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Abstract: Coronary artery fistulae (CAF) are a rare anomaly characterized by abnormal connections between a coronary artery and
a cardiac chamber or a great vessel, with most patients remaining asymptomatic. Despite being predisposed to severe complications
like heart failure, patients with CAF infrequently experience severe stenosis in the coronary artery. This study delineates a case
involving a 46-year-old male presenting with a fistula bridging the right coronary artery (RCA) and right atrium (RA), manifesting
a pronounced 99% stenosis at the right extremity of the coronary artery proximal to the fistula. Concurrently, the individual exhibits six
conventional risk factors: age over 40, male gender, hypertension, diabetes, smoking, and hypertriglyceridemia. Following pharma-
ceutical intervention, the patient was discharged and subjected to extended follow-up. This case highlights the dual processes of
“accelerating damage” and “retarding renewal” in the progression of atherosclerosis. Factors such as shear stress, smoking, and
hypertension are posited to expedite endothelial cell damage, while aging and diabetes may impede the renewal and repair of these
cells. Together with the concept of secondary atherosclerotic plaque healing, this case prompts the introduction of a “Double
Endothelial Healings” hypothesis, proposing a potential pathogenetic mechanism for coronary artery atherosclerosis.
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Introduction

Coronary artery fistulae (CAF) represent a subset of rare cardiac anomalies, with an estimated prevalence of 0.002%
within the general populace, which escalates to approximately 5% among patients subjected to coronary angiography.'
CAF are either congenital or acquired anomalies where the epicardial coronary arteries communicate with a cardiac
chamber (coronary-cameral fistulae) or the great vessels of the heart such as pulmonary veins or arteries.! Typically
discovered incidentally, most CAF, seldom manifest with symptoms.? The reported cases of CAF are mostly due to rare
complications, such as heart failure, ischemia, and arrhythmia. Among the reported complications, about 30% of CAF
cases are associated with coronary atherosclerosis in adults.” However, the relationship between CAF and coronary
atherosclerosis has not yet been elucidated.

Atherosclerosis, characterized by the accumulation of cells, lipids, and debris within the vascular intima, stands as the
primary etiological factor behind cardiovascular diseases, which impose a significant burden on global healthcare
systems. Accounting for approximately 31% of deaths worldwide, cardiovascular diseases underscore the critical impact
of atherosclerosis.* The genesis of atherosclerosis is multifactorial, with oxidative stress, inflammation, hypertension, and
hyperlipidemia playing pivotal roles, culminating in the deposition of low-density lipoprotein cholesterol within the walls
of medium and large arteries.* Despite extensive research, the pathogenesis of atherosclerosis remains incompletely
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understood. Insights from specific patient populations, particularly those presenting with unique clinical features, are
imperative for advancing our understanding of the mechanisms underlying atherosclerosis.

It is well-established that CAF can cause severe haemodynamic disturbances in blood flow within the coronary
arteries. This haemodynamic disturbance, often referred to as shear stress, is a key player in the pathogenesis of coronary
artery atherosclerosis.” Consequently, it is plausible to inquire whether there’s a heightened incidence of atherosclerosis
accompanied by severe stenosis in coronary arteries affected by CAF. Furthermore, beyond hemodynamic perturbations,
it is imperative to consider additional factors that may contribute to the pathogenesis of coronary atherosclerosis. Is it
possible to identify a case that amalgamates these diverse factors, providing critical insights into their collective impact
on atherosclerosis? This report details a case of coronary artery fistula concomitant with severe coronary artery
atherosclerosis, offering invaluable perspectives on the pathogenesis of coronary atherosclerosis. Subsequently, we
introduce the “Double Endothelial Healings” hypothesis as a framework to interpret the phenomena observed.

