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Abstract

Non-atherosclerotic coronary artery disease (N-ACAD) is a group of conditions affecting the coronary arteries that
can result in sudden cardiac death. This group of conditions can be categorized into structural anomalies, such as
collagenopathies, and functional anomalies, such as inflammatory vasculopathies, based on the pathological
mechanism. The epidemiology of N-ACAD varies according to the genetic condition involved; however, these
disorders are thought to represent a significant proportion of sudden cardiac deaths among young individuals,
especially those with a family history of inherited cardiovascular diseases. In collagenopathies, the causes of
N-ACAD are genetic, involving pathogenic mutations in several genes responsible for encoding the structural
proteins of the vascular wall. Conversely, in vasculitis, etiology is multifactorial, encompassing genetic, immune,
environmental, and infectious contributors that influence inflammatory processes. Notably, pathogenic variants
may result in arterial dissection, aneurysm formation, rupture, and, ultimately, sudden cardiac death. When the
cause of death remains unexplained following a standard post-mortem examination, the case is classified as a
sudden unexplained death. In such circumstances, a post-mortem genetic investigation-referred to as a molecular
autopsy-is of key importance for identifying potential inherited cardiac conditions and assessing the genetic risk
within the deceased’s family, with the aim of preventing future cases of sudden cardiac death. In this literature
review, we focus on the role of pathogenic variants in the pathogenesis of non-atherosclerotic coronary artery
disease associated with sudden cardiac death in the young.
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INTRODUCTION

Cardiovascular diseases are the leading cause of death worldwide", with coronary artery disease (CAD)
being the most significant cause of morbidity and mortality>”. CAD encompasses a group of diseases
affecting the coronary arteries and can be categorized into atherosclerotic CAD (ACAD) and
non-atherosclerotic CAD (N-ACAD). Although CAD is the predominant cause of myocardial ischemia,
accounting for 85% of cases', N-ACAD plays an important role as a significant cause of sudden cardiac
death (SCD) in the young (SCDY) without evidence of atherosclerosis or cardiovascular risk factors.

SCDY is a major international public health issue and is defined as SCD affecting individuals aged under
35 years or between 1 and 35 years, both non-athletes and athletes, with multiple hereditary/genetic or
non-hereditary/genetic etiologies”. The incidence of SCDY varies according to the age group. Specifically,
in young people aged under 30 years, the overall risk of SCD is approximately 1-2.8 per 100,000, with a case
rate of 19% in children aged 1 to 13 years and 30% in adolescents aged 14 to 21 years®”. When the cause of
death cannot be determined, the case is classified as sudden unexplained death (SUD). In these situations, a
molecular autopsy (MA)-understood as a genetic analysis carried out post-mortem-plays a vital role. This
approach can trigger a clinical and diagnostic pathway for the deceased’s relatives, allowing for targeted

[4,8,9]

surveillance or interventions, ultimately aiming to lower the likelihood of SCD within the family'***\.

In contrast to CAD, which is largely linked to chronic inflammation and environmental influences,
N-ACAD may arise from distinct molecular abnormalities that compromise the integrity and functionality
of the coronary vasculature. In particular, the main mutations responsible for these conditions affect genes
involved in the regulation of coronary smooth muscle, the structural integrity of vessels, the metabolism of
collagen and extracellular proteins, and genes regulating inflammatory mechanisms. In this literature
review, we aim to explore the role of pathogenic variants in the pathogenesis of N-ACAD responsible for
SCDY.

CLASSIFICATION

N-ACAD can be divided into collagenopathies, characterized by alterations of the connective tissue, and
vasculitis, characterized by inflammatory alterations [Table 1].

Collagenopathies include syndromic conditions such as Marfan syndrome (MFS), vascular Ehlers-Danlos
syndrome (VEDS), and Loeys-Dietz syndrome (LDS), which cause alterations in the walls of the coronary
arteries, predisposing individuals to spontaneous coronary artery dissection (SCAD) or coronary
aneurysms, as well as sudden cardiac death in the young SCDY.

