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Abstract
Anomalous aortic origin of a coronary artery (AAOCA) comprises a set of rare congenital abnormalities in
the origin or path of the coronary arteries with highly variable clinical implications. This is a pilot feasibility
study where we investigated the influence of the anomalous coronary artery inlet architecture on coronary
perfusion using coronary blood flow computational simulations to help predict the risk for coronary
ischemia in patients with anomalous aortic origin of the right coronary artery (AAORCA) with these types of
anomalous coronary artery inlet architectures. We developed a protocol for generating 3D models of patient
coronary artery anatomies from an IRB-approved dataset of cardiac CT images of patients with AAORCA at
our institution. Coronary blood flow simulations and analysis were performed. Instantaneous flow reserve
(iFR), a parameter used clinically in coronary CT analysis to determine risk for ischemia, was compared
between models as a measure of ischemia. Comparing the median iFR of the coronary outlets between the
four inlet variants and baseline architecture showed important differences. We observed a possible
association between the proportion of the semi-minor axis and the semi-major axis of the elliptical AAORCA
inlet and iFR. These observations suggest that the elliptical axis quotient may be a significant risk factor for
evaluation of AAORCA severity.
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Introduction
Anomalous aortic origin of a coronary artery (AAOCA) comprises a set of rare congenital abnormalities
having anomalous origin and anomalous pathway of a coronary artery with highly variable clinical
implications [1-6]. AAOCA is the second leading cause of sudden cardiac death (SCD) in young athletes [7].
The decision to pursue surgical management to reduce the risk of SCD in asymptomatic AAOCA patients,
particularly in patients with the subset of anomalous aortic origin of the right coronary artery (AAORCA),
remains a hotly debated topic due to the lack of quantitative risk factors predictive of future cardiac ischemia
without surgery [8,9].

This is a pilot feasibility study where we use open-source code computational modeling to investigate the
influence of the anomalous coronary artery inlet orifice architecture on coronary perfusion to help in
predicting the risk for coronary ischemia in patients with AAORCA. Computational modeling allows for
modeling of complex structures with significant anatomic and physiologic accuracy and readily allows for
minor to major modifications to any of the models developed.

Other investigators have studied the effects of variations in anatomical features of AAORCA such as the
length of a transmural segment and acute angle of coronary takeoff [10,11]. We studied AAORCA models
differing in minor-to-major axis orifice ratios all with equal orifice cross-sectional areas to see if there are
differences in ischemic risk with changes to minor-to-major axis orifice architectures. Perhaps what is
presented here will lead to further study where a scoring system for assessing ischemic risk in patients
with AAORCA is developed with differences in minor-to-major axis orifice architectures being one of several
criteria used to develop an ischemic risk score. The criteria we propose here will require computational
modeling for each patient evaluated. We would expect having a scoring system will help potentially
determine which patients require intervention and who can be watched more conservatively.

Materials And Methods
Models were built using CT images which is the gold standard for imaging patients with AAOCA [12-14]. We
developed a protocol for generating 3D models of patient coronary artery anatomies from an IRB-approved
dataset of cardiac CT images of patients with AAORCA at our institution (University of Florida, Gainesville).
Coronary blood flow simulations and analysis were then performed using a popular open-source
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computational fluid dynamic software package SimVascular [15]. For this feasibility study, we developed one
patient’s baseline AAORCA anatomy and then four elliptical inlet coronary variant models of equal cross-
sectional area were generated within a clinically relevant range of major-to-minor elliptical axis ratios
(Figure 1A) [16].

FIGURE 1: A. Overlay of elliptical inlet geometry on SimVascular
models. B. Heatmap of average simulated pressures in the aorta and
coronary tree.

Cardiac cycle simulations were run on each of these models. Simulations of six consecutive cardiac cycles
for each model were run. After verifying adequate convergence of simulation results, instantaneous flow
reserve (iFR), a parameter used clinically in coronary CT analysis to determine risk for ischemia, was
compared between models as a measure of ischemia.

Using the patient’s native anatomy, the proportion (�) of the measured semi-minor axis (�) to the semi-
major axis (�) of the patient’s native AAORCA elliptical inlet was calculated, where � = b/a. Four inlet
variants with equivalent area and varying values of � were created such that the orifice area is given by �
= �∗�∗� and the range of � is given by �native+/- 0.30. These variant dimensions represent a similar
range of clinically observed interarterial elliptical AAORCA orifice height-to-width ratios outlined in the
current literature [16].

