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Abstract

For precise cardiac diagnostics and treatment, we introduce a novel method for patient-specific mapping
between myocardial and coronary anatomy, leveraging local variations in myocardial thickness. This complex
system integrates and automates multiple sophisticated components, including left ventricle segmentation,
myocardium segmentation, long-axis estimation, coronary artery tracking, and advanced geodesic Voronoi
distance mapping. It meticulously accounts for variations in myocardial thickness and precisely delineates the
boundaries between coronary territories according to the conventional 17-segment myocardial model. Each
phase of the system provides a step-by-step approach to automate coronary artery mapping onto the
myocardium. This innovative method promises to transform cardiac imaging by offering highly precise,
automated, and patient-specific analyses, potentially enhancing the accuracy of diagnoses and the
effectiveness of therapeutic interventions for various cardiac conditions.
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1. Introduction

Cardiovascular diseases, prominently featuring coronary stenosis, persist as the global leader in mortality.
Traditional diagnostic benchmarks, such as coronary angiography, have been esteemed as the gold-standard
for assessing and localizing coronary lesions. The advent of fractional flow reserve (FFR), offering a
physiological assessment of coronary stenosis by quantifying maximal achievable coronary flow despite
stenosis presence, marked a significant advancement in cardiac diagnostics. Further innovation is evidenced
by noninvasive FFR computed from CT (FFR-CT) and adenosine-induced stress myocardial perfusion imaging
via dual-source CT at cardiac CT angiography, both underscoring potential in detecting regional ischemia in
acute chest pain scenarios, thus enhancing myocardial perfusion defect identification [1].

Despite these advancements, a gap persists in accurately mapping the specific coronary arteries to
corresponding myocardial segments, critical for pinpointing stenotic arteries. Current methodologies,
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including the American Heart Association (AHA)'s standardized 17-segment model for tomographic imaging
of the left ventricle (LV) [2], predominantly rely on population averages and thus falter due to considerable
anatomical variations among individuals as shown in Figure 1. Recent initiatives have sought to mitigate these
inaccuracies through patient-specific coronary artery mapping, yet these efforts have not fully accounted for
variations in myocardial thickness—a factor potentially pivotal in delineating coronary territories with greater
precision [3-4].

In response, this paper proposes an innovative method that integrates patient-specific variations in
myocardial thickness into coronary artery mapping. By building upon and expanding the work of Termeer et
al. [5], this study introduces a novel approach encompassing automatic myocardium segmentation, artery
extraction, and tracking combined with advanced geodesic Voronoi distance mapping. In Termeer’s work,
they did not consider the variation of the myorcardium. This method is designed to automate the mapping of
coronary arteries onto the myocardium adapting the thickness variation of individual patient, thus offering a
step-wise, highly precise solution for improving cardiac diagnostic and therapeutic interventions. Our approach
not only promises to refine the granularity of cardiac imaging but also to enhance the efficacy of treatments
for various cardiac conditions by offering a more accurate, patient-specific analysis.

Figure 2. Example of segmentation. Arrow shows the thickest area.
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2. Automatic Segmentation of Left Ventricle and Myorcardium

A substantial body of research focuses on automatic cardiac and left ventricle segmentation using MRI or
CT scans [6-11]. The segmentation of LV myocardium employs a level-set based method, where the
endocardium and epicardium are initially estimated with B-spline contour points. Subsequently, operators may
manually adjust these segmentation contours, if necessary, as shown in Figure 2, which depicts an image from
the segmented volume. Echocardiography is the most widely used modality for the measurement of
myocardium thickness. However, the regional 3D geometry of the normal human left ventricle can also be
effectively achieved using CT images, allowing for the quantification of 3D regional myocardial wall
thickening from gated magnetic resonance images. The thickness of the LV myocardium is measured by the
distance between the epicardium and endocardium surfaces. After segmenting these two surfaces, for any given
point on one surface, the nearest point on the other surface is determined, and the distance between these points
is considered the thickness. Mathematically, if S; and S, represent the surfaces of the epicardium and
endocardium, respectively, and P,,;, P.nq, are points on S; and S, then the nearest point P* on S, is
found such that P* = min norm||Pep;, Penall-

3. Vessel Segmentation and Tracking

Extensive literature exists on artery tracking or reconstruction from CT or MRI data [12-14]. Traditional
methods excel at tracking smaller vessels. In this research, our method for coronary artery tracking was used
for general vessel tracking, which is three-dimensional and generates a 3D generalized cylinder model. Where
bifurcation branching model can find small branches for complete coronary artery reconstruction [15]. Figure
3 left illustrates detected branch points of the coronary artery (LCX) marked with black circles. Figure 3 right
image displays the center points of the left ventricle, indicating the need for a smooth axis. Thus, a quadratic
3D curve is fitted to these center points for axis regularization. It's crucial for the left anterior descending
(LAD), left circumflex (LCX), and right coronary artery (RCA) to be mapped onto the left ventricular
myocardium to construct a geodesic VVoronoi map, taking into account the unique pathways and regions each
artery supplies.