Case Presentation

A 46-year-old male farmer was referred to our institution at Anyang People’s Hospital (Henan Province, China) on October 25,
2020, presenting with “paroxysmal chest tightness, chest pain for 3 days”. Written informed consent for the publication of patient
data and figures was obtained from the patient. Three days prior to admission, the patient experienced compression-like chest
tightness in the precordial region of unknown etiology, intermittently accompanied by chest pain radiating to the left scapular
region. These primary symptoms were accompanied by palpitations, fatigue, and shortness of breath, alleviated by rest for several
minutes. Over the preceding three days, symptom recurrence was noted, irrespective of the patient’s activity levels. The symptoms
exacerbated a day before admission. The patient had a 20-year history of hypertension managed with oral antihypertensive
medications, with no history of diabetes, stroke, surgical trauma, blood transfusion, or known allergies. He had a 25-year history of
smoking (30 cigarettes a day). Familial history revealed maternal hypertension. On physical examination, his pulse rate was
recorded at 85 beats per minute with a blood pressure of 140/63 mm Hg. Laboratory evaluations revealed fasting blood glucose of
8.14 mmol/L, total cholesterol 3.86 mmol/L, triglycerides 4.37 mmol/L, low-density lipoprotein (LDL) 2.466 mmol/L, and high-
density lipoprotein (HDL) 0.636 mmol/L, ascertained from fasting blood tests conducted the following day post-admission. Initial
electrocardiography (ECG) showcased a complete right bundle branch block (RBBB) (Figure 1A). The provisional diagnosis
included coronary atherosclerotic heart disease, stable angina, arrhythmia, and complete RBBB. Coronary angiography executed
on October 28, 2020, unveiled scattered plaques in the right coronary artery with 20-30% stenotic lesions in the middle and distal
segments. Notably, a conspicuous fistula was observed at the terminal segment of the posterior branch of the left ventricle,
terminating in the left atrium (Figure 1B). Additionally, a diffuse-type lesion, demonstrating 50-60% stenosis, was identified in
the mid-segment of the left anterior descending artery (LAD) (Figure 1C). A significant lesion, exhibiting 99% stenosis, was
located in the proximal segment of the posterior branch of the left ventricle, proximal to the fistula that connects the right coronary
artery with the right atrium (Figure 1D). Echocardiography demonstrated bilateral carotid intima-media thickening and mixed
plaques on the posterior wall of the right carotid bulb, measuring between 11.2 to 2.1 mm. Elevated fasting and postprandial blood
glucose levels, alongside a high glycosylated hemoglobin level, led to a diagnosis of type 2 diabetes mellitus, managed with oral
metformin. Hypertriglyceridemia was diagnosed post-admission and managed with routine atorvastatin administration. Other
standard treatments comprised aspirin, metoprolol, and irbesartan. The application of optical coherence tomography (OCT) would
have enriched our case report by providing intricate details regarding plaque characteristics and endothelial healing processes;
however, OCT was not available during the patient’s evaluation. Symptomatic relief was achieved, facilitating the patient’s
discharge on the seventh day following admission. Seventeen months post-discharge, the patient reported a satisfactory clinical
status, with no episodes of discomfort, chest pain, or chest tightness during routine daily activities and exercise. Written informed
consent was obtained from the patient for the publication of the case details.

Discussion

CAF predominantly present without symptoms in the majority of affected individuals.! Despite their rarity, a subset of
patients may develop severe complications, including heart failure, ischemia, and arrhythmias. Notably, approximately
30% of adult cases of CAF are associated with coronary atherosclerosis,’ yet the precise nature of the relationship
between CAF and coronary atherosclerosis remains unclear. In certain instances, CAF and coronary atherosclerosis seem
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Figure | Visual Depictions of Cardiac Anomalies and Lesions. This figure presents a series of illustrations highlighting various cardiac anomalies and lesions identified in the
patient. (A) An electrocardiogram showcasing a complete right bundle branch block, illustrating the electrical conduction abnormalities within the heart. (B) An anatomical
illustration of the fistula forming a connection between the right coronary artery and the right atrium, as denoted by the white arrow, providing a visual understanding of the
abnormal vascular communication. (C) Coronary angiography images displaying a diffuse-type lesion characterized by 50—-60% stenosis within the mid-segment of the left
anterior descending artery, with the area of stenosis indicated by the white arrow. (D) A depiction of significant 99% stenosis located in the proximal segment of the
posterior branch of the left ventricle, positioned anterior to the fistula, as highlighted by the white arrow, underscoring the severity of the arterial narrowing.

to occur as distinct and independent phenomena, as illustrated in the case reported by Wandwi et al,® and in another case
by Brunetti et al,” where occlusions in the left circumflex and right coronary arteries coexisted with a fistula connecting
the left main and diagonal branch, draining into the pulmonary artery, without apparent interrelation. Conversely, there

are instances where CAF and coronary atherosclerosis coexist within the same coronary artery, suggesting a potential

interconnection between these two conditions.®
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In some cases, CAF may exacerbate CAD conditions, as demonstrated in a case reported by Mahboob Ali," where
a patient presented with NSTEMI but exhibited no severe stenosis on coronary angiography. In this scenario, the
coronary artery steal phenomenon through CAF was posited as the sole explanation for the observed ischemia. CAF
has been implicated in causing reversible perfusion defects of the corresponding wall through anomalous flow, leading to
ischemia.” The primary pathophysiological concern in coronary fistulae is often attributed to the coronary steal
phenomenon.'® Simultaneously, the presence of severe coronary stenosis may also promote the development of CAF
by creating a gradient between a high-pressure system and a low-pressure one.'' This complex interplay highlights the
need for further investigation into the mechanisms linking CAF and coronary atherosclerosis.