Vasculitis includes inflammatory CAD, such as Takayasu arteritis (TA) and Kawasaki disease (KD), which
are primarily mediated by an abnormal immune response and associated with multifactorial pathogenesis
involving genetic, environmental, and infectious factors. In these diseases, immune system dysfunction
leads to an inflammatory response in the blood vessels. Autoantibodies and T cells involved in the immune
response contribute to vascular inflammation and tissue injury, affecting the coronary arteries and posing a
potential risk of ischemia or aneurysms, as well as SCDY.

COLLAGENOPATHIES IN SUDDEN CARDIAC DEATH IN THE YOUNG

Marfan syndrome

MEFS is an inherited disorder of connective tissue, with approximately 90% of cases attributed to pathogenic
variants in the FBN1 gene'”, and less frequently to mutations in either TGFBR1 or TGFBR2 genes'". These
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Table 1. Classification of non-atherosclerotic coronary artery disease

Non-

atherosclerotic  Pathogenic Pathogenetic Cardiac
coronary artery variants mechanism complications
disease

Collagenopathies

Marfan syndrome ~ FBNT(90%) Altered formation of connective tissue Dilation, aneurysms or spontaneous coronary
TGFBR1 with consequent weakness of the dissection and sudden cardiac death in the
TGFBR2 arterial wall young
Vascular Ehlers- COL3A1 Defect in collagen production resulting Spontaneous coronary dissections, arterial
Danlos syndrome in vessel fragility ruptures and coronary aneurysms, and sudden
cardiac death in the young
Loeys-Dietz TGFBR1 Dysregulation of TGF- signaling Aneurysm, spontaneous coronary dissection,
syndrome TGFBR2 resulting in vascular wall weakness sudden cardiac death in the young and
SMAD3 abnormal tortuosity
TGFB2
TGFB3
SMAD2
Vasculitis
Kawasaki disease ITPKC, CASP3, FCGR2A, BLK, Systemic vasculitis of medium and Coronary aneurysms, ischemia and sudden
CD40, NAALADL2, ZFHX3, PELIT,  small vessels of unknown cardiac death in the young
COPB2, ERAPT, STO0A12, MMP-9,  etiopathogenesis due to probable
TLR2, NLRC4, ARG1 immune system dysfunction
Takayasu arteritis ~ IL12B, MICA-1.2, LILRB3, LILRA3, Chronic idiopathic granulomatous Coronary artery stenosis or occlusion, diffuse
IL6, FCGR2A/FCGR3A vasculitis of the large vessels of or focal coronary arteritis, coronary artery
unknown etiopathogenesis due to aneurysm, resulting in myocardial ischemia
probable immune system dysfunction and arrhythmias, and sudden cardiac death in
the young

genetic alterations are linked to the development of aneurysms and arterial dissections, predominantly
affecting the aorta but also involving the coronary arteries, and they represent a major cause of sudden
cardiac death among young individuals"* [Figure 1].

MES is the most prevalent form of collagenopathy, occurring in approximately 1 in every 5,000

individuals". It affects people of all sexes and ethnic backgrounds equally"’. Without appropriate

treatment, the condition is associated with a significantly reduced life expectancy, averaging around 40
[14]

years'".

MES follows an autosomal dominant inheritance pattern with complete penetrance and variable
expressivity. Approximately 25% of cases are sporadic, resulting from de novo mutations"*. The FBN1 gene,
located on chromosome 15q21.1, encodes fibrillin-1, a glycoprotein that is a key component of the
extracellular matrix in elastic fibers. The majority of FBN1 mutations are single nucleotide changes, with
missense variants accounting for approximately 60% and nonsense mutations representing around 10%. In
fewer than 10% of cases, the mutation may go undetected, often due to complete deletion of the allele or
disruptions in gene regulation!”.

