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Aortic Expansion Induces Lumen
Narrowing in Anomalous
Coronary Arteries: A Parametric
Structural Finite Element
Analysis
Anomalous aortic origin of coronary arteries (AAOCA) is a congenital disease that can
lead to cardiac ischemia during intense physical activity. Although AAOCA is responsi-
ble for sudden cardiac death (SCD) among young athletes and soldiers, the mechanisms
underlying the coronary occlusion during physical effort still have to be clarified. The
present study investigates the correlation between geometric features of the anomaly and
coronary lumen narrowing under aortic root dilatations. Idealized parametric computer-
aided designed (CAD) models of the aortic root with anomalous and normal coronaries
are created and static finite element (FE) simulations of increasing aortic root expan-
sions are carried out. Different coronary take-off angles and intramural penetrations are
investigated to assess their role on coronary lumen narrowing. Results show that increas-
ing aortic and coronary pressures lead to lumen expansion in normal coronaries, partic-
ularly in the proximal tract, while the expansion of the anomalous coronaries is impaired
especially at the ostium. Concerning the geometric features of the anomaly, acute take-
off angles cause elongated coronary ostia, with an eccentricity increasing with aortic
expansion; the impact of the coronary intramural penetration on the lumen narrowing is
limited. The present study provides a proof of concept of the biomechanical reasons
underlying the lumen narrowing in AAOCA during aortic expansion, promoting the role
of computational simulations as a tool to assess the mechanisms of this pathology.
[DOI: 10.1115/1.4040941]

1 Introduction

Coronary arteries provide oxygenated blood to the cardiac tis-
sue; therefore, any pathological condition of these vessels may
compromise the heart function and be clinically relevant. This is
the case of the coronary artery anomalies (CAAs), which are con-
genital anatomical alterations resulting in an unphysiological cor-
onary pattern; CAAs can be classified into numerous subgroups
depending on the altered characteristics, such as the number of
ostia, coronary origin, proximal course, and termination [1].

The interest of the present study is primarily focused on the
CAAs of origin because they represent some of the most clinically
critical anomalies, potentially resulting in severe prognostic impli-
cations such as myocardial infarction and sudden cardiac death
(SCD) [2,3]. More specifically, we concentrate our attention on
the anomalous aortic origin of the coronary from the opposite or
noncoronary sinus, in the following referred as anomalous aortic
origin of coronary arteries (AAOCA).

Besides a weak knowledge of both AAOCA epidemiology and
pathophysiology [4], its compatibility with life is also a matter of
concerns; in fact, it is difficult to distinguish the cases associated
with severe clinical risks from those that can allow a long and
active life [2,5]. The risk of SCD related to AAOCA is not trivial
to assess and requires a careful definition of the population of
study [6]: published data report a prevalence ranging from 0.1 to
1.07% [4,7–10]. Luckily, these data do not represent the risk of
SCD due to this condition, which can remain potentially silent for
the entire lifetime, especially for the majority of the population
made of sedentary and non-sportspeople [6]. Regrettably, the

pathology is more likely to cause SCD in individuals subjected to
prolonged physical efforts, such as young athletes and soldiers, as
shown by Maron et al., who reported that 11% of sudden deaths
among competitive athletes were due to AAOCA [11].

One of the major concerns of this pathology is its high anatomi-
cal variability. First of all, four recognized patterns are possible
[12]: (1) the left coronary artery (LCA) arising from the right
sinus; (2) the right coronary artery arising from the left sinus; (3)
the left circumflex (LCx) or left anterior descending (LAD) artery
arising from right sinus; (4) the LCA or right coronary artery aris-
ing from the noncoronary sinus. For each of these cases, the coro-
nary may have a variable height of take-off, i.e., the height of the
coronary ostium, as well as a variable course, which can be cate-
gorized as follows: (1) interarterial (between the aorta and the pul-
monary artery) and/or intramural (inside the aortic wall); (2)
retroaortic; (3) prepulmonic; (4) septal [12,13]. An anatomical
example of two coronaries with normal and anomalous aortic ori-
gin with intramural course is given in Fig. 1.

Given such anatomical conditions, there is not a shared opinion
on the underlying mechanisms of coronary compression during
exercise yet. While several authors attribute the cause to the inter-
arterial course between the aorta and the pulmonary trunk
[14–16], others sustain that a reasonable explanation corresponds
to the intramural course, a condition in which the intussuscepted
coronary is laterally compressed by the aortic wall during exertion
[17]. Following the last hypothesis, Angelini and coworkers have
also suggested other two mechanisms of occlusion: the hypoplasia
of the coronary intramural segment and a further lateral compres-
sion due to aging [18,19].