Meshes of 800,000 elements were created for each model. We chose this mesh size based on similar coronary
models in SimVascular [15]. Boundary conditions were set using patient-specific values (mean arterial
pressure from the blood pressure cuff device, pulse from echocardiogram - in this case 60 bpm, and stroke
volume estimated from the patient’s echocardiogram) found on or recent to the date of the patient’s cardiac
CT study. Simulations of 6000 milliseconds are then run on each model. Adequate convergence was assessed
by comparing systolic and diastolic pressures in the aortic pressure waveform for the final 1000 milliseconds
to patient aortic values. Values of the iFR for each model are calculated by dividing the outlet pressures of
the AAORCA branch by the aortic pressure over the diastolic interval. Due to the current limited sample size
and the subsequent limitations of assuming a normal distribution of data, nonparametric statistical analysis
was conducted on the median iFR between models using Minitab® (Minitab LLC, State College, PA) [17].

Results
Simulations of coronary flow solutions for each model were successful (Figure 1B). The Kruskal-Wallis one-
way ANOVA hypothesis test [18] for differences in the median iFR between all groups showed that at least
one group differed statistically significantly (p <0.001). A reduction in the b/a quotient by 0.30 (b=0.2a vs.
baseline) is associated with a clinically significant reduction in the median iFR below the clinical 0.8
threshold for ischemia.

The sign test tests if the median of a collection is clinically significantly greater than or less than a specific
value, in this case 0.8 iFR. A sign test for a median 0.8 iFR was conducted to compare each group to the iFR <
0.8 clinical threshold for ischemia. The b=0.20a model was shown to have clinically significant reduction in
the median iFR below the 0.8 threshold (p = 0.007). Mann-Whitney U tests [19] comparing the median iFR of
the coronary outlets between the four inlet variants and baseline architecture showed a statistically
significantly reduced iFR for the variant inlet with a semi-minor axis equal to 20% the length of the semi-
major axis (p < 0.001 when compared to the baseline). The reduction meets the iFR ≤ 0.8 clinical threshold
for coronary ischemia. A statistically significant increase was found in the iFR for both the b=0.65a and
b=0.80a variants (p = 0.001, p < 0.001, respectively). This suggests that certain elliptical inlet orifice shapes
are more and some are less likely to cause ischemia than the baseline architecture.

A box plot of the median iFR confidence intervals for each model is shown in Figure 2. This box plot conveys
the distribution of the data within each dataset highlighting the median, quartiles and potential outliers.

 

2024 DeGroff et al. Cureus 16(12): e76579. DOI 10.7759/cureus.76579 2 of 5

javascript:void(0)
javascript:void(0)
javascript:void(0)
https://assets.cureus.com/uploads/figure/file/1323249/lightbox_e90aeb80b1a211efb74cb195d7ca7378-Screenshot-2024-12-03-131714.png
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)


FIGURE 2: Boxplot of median confidence intervals of iFR for the
baseline model (b=0.5a) and for the variant models.
iFR: Instantaneous flow reserve

Discussion
Decades of investigations using computational modeling to study the cardiovascular system have led to a
deeper understanding of the functionality of numerous parts of the cardiovascular system and in many
applications, this is considered a valuable tool for clinical decision making. Computational methodologies
have been used to predict the extent of coronary artery stenosis [20] and have shown promise in
personalized surgical bypass coronary planning [21].

AAORCA has some similarities but also has some important differences from coronary artery stenosis
physiology [22,23]. Investigators have used modeling studies to investigate the effects of variations in
anatomical features of AAORCA like the length of transmural segment, acute angle of coronary takeoff, and
slit-like versus normal arterial lumen on parameters of blood perfusion through computational modeling
and in-vitro experimentation to help assess the relative risk of AAORCA variants [10,11]. The reduction in
the iFR (a popular parameter used clinically to determine risk of coronary ischemia and thereby pressure
drop) that is seen in these slit-like luminal studies when compared to normal coronary orifice anatomy is
likely largely due to a relative reduction in the cross-sectional surface area at the coronary orifice. However,
the effects on the iFR on varying coronary orifice shapes in models with coronary orifices having equal cross
sectional orifice area are less well studied. The shape of coronary orifices with similar coronary orifice cross-
sectional areas may become an important factor in itself in assessing the ischemic risk in patients with
AAORCA. Findings from this pilot feasibility study show that differences do exist between models with
different coronary orifice architectures that have the same orifice cross sectional area.