The TGFBR1 and TGFBR2 genes encode the transforming growth factor-beta receptor (TGFBR), which
may be mutated in atypical presentations of MFS!"". Fibrillin-1 regulates the bioavailability of TGF-p, a
growth factor involved in processes such as inflammation and tissue repair. Mutations in fibrillin-1 lead to
overexpression of TGF-B, making it more active and available. This overactivity promotes inflammation,
tissue fibrosis, and the activation of matrix metalloproteinases (MMPs), particularly MMP-2 and MMP-9""°.
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FBN1 mutations

[ Fibrillin-1 dysfunction ]
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l
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[ Extracellular matrix degradation ]—* v Weakening of arterial wall
v Aneurysms, dissections, SCAD and
SCD

Figure 1. MFS genetic mechanisms. MFS: Marfan syndrome; SCD: sudden cardiac death; SCAD: spontaneous coronary artery
dissection.

These enzymes degrade structural components of the extracellular matrix, such as collagen and elastin,
weakening arterial walls and resulting in dilation, aneurysms, or SCAD"”**), which can culminate in sudden
cardiac death.

Histologically [Table 2], MES is marked by regions of cystic medial degeneration, disruption of elastic fibers
across the lamellae, depletion of smooth muscle cells, and fragmentation of the elastic tissue within the
tunica medial*.

Vascular Ehlers-Danlos syndrome
VEDS is a hereditary connective tissue disorder caused by pathogenic variants in the COL3A1 gene. It is
characterized by extreme fragility of blood vessels”™ [Figure 2].

VEDS represents the most severe subtype of Ehlers-Danlos syndrome (EDS) and is characterized by a
significantly elevated risk of cardiovascular complications. While it primarily affects the aorta, it also
predisposes individuals to the rupture of small-to-medium caliber vessels, including the coronary arteries,
leading to spontaneous coronary dissections”, arterial ruptures, and coronary aneurysms, which can result
in sudden cardiac death, particularly in young individuals®.

VEDS is an exceedingly rare condition, representing only 5% of all EDS cases™/, with a prevalence of
approximately 1 in 150,000 individuals®. It affects both genders equally"”’, although sudden death before
the age of 20 is more frequently observed in males”. VEDS follows an autosomal dominant inheritance

pattern, exhibiting high penetrance®”.

The COL3A1 gene, situated on chromosome 2q32.2, encodes type III collagen, a key structural protein
essential for the stability of connective tissues, particularly within blood vessels®”. In half of the cases,
pathogenic variants in COL3A1 involve missense mutations that substitute glycine in the Gly-X-Y repeat
sequence of the collagen triple helix. Less commonly, pathogenic variants result in haploinsufficiency, which
is associated with less severe phenotypic expressions, while bi-allelic mutations occur in fewer than 1% of
cases. Furthermore, heterozygous substitutions of arginine to cysteine in COL1A1 can occasionally produce
a clinical presentation resembling VEDS".
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Table 2. Histology and causes of death in collagenopathies

Collagenopathies Histology Causes death

Marfan syndrome Cystic degeneration of the tunica media, fragmentation of elastic fibers, loss  Aortic and coronary dissections
of smooth muscle cells

Vascular Ehlers-Danlos Cystic degeneration of the tunica media, fragmentation of elastic fibers Arterial ruptures and coronary

syndrome dissections

Loeys-Dietz syndrome Cystic degeneration of the media, intralamellar elastic fragmentation, loss of ~ Dissections and aneurysms

smooth muscle cells

Glycine mutations
COL3A1 (Residues of Gly-X-XY

repeat in type III collagen)

v Cystic degeneration of the tunica
media and elastin fragmentation

[ Vascular fragility v" Weakening of arterial wall
v' Aneurysms, dissections, SCAD and
SCD

Figure 2. VEDS genetic mechanisms. SCD: Sudden cardiac death; SCAD: spontaneous coronary artery dissection; VEDS: vascular
Ehlers-Danlos syndrome.

Histologically [Table 2], VEDS is characterized by areas of cystic degeneration in the tunica media and
translamellar medial elastin fragmentation!”.