The identification of specific morphological features that could
lead to coronary occlusion is difficult to assess. Some studies have
suggested that acute angles of take-off may lead to slit-like
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orifices during aortic expansion [17,20]. Conversely, Taylor and
co-workers did not find any significant correlation between length
of aortic intramural segment, coronary ostial size or angle of coro-
nary take-off and SCD [3].

Given such premises, the goal of the present study is to investi-
gate the biomechanical implications between AAOCA with intra-
mural course and coronary occlusion. In particular, we assess the
influence of the inclusion in the arterial wall and the take-off angle
of the coronary on its lumen narrowing during aortic exertion. To
this aim, we create a parametric geometric model of the aortic
root and anomalous coronary and perform a static finite element
(FE) analysis, which is, to the best of our knowledge, the first
computer-based biomechanical study of AAOCA.

2 Materials and Methods

2.1 Parametric Computer-Aided Designed Model of
Aortic Root With Anomalous Aortic Origin Of Coronary
Arteries. The first step of our study consists of creating a geomet-
ric model of an idealized aortic root with AAOCA following ana-
tomical indications given by expert cardio-thoracic surgeons. The

computer-aided designed (CAD) model is designed with Rhinoc-
eros v. 5.0 software, integrated with the plug-in Grasshopper v.
0.9.0076 (McNeel and associates, Seattle, WA). The model is
defined by twenty-two parameters describing the aortic root
geometry and allowing to vary the position of the coronary
ostium, the take-off angle (c), the amount of intramural penetra-
tion (d), and the length of the intramural course in order to simu-
late the pathological condition of AAOCA. In particular, the
aortic root is obtained with a loft surface through five curves: one
curve defining the shape of the sinuses, which is obtained by cut-
ting the inferior part of the model with three ideal planes; two
level curves at heights Hsv (sv¼ sinuses of Valsalva) and Hsj

(sj¼ sinotubular junction); two planar auxiliary curves used to
add 10 mm extensions of the aortic root to apply boundary condi-
tions and obtain more uniform geometry after loft operation
(Fig. 2).

On the other hand, we model the coronary as a pipe with a con-
stant diameter swept along a controllable axis defined as follows:
a plane that identifies the spatial position of the coronary is used
to ideally cut the aortic root and identify a series of points on the
outer aortic surface; each of these points is shifted by a constant
offset q along the surface normal at the point; finally, the coronary
axis is obtained interpolating such shifted points.

The model’s parameters, their range, and the selected value for
the present study are summarized in Table 1. The table lists the
references of the parameters’ values obtained by a review of the
literature dealing with anatomical features of the aortic root and
anomalous coronary; whenever possible, we accounted also for
studies about individuals subjected to prolonged physical efforts.

During structural FE analyses, all parameters are kept constant
except c and d in order to study how the percentage of coronary
lumen narrowing depends on the take-off angle and intramural
penetration, which are considered key-factors of the anomaly
[35,36]. In our study, these parameters are defined as follows: c is
the angle formed by the coronary axis and the outer surface of the
aortic root (Fig. 3, box 1); d is the amount of intramural penetra-
tion of the coronary in the aortic wall (Fig. 3, box 2) and is related
to the distance q as follows:

d ¼ rext � q
rext � rin

� 100% (1)

where rext and rin are the external and internal radii of the coro-
nary, respectively. In this study, d ranges from a value of 0%,
when the coronary wall is tangent to the aortic surface (i.e., extra-
mural course), to 100%, when the whole thickness of the coronary
wall is immersed in the aortic wall.

2.2 Parametric Computer-Aided Designed Model of
Aortic Root With Normal Coronary. With the aim of evaluating
the coronary lumen enlargement in the absence of the AAOCA,
we build also an idealized model of the aortic root with normal
coronary. In this case, the coronary is modeled as a pipe, which
origins perpendicularly from the sinus of Valsalva, i.e., the take-
off angle is 90 deg, with cross-sectional geometric dimensions
equal to the anomalous case but with smaller length, i.e., 15 mm,
in order to save computational cost. Moreover, as in the model
with AAOCA, we keep the final downward tract used to apply the
boundary conditions to the coronary in order to preserve possible
effects on the lumen narrowing due to this portion during aortic
expansion.