Figure 3. Coronary artery volume image and 3D geometric modeling



190 International Journal of Advanced Smart Convergence Vol.13 No.2 187-194 (2024)

4. Geodesic Voronoi Diagram on 3D Surface

Figures 4 illustrates the mapping of coronary arteries onto the left ventricle (LV) and their corresponding
geodesic distance map. The Voronoi diagram of the primary coronary arteries is calculated using geodesic
distances on the three-dimensional epicardium surface. The method employs the shortest paths for Riemannian
manifold distance, known as geodesic distance, to address the segmentation mapping problem utilizing
geodesic balls and VVoronoi regions, sampling points at regular geodesic distances or meshing a domain with
geodesic Delaunay triangles. The importance of geodesic distance lies in its adherence to significant curvilinear
structures within the domain. The computation of numerical geodesic distances is used to identify the shortest
paths across the left ventricle surface mesh. Depending on the mesh type, convergence might require more
than 3000 iterations [18]. After calculating the geodesic distance on the 3D LV mesh, this distance helps in
identifying boundaries where distances from different arteries are equal. Subsequently, these boundaries are
depicted in a bullseye diagram.

This study posits that an increase in myocardium volume necessitates proportionally more blood flow, as
represented by the volume increase. Accordingly, when a local myocardium region is thicker than others, it
demands more blood flow, implying that the geodesic distance should be adjusted proportionally to the
thickness increase. For instance, if the thickness increase of Ad, at a point P on the epicardium will increase
the volume proportional to square of Adn. Since the coverage of artery blood flows is proportional to the
volume, the geodesic distance from the artery on the surface should decrease by - CAdG, where C is a constant
and dG o« 1/Ad,,>. This is illustrated in Figure 2 and Figure 6, where the yellow arrow denotes a thicker
myocardium area, affecting the LAD-related geodesic distance.

Figure 4. LAD and LCX mapping onto LV surface

(@) (b)

Figure 5. (a) LAD with local thickness not considered vs. (b) Considered
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Figure 6. Myocardium thickness increase AdTH will shrink geodesic distance as CAdG.

5. Experiment

Our study meticulously mapped 3D reconstructed coronary arteries onto the epicardial surface, factoring in
myocardial thickness into the mapping process. This innovative approach extends the epicardial surface in
directions normal to each vertex, proportional to the myocardial thickness at that point, allowing for the
computation of geodesic distances that are modulated by myocardial thickness. Figure 6 provides a
comparative visualization, showcasing the impact of incorporating myocardial thickness on geodesic distances.

Figure 6 (b) reveals a crucial observation: as myocardial thickness increases, the associated geodesic
distance decreases. This is a critical finding, affirming the hypothesis that regions with thicker myocardium—
demanding more blood—should indeed occupy smaller geodesic distances in the coronary mapping. This
adjustment ensures a more physiologically accurate representation of coronary artery territories,
acknowledging the higher blood supply needs of thicker myocardial sections.

To illustrate the practical implications of our findings, we mapped the equidistance boundaries of coronary
arteries onto a bullseye diagram, as seen in Figure 7. This visualization underscores the variation in coronary
territories when myocardial thickness is considered, particularly evident in the diminished size of the LAD
territory. Such observations are in line with our proposition that the myocardial thickness significantly
influences coronary artery mapping, suggesting that thicker regions, which require increased blood flow, are
accurately depicted with smaller geodesic distances in our model.

These results highlight the potential of integrating myocardial thickness into coronary artery mapping,
promising to enhance the accuracy of cardiac diagnostics and treatment strategies. This nuanced understanding
of coronary artery territories, adjusted for myocardial thickness, is poised to advance patient-specific cardiac
care, particularly in the precise identification of ischemia-prone regions.

Future endeavors will aim to refine our model through clinical validation, further exploring how these
detailed mappings can inform targeted treatment plans for cardiac patients. The adoption of this advanced
mapping technique represents a significant leap towards personalized and effective cardiac healthcare.

Figure 7. Equi-distance boundary of geodesic distance of coronary arteries (yellow) and its bullseye
map. Red shows coronary artery mapping on the surface.
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Figure 8. Left: Without Myocardial thickness weight. Right: With Myocardial thickness weight. LAD
mapping region shrinks.

6. Discussion

This study introduces an innovative, automatic method for mapping coronary arteries onto the myocardium
of the left ventricle, uniquely considering the local variations in myocardial thickness. Our preliminary findings
suggest that the size of coronary territories decreases as the myocardial thickness in the corresponding regions
increases. This correlation highlights the significance of incorporating myocardial thickness into models for a
more accurate representation of coronary artery distribution. Our methodological framework encompasses
myocardium segmentation, coronary artery tracking, and the application of a 3D geodesic VVoronoi distance
mapping technique. This approach facilitates a nuanced analysis of the coronary artery system, enabling the
development of personalized cardiac diagnostics and treatment plans.

Further research will also explore several promising directions:
Intensive medical verification is required to ensure the robustness of this method. Examining the
role of the arterial radius in determining the distribution of coronary territories could add another
layer of precision to our mapping technique.
Developing techniques for detailed tracking and reconstruction of fine arterial structures could
enhance the granularity and accuracy of coronary artery mapping.
Investigating the application of our method to the mapping of the right coronary artery (RCA) onto
the left ventricular myocardium may offer new perspectives on coronary circulation and myocardial
blood supply.

7. Conclusion

Our study shows the potential for a deeper understanding of the intricate relationship between coronary
artery anatomy and myocardial function. By addressing the aforementioned future research avenues, we aim
to further the capabilities of cardiac imaging and treatment, ultimately contributing to improved outcomes for
patients with cardiovascular diseases. Looking forward, we plan to conduct comprehensive clinical trials and
animal studies to validate the efficacy and accuracy of our proposed method. The insights gained from these
studies will be invaluable for refining our approach and ensuring its applicability in a clinical setting. This
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innovative method promises to transform cardiac imaging by providing highly precise, automated, and patient-
specific analyses, potentially improving the accuracy of diagnoses and the effectiveness of therapeutic
interventions for various cardiac conditions.
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