Loeys-Dietz syndrome

LDS is a disorder of connective tissue caused by pathogenic mutations in genes that code for TGF-B
receptors and other related proteins within the same signaling pathway. These genetic alterations impair
TGEF-p signaling, disrupting the normal formation and upkeep of connective tissue, which leads to
weakened arterial walls and vascular abnormalities”” [Figure 3].

Vascular anomalies in LDS can occasionally involve the coronary arteries®, manifesting as aneurysms,
spontaneous coronary dissections”, and in severe cases, sudden cardiac death in young individuals®”.
Abnormal arterial tortuosity is also a common feature®”. LDS is particularly dangerous in young people,
with dissections often occurring suddenly during childhood or adolescence.

LDS is a rare disorder™, with its incidence and prevalence not yet fully established. It affects both males and
females across diverse ethnic groups, with cardiovascular complications being the primary cause of
morbidity and mortality among younger individuals®?. LDS follows an autosomal dominant inheritance
pattern, with around two-thirds of cases arising from de novo mutations, which are typically linked to
more severe phenotypes. The remaining cases are familial, often presenting with less pronounced
symptoms. There have also been reports of non-penetrance and mosaicism in certain cases"?.

The primary pathogenic variants associated with LDS include TGFBR1 and TGFBR2, which encode type 1
and type 2 TGF-p receptors; SMAD3, which encodes a protein mediating intracellular TGF-p signaling; and
TGFB2 and TGFB3, which encode TGF-p isoforms 2 and 3. LDS is classified into five primary subtypes,
each linked to a specific genetic mutation. The first subtype, LDS Type 1, is associated with mutations in the
TGFBRI1 gene, while LDS Type 2 results from mutations in the TGFBR2 gene. Another subtype, LDS Type
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TGF-p receptor mutations ]
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Figure 3. LDS genetic mechanisms. LDS:Loeys-Dietz syndrome; SCD: sudden cardiac death; SCAD: spontaneous coronary artery
dissection.

3, is caused by changes in the SMAD3 gene. LDS Type 4 is linked to mutations in the TGFB2 gene, and
finally, LDS Type 5 arises from mutations in the TGFB3 gene". Pathogenic variants in the SMAD2 gene
have also been discovered, although these have not yet been assigned to a specific subtype of LDS"".

Histologically [Table 2], LDS is characterized by regions of cystic degeneration within the tunica media,
along with extensive intralamellar fragmentation of medial elastin. There is also a loss of smooth muscle
cells and disruption of elastic fibers, including their fragmentation and disorganization"..

VASCULITIS IN SUDDEN CARDIAC DEATH IN THE YOUNG
Kawasaki disease
KD, also known as mucocutaneous lymph node syndrome, is an acute, self-limiting systemic vasculitis that

affects medium and small vessels, with a particular affinity for the coronary arteries".

The exact cause of KD remains unknown, though it is believed to have a multifactorial origin, and includes
genetic predisposition, environmental factors, and infections [Figure 4]. Various viral and bacterial
pathogens, such as Epstein-Barr virus (EBV), adenovirus, and bacterial superantigens such as streptococci
and staphylococci, have been implicated as possible triggers of the disease. The involvement of the immune
system is crucial, with an inflammatory response characterized by the activation of T lymphocytes,
macrophages and the release of proinflammatory cytokines, leading to endothelial damage and
thrombosis™'.

KD is the most common vasculitis in newborns and children under 5 years of age, predominantly affecting
males and those of Asian descent. It is more prevalent during the winter and spring months. The incidence
ranges from 10-20 per 100,000 children under age 5 in the United States and Canada to 50-250 per 100,000

in Japan, Taiwan, and Korea*.

KD predominantly involves the coronary arteries, with a reported frequency of 25%-30%'*". Among affected
coronary arteries, the right coronary artery is most commonly involved (35%), followed by the anterior
descending coronary artery (32%)"*”. KD is the leading cause of coronary artery aneurysms in children,
which can lead to sudden cardiac death®™*/.
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[Genetic predisposition ]—[ Pathogenic variants ]—{ Immune response ]
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Figure 4. KD multifactorial mechanism. KD: Kawasaki disease; SCD: sudden cardiac death.