2.3 Finite Element Analysis. In the present study, ten mod-
els are selected for the FE simulations, which are referred in the
following as: N, c20� d0; c35� d0; c50� d0; c20� d50; c35�
d50; c50� d50; c20� d100; c35� d100; c50� d100, where the
label N refers to the normal coronary, while the other labels deal
with the take-off angle (c) and intramural penetration (d) of the
anomalous coronaries.

Fig. 1 Graphic representation of two coronary arteries with
normal and anomalous origin with intramural course: (a) Nor-
mal condition: LCA arises perpendicularly from the left coro-
nary sinus and immediately branches into the LAD and the LCx
arteries; (b) Anomalous condition: LCA arises with an acute
angle from the right coronary sinus, courses inside the aortic
wall in its early tract and then branches into the LAD and LCx
arteries
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Static structural analyses are performed with Abaqus Standard
solver v. 6.16 (Dassault Systèmes, Providence, RI). Finite strain
theory is applied in order to include the nonlinear geometric effects
associated with the different geometric parameters. To simulate
the mechanical behavior of the biological tissue, an isotropic,
homogeneous, and linear elastic material model (St. Venant-
Kirchhoff) with Young’s modulus of 1 MPa and Poisson’s ratio of
0.45 is used for both the aortic root and coronary. According to

Koch et al. [37], the values of the mechanical properties are chosen
in order to match a distensibility

d ¼ Dsystolic � Ddiastolic

Ddiastolic � Psystolic � Pdiastolicð Þ
(2)

for the aortic root of 0.001 mmHg�1, as measured by different
authors [38,39]. In the previous formula, D is the diameter at the

Fig. 2 Geometric parameters of the CAD model of the aortic root with AAOCA: (a) lateral view of the model showing the heights
of the principal level curves (Hs, Hsv, Hsj), the radii of the aortic annulus (R1), sinotubular junction (R2) and ascending aorta (R3),
the aortic wall thickness t, the declivity angle of the coronary h, the angle of intramural course j. The red part refers to the por-
tion of the aortic root comprised between the aortic annulus and the sinotubular junction, the grey parts refer to additional pro-
trusions for boundary conditions application and geometric uniformity; (b) cross-sectional view at height Hsv describing the
parameters of the level curve of the maximum protrusion of the sinuses of Valsalva.

Table 1 Parameters of the model. In the top part are listed the parameters of the model of the aortic root, in the bottom part are
listed the parameters of the model of the coronary. The values are listed according to the corresponding references. The right col-
umn contains the values chosen to build the model, obtained as approximate mean values from the literature data. NA—Not avail-
able; with respect to; MI—Medical image.

Description SymbolUnits Literature data References Model value

Radius at aortic annulus R1 mm 10.11; 17.8; 13.5; 11.5; 11.95; 11; 12.5 [21–27] 12.5
Radius at sinotubular junction R2 mm 15.9; 14.63; 18.4; 16.74; 15.5; 13.55; 17.77; 13.75; 12.25 [21–29] 15
Radius at ascending aorta R3 mm 15.43; 18.4; 16.5 [21,22,24] 15
Height of sinuses graft Hs mm NA NA 0
Height of maximum protrusion of sinuses of Valsalva Hsv mm 9.97; 4.59; 5.4; 17 [21,23,25,27] 12
Height of sinotubular junction Hsj mm 23.6; 23.62; 13.5; 13.5; 21.7; 23 [21,23,25,27,28] 19
Distance of the junction between sinuses a and b Lab mm 13.60 [21] 13.6
Distance of the junction between sinuses a and / La/ mm 13.68 [21] 13.6
Distance of the junction between sinuses b and / Lb/ mm 13.67 [21] 13.6
Protrusion of sinus a Sa mm 10.5; 18.23; 11.07 [21,23,28] 13
Protrusion of sinus b Sb mm 10.5; 18.77; 11.07 [21,23,28] 13
Protrusion of sinus u Su mm 10.5; 18.52; 11.07 [21,23,28] 13
Angle of sinus a (with respect to y-axis) a deg 120 [30] 120
Angle of sinus b (with respect to y-axis) b deg 120 [30] 120
Aortic wall thickness t mm 0.6; 0.6-2.14; 1.5 [27,29,56] 1.5
Coronary external radius rext mm 1 (thickness) [31] 3.5
Coronary internal radius rint mm 2.25; 2.53 [32,33] 2.5
Coronary offset (with respect to aortic wall) d — NA NA 0–50–100%
Coronary take-off angle c deg acute if c � 45 [20] 20–35–50
Height of coronary take-off h mm 0:8 � Hsj [34] 0:8 � Hsj

Angle around aortic root in intramural course j deg NA NA 120
Declivity angle h deg MI NA 30
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sinotubular junction of the aortic root, while P is the luminal
pressure.