There are a number of limitations to this study. For this pilot feasibility study, we developed one patient’s
baseline AAORCA anatomy for our baseline computational model and then created four elliptical inlet
coronary artery orifice variant models of equal coronary orifice cross-sectional area varying the minor-to-
major axis ratio. We plan on investigating the predictive value of this minor-to-major axis ratio with
additional boundary conditions (e.g., stress test boundary conditions) as well as models derived from images
from other patients with AAORCA to see if a scoring system for assessing ischemic risk in all patients
with AAORCA can be developed with differences in minor-to-major axis orifice architectures being one of
several criteria used to develop an ischemic risk score.

Conclusions
From nonparametric statistical analysis of our pilot feasibility study, we observed an association between
the proportion of the minor axis to the major axis of the elliptical AAORCA inlet and iFR, a parameter used
clinically in coronary CT analysis to determine risk for ischemia. These observations suggest that this
elliptical axis quotient may be a significant risk factor for the evaluation of AAORCA ischemic severity.

Additional Information

 

2024 DeGroff et al. Cureus 16(12): e76579. DOI 10.7759/cureus.76579 3 of 5

https://assets.cureus.com/uploads/figure/file/1323290/lightbox_7d89d580b1a511efaf448b0e486141a5-Screenshot-2024-12-03-133056.png
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)


Author Contributions
All authors have reviewed the final version to be published and agreed to be accountable for all aspects of the
work.

Concept and design:  Curt DeGroff, Ryan DeGroff, Dalia Lopez-Colon, Arun Chandran, Diego Moguillansky

Acquisition, analysis, or interpretation of data:  Curt DeGroff, Ryan DeGroff, Dalia Lopez-Colon, Arun
Chandran, Diego Moguillansky

Drafting of the manuscript:  Curt DeGroff, Ryan DeGroff, Dalia Lopez-Colon, Arun Chandran, Diego
Moguillansky

Critical review of the manuscript for important intellectual content:  Curt DeGroff, Ryan DeGroff,
Dalia Lopez-Colon, Arun Chandran, Diego Moguillansky

Supervision:  Curt DeGroff

Disclosures
Human subjects: Consent for treatment and open access publication was obtained or waived by all
participants in this study. University of Florida IRB issued approval IRB202100211. The 3D models of
coronary artery anatomies were generated from a University of Florida IRB approved dataset (IRB202100211)
of cardiac CT images of patients with AAORCA who were seen and imaged at University of Florida -
UFHealth. Animal subjects: All authors have confirmed that this study did not involve animal subjects or
tissue. Conflicts of interest: In compliance with the ICMJE uniform disclosure form, all authors declare the
following: Payment/services info: All authors have declared that no financial support was received from
any organization for the submitted work. Financial relationships: All authors have declared that they have
no financial relationships at present or within the previous three years with any organizations that might
have an interest in the submitted work. Other relationships: All authors have declared that there are no
other relationships or activities that could appear to have influenced the submitted work.

Acknowledgements
Grant support was obtained via a summer research grant stipend from the NIH Ruth L. Kirschstein National
Research Service Award (NRSA), a Short-Term Institutional Research Training Grant (T35).

References
1. Maron BJ, Thompson PD, Puffer JC, et al.: Cardiovascular preparticipation screening of competitive athletes.

A statement for health professionals from the Sudden Death Committee (clinical cardiology) and Congenital
Cardiac Defects Committee (cardiovascular disease in the young), American Heart Association. Circulation.
1996, 94:850-6. 10.1161/01.cir.94.4.850

2. Angelini P: Sudden cardiac death: do we know what we are talking about? . Circulation. 2002, 105:E182;
author reply E182. 10.1161/01.cir.0000017214.12590.ab

3. Patlolla SH, Stephens EH, Schaff HV, Anavekar NS, Miranda WR, Julsrud PR, Dearani JA: Outcomes of a
protocolized approach for surgical unroofing of intramural anomalous aortic origin of coronary artery in
children and adults. J Thorac Cardiovasc Surg. 2023, 165:1641-50. 10.1016/j.jtcvs.2022.11.037

4. Sayyouh M, Lee E, Bhave N, Kim K, Agarwal PP: Imaging and management of coronary artery anomalies.
Curr Treat Options Cardiovasc Med. 2020, 22:40-51. 10.1007/s11936-020-00836-8