The role of the HLA region in KD has been studied with mixed results'*. While some HLA alleles, such as
HLA-Bws1, have shown associations with KD in various populations, these findings are not always
consistent. A study on Japanese patients identified strong signals involving HLA-DQB2 and HLA-DOB",
though no specific HLA allele universally associated with KD susceptibility has been confirmed".

Genomic studies have identified additional genes linked to KD, including ITPKC, CASP3, FCGR2A, BLK,
and CD40, which are involved in immune and inflammatory processes. Other implicated genes include
NAALADL2, ZFHX3, PELI1, COPB2, and ERAPi1. More recently, key “hub” genes such as S100A12,
MMP-9, TLR2, NLRC4, and ARG1 have been recognized for their critical roles in the immune processes
underlying KD, Genetic studies have also linked specific variants to an increased risk of coronary artery
aneurysms and thrombosis in children with KD,

Histological analysis of KD [Table 3] reveals a polymorphic inflammatory infiltrate within the thinned walls
of blood vessels. This process is accompanied by a progressive loss and destruction of elastic fibers,

[38,42]

ultimately leading to necrosis of the internal elastic lamina®™**.

Cardiac lesions in KD develop over time and are classified into different stages based on the duration of the
disease at the time of death>*.

In Stage I from 0 to 9 days, the earliest phase, inflammation primarily affects the microvessels such as
arterioles, capillaries, and venules and small arteries, leading to perivasculitis and acute vasculitis. The three
main coronary arteries also show signs of inflammation, with perivasculitis and acute endarteritis. Other
cardiac complications, such as pericarditis, myocarditis, and inflammation of the atrioventricular
conduction system, may also occur. Endocarditis and valvulitis further contribute to the damage. In this
stage, death is most commonly caused by heart failure or fatal arrhythmias.

During Stage II from 12 to 25 days, the inflammation progresses to involve all layers of the three major
coronary arteries, leading to widespread pan-vasculitis. This stage is also marked by the formation of
aneurysms, often containing thrombi within the main arterial stems. Myocarditis and coagulative necrosis
persist, along with ongoing lesions in the conduction system. Pericarditis and valvulitis remain present. At
this stage, death can result from complications seen in Stage I, but also from myocardial infarction or the
rupture of an aneurysm.
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Table 3. Histology and causes of death in vasculitis

Stage-

Vasculitis phase Histology Causes death
disease

Kawasaki Polymorphous inflammatory infiltrate in thinned vascular walls; rarefaction and

disease destruction of elastic fibers; necrosis of the internal elastic lamina
Stage | Perivasculitis and acute vasculitis of microvessels (arterioles, capillaries, venules) and  Heart failure or

(0-9days) small arteries; perivasculitis and acute endarteritis of the three main coronary arteries;  arrhythmias
pericarditis, myocarditis, inflammation of the atrioventricular conduction system,
endocarditis with valvulitis

Stage Il Panvasculitis of the three main coronary arteries; aneurysm formation with thrombi; Myocardial infarction,
(12-25 myocarditis; coagulative necrosis; conduction system lesions; persistent pericarditis ruptured aneurysms, heart
days) and valvulitis failure or arrhythmias
Stage Il Granulation tissue in the main coronary arteries; resolution of microvascular Myocardial infarction
(28-31 inflammation
days)
Stage IV Scarring and severe stenosis of the main coronary arteries; myocardial fibrosis; Myocardial infarction
(40 days-4  coagulative necrosis; conduction system lesions; endocardial fibroelastosis
years)
Takayasu Intimal hyperplasia and granulomatous arteritis. Myocardial ischemia and
arteritis Stenosis or occlusion of the coronary arteries; diffuse or focal coronary arteritis; arrhythmias

coronary aneurysms

Acute phase Edema; patchy necrosis; chronic inflammation; scattered giant cells, primarily in the
outer two-thirds of the tunica media, adventitia, adventitial fat, and vasa vasorum.
Intimal proliferation with obliteration of the lumen