The models are discretized with quadratic tetrahedral elements
(element type: C3D10) having an approximate global size (ABQ/
CAE mesh module) of 1 mm, since a preliminary mesh conver-
gence analysis revealed that smaller sizes lead to a variation less
than 0.1% of the maximum coronary lumen narrowing. The
meshes result in an average of 58,395 elements and 98,478 nodes.

As boundary conditions of the top and bottom cross sections of
the aortic root, we constrain the longitudinal and circumferential
displacements, allowing only the radial dilatation of the root. Fur-
thermore, a translational rigidity of 1 MPa is added to the free
extremity of the coronary using ABAQUS spring elements spring1 to
simulate the constraint due to the surrounding heart muscle.

The pressure load is applied in the model taking the systolic
peak values from the pressure waveform reported by Chaichana
et al. [40]. Starting from the hypothesis that the unloaded CAD
model idealizes the aortic root and the coronary at the end of the
diastolic phase, i.e., at 80 mmHg, we discharge the prestress due
to this condition applying hydrostatic pressures of 40 mmHg,
70 mmHg, and 100 mmHg to the inner surfaces of the aortic roots
and of 10 mmHg, 40 mmHg and 70 mmHg to the inner surfaces of
the coronaries, respectively. In this manner, we simulate the load-
ing of the models with aortic pressures of 120 mmHg, 150 mmHg,
180 mmHg, which are possible pressures during exercise [41].

2.4 Postprocessing. After the simulations, the inner surface
of each deformed coronary is extracted as .stl file to import the
unstructured triangulated surface of the coronary lumen in the
VMTK software v. 1.3 [42]. Applying the algorithm vmtkcenterli-
nesections after resampling every 1 mm, we compute the center-
line and the corresponding luminal cross sections. The sections at
the extremities—up to almost 10 mm from the ends—are excluded
from the analysis in order to avoid outliers due to failure of the
algorithm. The first and the last of the considered cross sections
are labeled in the following as the proximal and distal lumen cross
sections of the coronary. For each model, the shape and area of
the ostium is extracted separately using Rhinoceros and a corre-
sponding eccentricity index is computed as

e ¼ 4

p
� A

a2
(3)

where A is the area of the ostial section and a is the major-axis: e
is equal to 1 when the ostium is circular and less than 1 when the
ostium becomes elliptic.

3 Results

In the following, we use the term basal when referring to any
quantity measured in the unloaded models, i.e., at end of diastolic
phase. Furthermore, we refer to the various loading cases report-
ing the simulated aortic pressure or, alternatively, the applied
pressure increments with respect to the basal value.

For the sake of simplicity, since we do not find significant dif-
ferences in the trend of the lumen narrowing between the proximal
and distal tract (as defined in Sec. 2.4) with different intramural
penetrations and take-off angles, the reported results for Figs. 4 and
5 refer only to the specific configuration of the model c35� d50
(i.e., the model with the anomalous coronary having the angle of
take-off of 35 deg and intramural penetration of 50%). The last is
considered to represent the worst condition among the investigated
cases, since it has the smallest mean luminal section.

First, we plot the lumen of the normal coronary (i.e., when the
vessel origins perpendicularly from the sinus of Valsalva) along
the normalized length at the pressure increments of þ40 mmHg,
þ70 mmHg and þ100 mmHg (Fig. 4(a)). It can be observed that
when the loading pressure increases, the lumen of the normal cor-
onary expands. More specifically, a larger expansion is detected at
the proximal level, where the coronary lumen enlarges of 11.9%,
22.43%, and 36.66% with respect to the basal value (19.51 mm2).
On the other hand, the coronary sections widen also in the distal
portion, experiencing a luminal enlargement of 1.08%, 3.77% and
6.35%. Finally, a slight slope is observed in the central region of
the plot, whose possible cause is the kinking of the coronary dur-
ing aortic expansion in correspondence of the downward portion
used to apply the boundary conditions.