5. Gräni C, Benz DC, Steffen DA, et al.: Outcome in middle-aged individuals with anomalous origin of the
coronary artery from the opposite sinus: a matched cohort study. Eur Heart J. 2017, 38:2009-16.
10.1093/eurheartj/ehx046

6. Wu GR, Saini A, Ahmed I, Finch C: Interarterial course of anomalous right coronary artery: pathophysiology,
diagnosis, and treatment. Radiol Case Rep. 2017, 12:664-7. 10.1016/j.radcr.2017.06.006

7. Maron BJ, Doerer JJ, Haas TS, Tierney DM, Mueller FO: Sudden deaths in young competitive athletes:
analysis of 1866 deaths in the United States, 1980-2006. Circulation. 2009, 119:1085-92.
10.1161/CIRCULATIONAHA.108.804617

8. Doan TT, Sachdeva S, Bonilla-Ramirez C, et al.: Ischemia in anomalous aortic origin of a right coronary
artery: large pediatric cohort medium-term outcomes. Circ Cardiovasc Interv. 2023, 16:e012631.
10.1161/CIRCINTERVENTIONS.122.012631

9. Ong CS, Cameron DE, Jacobs ML: Surgical management of anomalous coronary arteries . Ann Cardiothorac
Surg. 2018, 7:604-10. 10.21037/acs.2018.08.02

10. Hatoum H, Krishnamurthy R, Parthasarathy J, et al.: Flow dynamics in anomalous aortic origin of a coronary
artery in children: importance of the intramural segment. Semin Thorac Cardiovasc Surg. 2022, 34:226-35.
10.1053/j.semtcvs.2020.11.027

11. Razavi A, Sachdeva S, Frommelt PC, LaDisa JF Jr: Patient-specific numerical analysis of coronary flow in
children with intramural anomalous aortic origin of coronary arteries. Semin Thorac Cardiovasc Surg. 2021,
33:155-67. 10.1053/j.semtcvs.2020.08.016

12. Marano R, Merlino B, Savino G, et al.: Coronary computed tomography angiography in the clinical workflow
of athletes with anomalous origin of coronary arteries from the contralateral Valsalva sinus. J Thorac

 

2024 DeGroff et al. Cureus 16(12): e76579. DOI 10.7759/cureus.76579 4 of 5

https://dx.doi.org/10.1161/01.cir.94.4.850
https://dx.doi.org/10.1161/01.cir.94.4.850
https://dx.doi.org/10.1161/01.cir.0000017214.12590.ab
https://dx.doi.org/10.1161/01.cir.0000017214.12590.ab
https://dx.doi.org/10.1016/j.jtcvs.2022.11.037
https://dx.doi.org/10.1016/j.jtcvs.2022.11.037
https://dx.doi.org/10.1007/s11936-020-00836-8
https://dx.doi.org/10.1007/s11936-020-00836-8
https://dx.doi.org/10.1093/eurheartj/ehx046
https://dx.doi.org/10.1093/eurheartj/ehx046
https://dx.doi.org/10.1016/j.radcr.2017.06.006
https://dx.doi.org/10.1016/j.radcr.2017.06.006
https://dx.doi.org/10.1161/CIRCULATIONAHA.108.804617
https://dx.doi.org/10.1161/CIRCULATIONAHA.108.804617
https://dx.doi.org/10.1161/CIRCINTERVENTIONS.122.012631
https://dx.doi.org/10.1161/CIRCINTERVENTIONS.122.012631
https://dx.doi.org/10.21037/acs.2018.08.02
https://dx.doi.org/10.21037/acs.2018.08.02
https://dx.doi.org/10.1053/j.semtcvs.2020.11.027
https://dx.doi.org/10.1053/j.semtcvs.2020.11.027
https://dx.doi.org/10.1053/j.semtcvs.2020.08.016
https://dx.doi.org/10.1053/j.semtcvs.2020.08.016
https://dx.doi.org/10.1097/RTI.0000000000000523


Imaging. 2021, 36:122-30. 10.1097/RTI.0000000000000523
13. Ashrafpoor G, Danchin N, Houyel L, Ramadan R, Belli E, Paul JF: Anatomical criteria of malignancy by

computed tomography angiography in patients with anomalous coronary arteries with an interarterial
course. Eur Radiol. 2015, 25:760-6. 10.1007/s00330-014-3454-9