Chronic Marked intimal and adventitial thickening, leading to multi-segmental circumferential

phase stenosis. Hypocellular intimal proliferation with scattered fibroblasts and smooth
muscle cells. Disorganized or absent elastic fibers, replaced by collagen and granulation
tissue. Presence of necrosis with giant infiltrates

By Stage III from 28 to 31 days, the acute inflammatory response begins to subside, with granulation tissue
forming within the three main coronary arteries. At the same time, microvascular inflammation gradually
resolves. However, myocardial infarction remains a major risk and is the leading cause of death at this stage.

In Stage IV from 40 days to 4 years, the long-term consequences of the disease become evident. Extensive
scarring and severe narrowing of the three major coronary arteries develop, accompanied by myocardial
fibrosis and coagulative necrosis. The conduction system remains affected, and endocardial fibroelastosis

can also occur. At this advanced stage, myocardial infarction continues to be the most common cause of
death.

Takayasu arteritis
TA, also known as Takayasu disease, is a rare, chronic, idiopathic granulomatous vasculitis primarily
affecting large vessels, particularly the aortic arch and its branches, including the coronary arteries™*..

The exact cause of TA remains unknown, but it is believed that a dysfunctional immune response, mediated
by T lymphocytes and macrophages, leads to chronic and progressive inflammation of the vascular walls,
resulting in stenosis, thrombosis, and ischemia of the blood supply organs [Figure 5]. Mycobacterium
tuberculosis infection has been suggested as a possible trigger, as it can induce abnormal immune activation
in genetically predisposed people. Other factors, such as cocaine use and certain bacterial infections, have
also been associated with vasculitis cases with similar characteristics*.

TA predominantly affects young women aged 20-40 years"!, with a higher prevalence in Asian
populations”. In Japan, the prevalence is approximately 40 per million®”. Coronary artery involvement

41,42]

occurs in 10%-45% of cases, often targeting the coronary ostia*>*”.
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[ Genetic predisposition ]—[ Pathogenic variants ]—[ Immune response ]
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Figure 5. TA multifactorial mechanism. TA: Takayasu arteritis; SCD: sudden cardiac death.

The three most common coronary lesions in TA are:

« Stenosis or occlusion of the coronary arteries;

- Diftuse or focal coronary arteritis;

- Coronary artery aneurysms.

These lesions can result in myocardial ischemia, arrhythmias, and sudden cardiac death.

TA is strongly associated with HLA class I alleles*, particularly HLA-B52, with a pronounced link in Asian
and Mexican populations”?. Genome-wide association studies (GWAS) have confirmed the relevance of
HLA-B5201 and the IL12B gene, especially in Japanese individuals®”.

Other genetic variants have also been implicated, including the MICA-1.2 allele and polymorphisms in the
C4 gene"!. Additional studies have identified two susceptibility loci in Japanese patients, while in other
populations, genes such as LILRB3, LILRA3, and IL¢6, involved in immune regulation and inflammation,
have been associated with the disease”. Furthermore, a shared association with the FCGR2A/FCGR3A
locus has been observed in both TA and Kawasaki disease!*".

Histological analysis [Table 3] shows that TA is characterized by intimal hyperplasia and granulomatous

[38,43]

inflammation affecting the arterial walls

In the acute phase, the affected arteries exhibit edema, patchy necrosis, and chronic inflammation, often
accompanied by scattered giant cells. These changes primarily involve the outer two-thirds of the tunica
media, the adventitia, the surrounding fat, and the vasa vasorum. In some cases, the intima also undergoes
proliferation, which can result in luminal narrowing or even complete occlusion.