We then plot the lumen of the anomalous coronary along the
normalized length at different pressure increments (Fig. 4(b)). The

Fig. 3 Illustrative representation of the model parameters dealing with the take-off angle and
the wall penetration of the anomalous coronary. Box 1: Schematic view for definition of the
take-off angle c; this angle is defined as the complementary of the angle k formed by the nor-
mal direction g of the outer aortic surface at the center of the ostium (point A) and the approxi-
mate tangent line g0 of the coronary axis at its starting point (point A). The approximate
tangent line g0 is obtained as follows: the direction g is used to define a plane passing through
this direction and the third point of interpolation of the coronary axis C; then the direction g is
rotated in this plane by an angle k and the new direction g0 is used to locate the second point
of interpolation B at a distance equal to q/2 from the coronary ostium. Thus, what we refer to
tangent line is actually the secant line connecting the points A and B of the coronary axis; Box
2: Definition of intramural penetration of the coronary d: when the distance between the outer
surface of the aortic wall and the coronary axis (q) is equal to rin the whole thickness of the
coronary wall is inside the aortic wall (d 5 100%). On the other hand, when q is equal to rext the
coronary wall is tangent to the outer surface of the aortic root (d 5 0%).
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anomalous coronary enlarges of 1.85%, 5.98%, 10.42% at the
proximal level, and of �0.54%, 1.78%, 4.04% at the distal level.
However, the coronary narrows in correspondence of the junction
of the sinuses of Valsalva, accounting for a narrowing of �4.01%,
�3.74%, and �3.60% for the three pressure increments. This dif-
ference disappears if we consider the 40 mmHg case as basal con-
figuration, suggesting that this localized narrowing is due to
relevant bulging of the aortic root, which is modeled as stress-free
geometry in the starting configuration of the nonlinear FE analysis
(see Sec. 5).

We also have computed the enlargement of the luminal section
of the aortic root at the sinotubular junction (results not shown),

which accounts for 8.76%, 17.56%, 28.75% with respect to the
basal value (547.23 mm2). It is not detected any difference
between the normal and anomalous case.

With the aim of elucidating the role of the coronary take-off
angle on the lumen narrowing during aortic expansion, we plot
the luminal sections of the models obtained by fixing the intramu-
ral penetration to 50% and varying the take-off angle (Fig. 5(a)).
The plot shows that the angle of take-off does not influence the
coronary narrowing in the considered region (i.e., between the
proximal and distal zone as described in Sec. 2.4).

Analogously, we plot the luminal sections of the models
obtained by fixing the angle to 35 deg and varying the intramural

Fig. 4 (a) Luminal sections of normal coronary at different pressure increments: as the aortic
pressure increases, the coronary lumen enlarges along the whole length, particularly in the
proximal tract (i.e., L/Lmax 5 0); (b) luminal sections of the anomalous coronary c 35–d50 (angle
equal to 35 deg, wall penetration equal to 50%) at different pressure increments: as the aortic
pressure increases, the coronary lumen experiences a slight or null enlargement in the proxi-
mal (i.e., L/Lmax 5 0) and distal (i.e., L/Lmax 5 1) tract, and a narrowing in correspondence of
the sinuses of Valsalva (i.e., L/Lmax 5 0.5), which is not dependent on the pressure increment

Fig. 5 Luminal sections of the anomalous coronaries at a pressure increment
DP 5 100 mmHg: (a) different angles of take-off have little impact on the narrowing of the coro-
nary between the proximal and distal tract; (b) different wall penetrations influence the nar-
rowing of the coronary in correspondence of the sinuses of Valsalva (i.e., L/Lmax 5 0:5). In
particular, when the coronary has an extramural course the narrowing is described by two
peaks. c 5 take-off angle, d 5 wall penetration.
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penetrations (Fig. 5(b)), which influence the luminal narrowing in
correspondence of the sinuses of Valsalva. More specifically,
when the coronary has an extramural course (i.e., d ¼ 0%) the
narrowing of its lumen at the level of the sinuses is described by
two peaks; on the other hand, as the intramural penetration
increases, the narrowing is described by only one peak.

