87 7.17
PP 8.36 8.48 8.66 8.86 8.54
SP 5.94 6.01 6.09 6.27 6.38

OST MLA
[mm2]

RA 5.89 5.98 6.08 6.29 6.41
IM 6.78 6.73 6.66 6.50 6.07
PP 5.60 5.66 5.72 5.84 5.87
SP 6.14 6.19 6.24 6.35 6.37

MID MLA
[mm2]

RA 5.37 5.38 5.39 5.46 5.36
HC 11.55 11.71 11.87 12.26 12.48
IM 13.05 13.18 13.31 13.71 13.82
PP 2.77 2.78 2.80 2.83 2.83
SP 7.37 7.41 7.47 7.60 7.63

DIS MLA
[mm2]

RA 4.41 4.38 4.36 4.31 4.18
HC: healthy coronary; IM: intramural; PP: prepulmonary; SP: subpulmonary; RA: retroaortic.

Table A8. Median luminal area in right coronary arteries.

RCA Simulated Pressure [mmHg]
Course Basal 90 120 180 250

HC 9.30 9.44 9.61 10.00 10.34
IM 5.31 5.09 4.99 4.57 3.67OST MLA

[mm2] IA 5.94 5.87 5.80 5.74 5.28
IM 5.13 5.05 4.98 4.78 4.40MID MLA

[mm2] IA 6.86 6.81 6.78 6.67 6.44
HC 7.95 8.01 8.06 8.18 8.19
IM 9.15 9.19 9.22 9.25 8.88DIS MLA

[mm2] IA 7.17 7.22 7.27 7.37 7.39
HC: healthy coronary; IM: intramural; IA: interarterial.
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