As the disease progresses into the chronic phase, there is significant thickening of both the intima and
adventitia, leading to a characteristic multi-segmented, circumferential stenosis. The intima becomes
hypocellular, containing only scattered smooth muscle cells and fibroblasts. The normal structure of the
arterial wall is disrupted, with elastic fibers becoming disorganized or completely lost, replaced by collagen
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and granulation tissue. Areas of necrosis persist, often surrounded by infiltrates of giant cells, further
contributing to vascular damage and dysfunction.

MOLECULAR AUTOPSY AND GENETIC COUNSELING

SCD is one of the leading causes of mortality worldwide. In young individuals, it is often linked to
undiagnosed genetic heart diseases'”. In such cases, MA - a post-mortem genetic analysis aimed at
identifying pathogenic variants associated with hereditary cardiac conditions”™ - is essential [Table 4].

MA plays a crucial role in N-ACAD, where the structural or functional abnormalities responsible for SCD
cannot be detected using standard autopsy techniques.

By identifying pathogenic variants linked to conditions such as channelopathies, cardiomyopathies,
aortopathies, and CAD, MA can help establish a genetic cause of SCD, particularly in asymptomatic young
individuals for whom the first clinical manifestation is a fatal event.

Connective tissue disorders such as MS, VEDS, and LDS are well known to increase the risk of SCAD and
aneurysms, both of which can lead to SCDY. These disorders arise from pathogenic variants that impair
connective tissue formation, weakening arterial walls.

MS is a hereditary connective tissue disorder primarily caused by pathogenic variants in the FBN1 gene and,
less frequently, in TGFBR1 or TGFBR2. These mutations lead to aneurysms and dissections, mainly in the
aorta but also in the coronary arteries, significantly increasing the risk of SCDY.

VEDS results from pathogenic variants in the COL3A1 gene, which encodes type III collagen, a protein
essential for vascular integrity. It is characterized by extreme vascular fragility, with a high risk of
spontaneous coronary dissections, arterial ruptures, and coronary aneurysms, all of which frequently lead to
SCDY.

LDS arises from pathogenic mutations in genes that code for TGF-B receptors or associated proteins,
leading to impaired TGF- signaling and resulting in compromised structural integrity of the arterial walls.
Vascular abnormalities in LDS include coronary aneurysms, spontaneous coronary dissections, and arterial
tortuosity, all of which contribute to the risk of SCDY. Vasculitides such as KD and TA can also contribute
to N-ACAD, increasing the risk of SCDY.

KD is associated with genetic variants such as ITPKC and CASP3, as well as genes involved in immune and
inflammatory pathways, including FCGR2A, BLK, CD40, NAALADL2, ZFHX3, PELI1, COPB2, ERAP1,
S100A12, MMP-9, TLR2, NLRC4, and ARG1. Coronary aneurysms in KD can lead to thrombosis or rupture,
potentially causing sudden death even years after the acute phase of the disease.

TA is linked to HLA alleles, particularly HLA-B52. Genetic studies have also identified variants in IL12B,
MICA-1.2, and immune-response-related genes such as LILRB3, LILRA3, and IL6. TA can cause coronary
stenosis, myocardial ischemia, and myocardial infarction (MI), all of which may ultimately result in SCDY.

Although these conditions are often diagnosed during life, MA plays a vital role in cases of sudden
unexplained death, helping to confirm genetic variants that predispose individuals to exaggerated immune
responses or impaired vascular repair'®®. Beyond providing a definitive diagnosis for the families of the
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Table 4. Diagnostic algorithm

Diagnostic phase Description

1. SCD assessment - Sudden death in young people, without apparent cause
- Family history of SCD, dissections, aneurysms
- Standard autopsy to exclude common pathologies

2. When to consider MA - Suspicion of a genetic cardiac disease not detected by standard autopsy
- Presence of genetic factors predisposing to channelopathies, cardiomyopathies, aortopathies and coronary
artery disease

3. MA - Genetic testing for pathogenic variants in genes associated with inherited heart disease:
1. Channelopathies (SCN5A, KCNQT)
2. Cardiomyopathies (MYH7, LMNA)
3. Aortopathies and connective tissue disorders (FBN1, COL3A1, TGFBR1, TGFBR2)
4. Screen for variants in vasculitis-related genes such as KD, TA, and other genetic abnormalities rarely
associated with SCD