In order to evaluate how the take-off angle of AAOCA influen-
ces the changes of the coronary ostium during aortic expansion,
we show the ostial sections of the models with intramural penetra-
tion of 50% at the basal pressure and at the three pressure incre-
ments (Fig. 6). The sections are supplied with the value of the
area A and eccentricity e as defined in Sec. 2.4. It can be seen that,
for all the cases, as the aortic root dilates due to the increasing
pressure (i.e., from left to right), the ostia increase in size but
become more eccentric. On the other hand, the angle of take-off
of the coronary influences the ostial shape both in terms of area
and eccentricity. In fact, as the angle of take-off decreases (i.e.,
from top to bottom), the ostia enlarge and become more
elongated.

4 Discussion

Anomalous aortic origin of coronary arteries can lead to SCD
in subjects experiencing prolonged physical efforts, such as young
athletes and soldiers [2,3,14,43]. Although it is well accepted that
SCD is due to the occlusion of the anomalous coronary during
important aortic dilatations, to date it is not known whether the
anomalous coronary is compressed between the aortic root and
the pulmonary trunk [14–16] or by the aortic wall along its intra-
mural course [4,17]. Moreover, specific geometric features associ-
ated with SCD have not been identified yet [44].

The present study aims at investigating, through a parametric
structural FE analysis, the potential biomechanical reasons under-
lying the coronary narrowing in such a pathology. In particular,
we investigate the role of the intramural course as suggested by
Angelini [45], focusing on the impact on the coronary narrowing
of the take-off angle and amount of intramural penetration, two
key factors of the anomaly [35,36]. With this aim, we build para-
metric CAD models of the aortic root with normal and anomalous
coronaries and perform static FE simulations of aortic root
expansion.

Since the first step of our study is to evaluate if the intramural
course can lead to the lumen narrowing of anomalous coronaries,
we first compare the luminal sections of the normal and anoma-
lous coronaries during aortic expansion (Fig. 4(a)). As expected,
the coronary lumen in the normal condition enlarges when the
pressure inside the aortic root and the coronary increases. In par-
ticular, we can distinguish two zones: the ostial and proximal
zone, where the coronary experiences a major expansion due to
the simultaneous pressurization of both the aortic root and

coronary, and the distal portion, where the coronary experiences a
minor expansion due to the effect of only the coronary
pressurization.

On the other hand, we also report the luminal sections of the
anomalous coronary c35� d50 during aortic exertion (Fig. 4(b)).
In this case, the coronary experiences a much smaller expansion in
the proximal and distal part and even a narrowing in correspon-
dence of the sinuses of Valsalva. These results are remarkably
interesting, since they show that even if the coronary is pressurized
with increasing pressure, the presence of the anomalous course
leads to a narrowing of �4.01%, �3.74%, and �3.60% in corre-
spondence of the sinuses of Valsalva, comparing to the unloaded
case. On the other hand, at the proximal level the anomalous coro-
nary enlarges �5.62%, �11.74%, and �20.32% less than the nor-
mal coronaries at the corresponding pressure. These results reveal
the incapability of the anomalous coronary to adapt its lumen to
the increasing pressure and thus, to the increasing blood request
during the critical stage of sustained physical effort. Furthermore,
our results suggest that the highest luminal narrowing of the anom-
alous coronary occurs at the junction of the sinuses of Valsalva
because such regions experience the highest expansion during aor-
tic pressurization, thus press locally the coronary that courses tan-
gentially (d¼ 0%) or inside (d¼ 50% and 100%) the wall. This
result needs to be interpreted with caution because the aorta and
coronary are modeled as stress-free geometry in the starting con-
figuration of the nonlinear FE analyses (see Sec. 5).

Although the reductions of the luminal areas confirm the risk of
narrowing associated with the intramural course, our results do
not precisely match that found in the literature. For example,
Angelini et al. [18], using intravascular sonography during saline/
atropine/dobutamine protocol to simulate physical effort, meas-
ured at systolic phase a reduction of diameters in the proximal
zone of the coronary of 8–10%, which correspond to a reduction
of the luminal area of 15–19%. However, the comparison between
these two studies is not trivial. Angelini et al. perform the meas-
ures in the proximal intussuscepted part of the coronary, where
they find a 48.6% to 70.1% stenosis; therefore, the percentage
reduction is much more important if computed on a smaller area.
On the other hand, we do not model any initial narrowing in the
intussuscepted tract due to stenosis or hypoplasia. Moreover, it is
also necessary to take into account that the aortic pressures and
exertions of the two studies may not coincide.