In exceptional instances, a causal link between CAF and coronary atherosclerosis has been posited, as exemplified by the case
under discussion. This particular case showcased a severe manifestation of coronary heart disease (CHD), providing valuable
insights that may catalyze further investigation into the pathogenetic mechanisms of coronary atherosclerosis. A significant
pressure gradient between high-pressure and low-pressure systems induced anomalous flow or hemodynamic disturbances.
Among these disturbances, shear stress, especially arising from disturbed and/or non-laminar blood flow, is identified as a critical
factor in the development of atherosclerotic plaques.® This phenomenon underscores the necessity of examining the role of shear
stress in the progression of coronary atherosclerosis. The present case contributes to the ongoing discourse regarding the complex
interplay between CAF and coronary atherosclerosis, potentially unveiling novel pathophysiological insights and therapeutic
avenues.

Coronary atherosclerosis is a progressive ailment predominantly observed in elderly males.'? The etiology of coronary
atherosclerosis remains elusive, although numerous traditional risk factors for CHD have been delineated, encompassing diabetes,
age exceeding 40 years, male gender, familial history of premature CHD, elevated blood pressure and LDL levels, presence of
microalbuminuria, and obstructive sleep apnea.’ Besides his age and gender, the patient in the present case exhibited a prolonged
history of smoking and hypertension prior to admission. Post-admission diagnoses included type 2 diabetes and hypertriglycer-
idemia, thereby aligning the patient with six pivotal risk factors for coronary atherosclerosis, amongst which diabetes is deemed
a paramount concern relative to CHD.? The patient manifested diffuse-type atherosclerotic plaques within the mid left anterior
descending artery (LAD) — a common site for coronary atherosclerosis — displaying approximately 50-60% stenosis,
a comprehensible finding given the rarity of premature coronary heart disease in clinical settings.'> Nonetheless, the identification
of a 99% stenosis at the terminal segment of the right coronary artery (precisely anterior to the fistula) is scarcely observed,
especially in a 46-year-old individual. This case accentuates the contributory role of blood flow shear stress in the inception and
progression of coronary atherosclerotic plaque. The 99% stenosis was pinpointed at a high-velocity blood flow juncture, a locale
seldom associated with severe stenosis even amidst the presence of myriad classic risk factors under conventional circumstances.
Emerging evidence increasingly supports the notion that laminar blood flow and sustained high shear stress play a pivotal role in
modulating the expression of endothelial cell genes and proteins, which serve protective functions against atherosclerosis.
Conversely, disturbed blood flow, characterized by low and oscillating shear stress, is known to upregulate the expression of
proatherosclerotic genes and proteins, thereby fostering the development of atherosclerosis.'* In the case at hand, the significant
hemodynamic stress exerted on endothelial cells is believed to markedly contribute to the initiation and progression of coronary
atherosclerotic plaques. The literature indicates that the primary pathological event in atherosclerosis involves the accumulation of
fatty streaks within the vascular wall, particularly at arterial bifurcations where the disruption of laminar blood flow occurs.'” This
disruption is a critical factor in the pathogenesis of atherosclerotic lesions, highlighting the intricate relationship between
hemodynamic forces and vascular health.

In healthy individuals, a dynamic equilibrium is maintained within the endothelial system, wherein the loss and regeneration
of endothelial cells are balanced. This equilibrium can be disrupted through two primary pathways: the acceleration of endothelial
cell damage or the deceleration of endothelial cell renewal and repair. The patient in this case displayed six risk factors for
coronary heart disease, namely age, male gender, smoking, hypertension, type 2 diabetes, and hyperlipidemia. Shear stress,
smoking, and hypertension were identified as accelerators of endothelial cell damage,'® while aging and diabetes were associated
with a reduced pace of vascular cell regeneration post-injury.'” Research posits that individuals with diabetes may exhibit
impaired revascularization of ischemic tissues due to aberrant production of circulating provascular progenitor cells,
a phenomenon termed “regenerative cell exhaustion™.!” Specifically, those with a prolonged history of type 2 diabetes
demonstrate decreased frequencies of circulating proangiogenic ALDH™CD34" progenitor cells. Such changes in circulating
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cell phenotypes are believed to contribute to the progressive decline in vascular repair capacity.'® This phenomenon underscores
the complex interplay between diabetes and vascular health, highlighting the critical role of progenitor cells in maintaining
vascular integrity and the potential impact of diabetes on these reparative processes.