14. Hirono K, Hata Y, Miyao N, et al.: Anomalous origin of the right coronary artery evaluated with
multidetector computed tomography and its clinical relevance. J Cardiol. 2016, 68:196-201.
10.1016/j.jjcc.2015.12.010

15. Updegrove A, Wilson NM, Merkow J, Lan H, Marsden AL, Shadden SC: SimVascular: an open source pipeline
for cardiovascular simulation. Ann Biomed Eng. 2017, 45:525-41. 10.1007/s10439-016-1762-8

16. Miller JA, Anavekar NS, El Yaman MM, Burkhart HM, Miller AJ, Julsrud PR: Computed tomographic
angiography identification of intramural segments in anomalous coronary arteries with interarterial course.
Int J Cardiovasc Imaging. 2012, 28:1525-32. 10.1007/s10554-011-9936-9

17. Minitab 17 Statistical Software Computer Software . (2000). Accessed: December 12, 2024:
http://www.minitab.com.

18. Kruskal WH, Wallis WA: Use of ranks in one-criterion variance analysis . J Am Stat Assoc. 1952, 47:583-621.
10.1080/01621459.1952.10483441

19. Mann HB, Whitney DR: On a test of whether one of two random variables is stochastically larger than the
other. Ann Math Stat. 1947, 18:50-60.

20. Fernandes M, Sousa LC, António CC, Silva S, Pinto SI: A review of computational methodologies to predict
the fractional flow reserve in coronary arteries with stenosis. J Biomech. 2025, 178:112299.
10.1016/j.jbiomech.2024.112299

21. Chaudhuri K, Pletzer A, Smith NP: A predictive patient-specific computational model of coronary artery
bypass grafts for potential use by cardiac surgeons to guide selection of graft configurations. Front
Cardiovasc Med. 2022, 9:953109. 10.3389/fcvm.2022.953109

22. Cooley AS, DeGroff C, Co-Vu J, Jacobs JP, Lopez-Colon D, Chandran A: High takeoff of the right coronary
artery by echocardiography: normal variant or something more?. Cardiol Young. 2024, 1-6.

23. Lorber R, Srivastava S, Wilder TJ, et al.: Anomalous aortic origin of coronary arteries in the young:
echocardiographic evaluation with surgical correlation. JACC Cardiovasc Imaging. 2015, 8:1239-49.
10.1016/j.jcmg.2015.04.027

 

2024 DeGroff et al. Cureus 16(12): e76579. DOI 10.7759/cureus.76579 5 of 5

https://dx.doi.org/10.1097/RTI.0000000000000523
https://dx.doi.org/10.1007/s00330-014-3454-9
https://dx.doi.org/10.1007/s00330-014-3454-9
https://dx.doi.org/10.1016/j.jjcc.2015.12.010
https://dx.doi.org/10.1016/j.jjcc.2015.12.010
https://dx.doi.org/10.1007/s10439-016-1762-8
https://dx.doi.org/10.1007/s10439-016-1762-8
https://dx.doi.org/10.1007/s10554-011-9936-9
https://dx.doi.org/10.1007/s10554-011-9936-9
http://www.minitab.com
http://www.minitab.com
https://dx.doi.org/10.1080/01621459.1952.10483441
https://dx.doi.org/10.1080/01621459.1952.10483441
https://www.jstor.org/stable/2236101
https://dx.doi.org/10.1016/j.jbiomech.2024.112299
https://dx.doi.org/10.1016/j.jbiomech.2024.112299
https://dx.doi.org/10.3389/fcvm.2022.953109
https://dx.doi.org/10.3389/fcvm.2022.953109
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=High+takeoff+of+the+right+coronary+artery+by+echocardiography%3A+normal+variant+or+something+more%3F&btnG=
https://dx.doi.org/10.1016/j.jcmg.2015.04.027
https://dx.doi.org/10.1016/j.jcmg.2015.04.027

	Effects of Inlet Geometry on Perfusion and Ischemia in Anomalous Aortic Origin of the Right Coronary Artery (AAORCA)
	Abstract
	Introduction
	Materials And Methods
	FIGURE 1: A. Overlay of elliptical inlet geometry on SimVascular models. B. Heatmap of average simulated pressures in the aorta and coronary tree.

	Results
	FIGURE 2: Boxplot of median confidence intervals of iFR for the baseline model (b=0.5a) and for the variant models.

	Discussion
	Conclusions
	Additional Information
	Author Contributions
	Disclosures
	Acknowledgements

	References