On the other hand, as expected, the angle of take-off influences
the characteristics of the anomalous coronary only in correspon-
dence of the ostium, which changes its shape (Fig. 6). More spe-
cifically, we describe the changes of the ostia considering their
area and eccentricity. Normal coronaries are characterized by a
round ostium (i.e., e¼ 1.00), which slightly stretches following
the aortic wall exertion, reaching a value e¼ 0.78 at the pressure
increment of 100 mmHg. On the other hand, the decrease of the
angles of take-off leads not only to an increase of the ostial area at
equal pressures, but also to an increasing of the eccentricity,
reaching a value e¼ 0.49 at 100 mmHg for angles of take-off of
20 deg. The tendency of the ostial and proximal tract to get on
oval morphology is observed in several studies [35,36,46], sug-
gesting its relation with the clinical outcomes of this pathology.
However, we are not able to directly compare our results with the
previous studies because of different measured quantities and lack
of data. On the other hand, the values of eccentricity found at the
ostial level are confirmed by the work of Angelini et al., who
found in two patients with AAOCA that e ranged from 0.51 to
0.56 during aortic dilatation under saline/atropine/dobutamine
protocol [18]. Concerning the ostial area, our findings are opposed
to that found in the literature. In fact, while we detect an enlarge-
ment of the ostium with acute angles of take-off and with aortic
dilatation, several authors sustain that one of the possible causes
of myocardial ischemia during aortic expansion is the coronary
flow reduction caused by the narrowing of the anomalous coro-
nary ostium [47,48]. We speculate that this disagreement might be
due to the exclusion of a stenosis model in the ostial and proximal

Fig. 6 Ostial sections of normal (top line) and anomalous cor-
onaries with fixed wall penetration and different angles of take-
off at different pressure increments. Ostial sections become
more eccentric during aortic dilatation and with small angles of
take-off. A 5 ostial area ½mm2�, e 5 eccentricity.
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coronary tract [18], which would be responsible of the narrowing
of the ostium. However, whether a stenosis is luckily to occur or
not in AAOCA has not been demonstrated yet: while some
authors suggest that the proximal tract of the anomalous coronary
is much more susceptible to accelerated atherosclerosis [1,9];
others sustain that there is not any correlation between anomalous
origin and coronary disease [49]. If the first of the previous
hypotheses was true, we might say that our model is representa-
tive of the initial phase of the anomaly, in which no stenosis is
detected. However, future improvements of the model should be
made in order to address this issue.

5 Limitations

At the best of our knowledge, this study represents the first
computer-based structural analysis of AAOCA. Despite the model
correlates the main geometric features considered in the clinical
practice with the risk of coronary luminal narrowing, we acknowl-
edge some limitations as discussed in the following.

First, in the present study, we consider a stress-free configura-
tion of both aortic root and coronaries as starting point. As a mat-
ter of fact, we disregard the diastolic pressure and we apply an
incremental systolic-diastolic pressure, assuming that the geome-
try is built resembling the anatomical configuration at tele-
diastolic phase of cardiac cycle [50]. Such an assumption,
although extensively exploited in other similar biomechanical
studies [37,51–53], influences the results of nonlinear FE analy-
ses. Given the comparative nature of our study, i.e., anomalous
versus normal condition, we believe that this assumption is
acceptable. Future developments of the present study can over-
come such a limitation using the inverse methods to estimate the
zero-pressure geometry [54] or surrogate approaches as suggested
by Liang and et al. [55].

Second, we assume that both the coronary and aortic tissues
can be described with the same mechanical properties, adopting a
linear, isotropic, and homogeneous material in both cases. While
this model is widely accepted for the aortic root [25,26,56], and
considered an acceptable hypothesis to set up a physiologically
meaningful environment for the aortic leaflet to operate in
[37,57]; further studies should be performed to confirm such an
evidence also for our FE analysis. Despite our results on coronary
luminal expansion match the in vivo measurements reported in lit-
erature [58,59], we acknowledge that linear elastic isotropic mate-
rial could be over-simplistic in the case of coronary tissue, which
shows an anisotropic nonlinear behavior [60]. We think that this
limitation can be neglected since, in the present study, we are
interested in performing a comparative analysis mainly focused
on geometric parameters. However, in future studies, more com-
plex constitutive models for the coronary may be used, as sug-
gested by Karimi et al. [61] and Lally et al. [62].