The disruption of the balance between injury and repair leads to the loss of punctate and flaky endothelial cells.'® This inability
of the endothelial system to maintain its integrity, referred to as endothelial damage, is characterized as “superficial erosion” of an
atherosclerotic plaque.”® Superficial erosion exposes thrombogenic components of the plaque, such as the necrotic core, tissue
factor, and collagen, initiating platelet activation, aggregation, and subsequent thrombus formation.?' This process not only
damages the endothelial barrier but also provokes proinflammatory responses and a prethrombotic state.”? This Recent advance-
ments in imaging techniques have bolstered this notion, shedding light on a process dubbed “coronary plaque healing”.*®
Investigations into healed plaques revealed that these lesions harbored multi-layered lipids and necrotic cores, indicating recurrent
episodes of thrombosis and healing.'” OCT images depicted healed plaques with heterogeneous multilayers rich in signals, with
optical signal intensity differing from the underlying plaques, thereby exhibiting a characteristic onion-like appearance.** This
appearance has led medical researchers to further investigate the impact of thrombotic events on the development of athero-
sclerotic plaques in vivo. These thrombotic events initiate a subsequent repair process, known as plaque healing, which stabilizes
the eroded site and results in a healed plaque characterized by distinct layers of organized collagen. This process contributes to the
progression of coronary atherosclerosis.?' Thus, a pathogenic trajectory for atherosclerosis is proposed, encompassing the failure
of endothelial repair, exposure of plaque components, activation and aggregation of platelets, thrombosis, activation of
endogenous fibrinolysis, thrombolysis, formation of granulation tissue, and ultimately, reendothelialization and plaque healing.®

We hereby propose a hypothesis termed “Double Endothelial Healings” to elucidate the genesis and progression of
atherosclerotic plaque (Figure 2), in which both the process of “acceleration of endothelial damage” and the process of
“deceleration of endothelial renewal” play critical roles in the development and progression of atherosclerotic plaque.
The first facet of “Endothelial healing” pertains to the restoration of the arterial endothelial system compromised by shear

stress, smoking, and hypertension, all of which accelerate the endothelial damage, or compromised by aging and
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Figure 2 Conceptual Framework of the “Double Endothelial Healings” Hypothesis. This figure provides a schematic representation of the “Double Endothelial Healings”
hypothesis, elucidating its role in the pathogenesis of coronary atherosclerosis. The illustration encapsulates the dual processes of accelerated endothelial damage and
decelerated endothelial renewal, highlighting their pivotal contributions to the development and progression of atherosclerotic plaques.
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diabetes, all of which hamper the pace of healing. The objective of this initial “Endothelial healing” phase is to uphold
the dynamic equilibrium of the endothelial system. Should the endothelial system falter in maintaining its integrity, the
secondary “Endothelial healing” phase is activated to address the recurrent thrombosis ensuing from the exposure of
subendothelial matrix proteoglycans after superficial erosion or plaque rupture. This secondary healing leads to the
stabilization of the eroded site and culminates in a healed plaque, delineated by distinct layers of organized collagen. The
iterative “Double Endothelial Healings” process thus contributes to the edification of coronary atherosclerosis.

In this report, we have presented a case characterized by the presence of coronary artery fistulae in conjunction with six
traditional risk factors for CHD, resulting in severe coronary stenosis proximal to the fistula. This case prompts a deeper
examination of the pathogenesis of coronary atherosclerosis. Despite the complexity and partially understood nature of the
onset and progression of coronary atherosclerosis, a wealth of clinical and basic research has provided valuable insights into this
condition. The “Double Endothelial Healings” hypothesis, inspired by the clinical observations from this case, suggests a novel
perspective on the development of coronary atherosclerosis. However, it is important to acknowledge the limitations inherent in
formulating a hypothesis based on a single case and supplementary literature, which may be considered a relatively weak
foundation. A more rigorous approach, including a quantitative analysis of flow disorders, would be essential to provide a solid
base of evidence to support our hypothesis. The use of OCT for in vivo plaque evaluation would have significantly enhanced our
ability to substantiate our observations. The hypothesis regarding the pathogenesis of coronary atherosclerosis, as proposed in this
case, is built upon the preliminary evidence presented. It necessitates further comprehensive clinical and basic research for
validation, refinement, and detailed exploration.

Conclusion

This case, featuring a coronary fistula alongside significant risk factors for coronary artery atherosclerosis, serves as
a catalyst for proposing the “Double Endothelial Healings” hypothesis. This hypothesis aims to shed light on the
potential mechanisms underlying the pathogenesis of coronary artery atherosclerosis, inviting further investigation into
this critical area of cardiovascular research.
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