Third, we perform structural FE analyses simplifying the
boundary conditions of the root and coronary, neglecting the com-
plex movement of the aortic root and heart muscle during the car-
diac cycle. Concerning the aortic root motion, several studies
employ equal [63] or similar [51,64,65] boundary conditions.
Moreover, their validity is proved by the physiological radial dila-
tation of the root at the sinotubular junction at different pressure
increments, as detailed in Sec. 2.3. As for the coronary, the spring
element connects its extremity to the cardiac muscle, simplifying
the complex movement of the heart and neglecting the active
force that might be exerted. However, since in AAOCA the patho-
genic tract corresponds to the first portion of the coronary, which
generally runs outside the cardiac muscle, this simplification has a
minor effect on coronary lumen reduction. However, in future
studies, we could refer to clinical studies such as that of Lansac
et al. [66] and adjust the boundary conditions in order to take into
account the aortic root motion or the active contribution of the
heart contraction.

Fourth, our results are inevitably influenced by the set geometry
of the model. In particular, we model the coronary with a constant

wall thickness along its intramural course and do not include any
stenotic or hypoplasic region in the vessel, which are observed by
several authors [18,19]. Since the thinning of the coronary wall
can promote the local buckling and the consequent luminal occlu-
sion, in future studies, we could include such features in the model
and assess their role on the coronary narrowing.

The last important limitation of our study is that we simulate a
specific case, i.e., when the coronary orifice is found at the sinus
level and the vessel has a sub-commissural course. Therefore, our
results can in principle refer only to such a particular configura-
tion. For instance, anomalous coronaries that have supra-
commissural courses may not experience the compression found
at the junction of the sinuses of Valsalva. Even if the take-off
height and course below or at aortic valve commissures has been
found the most probable among large studies [36], in future we
are going to simulate other configurations of the coronary in order
to assess the impact of the specific course on the lumen
narrowing.

6 Conclusions

The present study investigates the biomechanical aspects under-
lying the luminal narrowing in an idealized geometric model of
AAOCA. It also provides a proof of concept that static structural
FE simulations can be used as a tool to assess the effect of specific
geometric features on coronary narrowing. The direct risk evalua-
tion of SCD is not possible with the simulations reported in this
study, which represents only a first step toward a comprehensive
biomechanical modeling of AAOCA. Future developments should
corroborate the hypothesis that the reduction of cross-sectional
coronary area is related to SCD in consideration that luminal nar-
rowing determines (like a stenotic lesion of the coronary artery) a
reduction of blood flow supply, causing ischemia that can be
lethal in relation to the duration, degree, and localization of the
occlusion.

Interestingly, our simulations show that the anomalous coro-
nary, under the investigated loading conditions, experiences a
reduced luminal expansion when compared with the one in normal
condition which, more obviously, enlarges proportionally to the
increment of pressure with a localized enlargement at the ostium
due to the expansion of the aortic root. Furthermore, the higher is
the pressurization, the higher is the mismatch between the anoma-
lous and normal condition. The anomalous coronaries experience
the maximum narrowing always in correspondence of the junction
between the sinuses of Valsalva, where the maximum strain is
localized; if the coronary has an extramural course, the maximum
narrowing is described by two peaks. Finally, acute angles of
take-off of the anomalous coronaries cause an elongated ostial
shape, with an eccentricity that increases with aortic expansion.

However, further studies should be made in order to increase
the validity of the model. First of all, a computational fluid
dynamics analysis should also be performed with the goal of eval-
uating the effects of AAOCA on hemodynamics-related coronary
disease. Two aspects could be investigated: first, a short-term
effect, the luminal narrowing may induce the reduction of the cor-
onary flow and thus the ischemia; second, a long-term effect, the
distortion of the ostial shape may alter the physiological flow-
pattern at the coronary inflow, which has been demonstrated to be
related to the atherogenesis [67]. Second, the results of the simula-
tions could be experimentally validated. This can be done by
three-dimensional printing the CAD models used in the computa-
tional simulations and measuring the narrowing of the coronary
by testing the models in a hydraulic circuit with controllable pres-
sures and flows. Finally, the model should be validated clinically.
To this aim, we are planning to use the framework here developed
in a retrospective multipatient clinical study in which the geomet-
ric parameters of the CAD model are adjusted starting from Com-
puted Tomography images. Successively, the coronary narrowing
computed with FE simulations on the patient-specific models
could be compared with clinical data in order to find critical
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parameters for luminal narrowing and possible correlations with
SCD.
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