4. Interpretation of molecular - Identify pathogenic variants associated with SCD
results - Confirm the genetic cause of death or exclude rare genetic diseases
5. Genetic counseling - Collection of family history (family tree)

- Discussion of genetic results and risk of transmission
- Psychological support for families

6. Family clinical surveillance - Planning of genetic testing for family members
- Regular monitoring with echocardiograms, cardiac MR, stress tests
- Preventive surgery: aortic replacement and aneurysm repair

7. Preventive measures - Drugs: beta-blockers and angiotensin receptor antagonists
- Prophylactic surgery in case of high risk for dissections and aneurysms

SCD: Sudden cardiac death; MA: molecular autopsy; KD: Kawasaki disease; TA: takayasu arteritis.

deceased, MA enables genetic screening of relatives, allowing for preventive measures such as clinical
monitoring, antiarrhythmic medications, or surgical interventions to mitigate the risks of dissection or
aneurysm.

Genetic counseling is essential for managing inherited diseases, particularly those associated with SCD risk.
It helps identify, educate, and support families who may be at risk by integrating medical, genetic, and
psychological expertise to address the implications of pathogenic variants.

The first step in genetic counseling is gathering a detailed family and personal medical history, often
visualized through a family tree that highlights cases of sudden death, vascular dissections, or aneurysms.
This is followed by the interpretation of genetic test results, offering clear explanations about the
significance of these mutations, their inheritance patterns, and their potential health implications.

Management strategies developed through genetic counseling are multidisciplinary. Preventive approaches
include personalized clinical surveillance plans, such as regular echocardiograms, cardiovascular MRI scans,
and stress tests to monitor vascular changes. In cases of high risk, prophylactic surgical interventions may
be recommended, such as replacing a dilated aorta in patients with MS or repairing coronary aneurysms.
Additionally, medications such as beta-blockers or angiotensin receptor antagonists may be prescribed to
reduce the risk of dissection or aneurysm in individuals with specific conditions.

From an emotional perspective, genetic counseling provides significant support to patients and their
families. Learning that they carry a pathogenic mutation can cause anxiety, guilt, or uncertainty, particularly
in families with a history of SCDY. It is, therefore, crucial to emphasize that genetic knowledge is not just a
means of identifying risks but, more importantly, a powerful tool for prevention.
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Genetic screening for N-ACAD is a topic that, despite being of great interest, does not represent a universal
diagnostic solution for all cases of this condition. Although genetics can contribute to the understanding of
some forms of N-ACAD, its application is limited to certain patient subgroups for which specific genetic
markers have been identified. However, in non-genetic forms of N-ACAD, the diagnosis requires a broader
approach, which also includes histological and immunological investigations. These diagnostic tools allow
for the analysis of the cellular and molecular mechanisms underlying non-atherosclerotic coronary heart
disease, providing a more precise and comprehensive view compared to genetic tests, which are not always
able to detect all the pathogenetic factors involved. Histological analyses, in fact, allow for the examination
of tissues and the identification of morphological and inflammatory characteristics that may underline
N-ACAD. Immunological analyses, on the other hand, enable the investigation of inflammatory and
autoimmune processes that could be involved in the pathogenesis of this condition. These approaches are
essential when genetic tests are unable to detect abnormalities that explain the disease. Therefore, a
combined approach, including genetic, histological, and immunological techniques, is crucial to
significantly improving the diagnosis and treatment of N-ACAD, as it enables a variety of etiological factors
to be considered.

FUTURE DIRECTIONS AND CHALLENGES

AM represents a promising frontier in precision medicine, enabling the integration of histopathological data
with detailed genomic analyses. The use of emerging technologies such as high-throughput sequencing and
single-cell sequencing offers new opportunities to refine the diagnosis of N-ACAD, enhancing early
detection and risk assessment. In particular, single-cell sequencing allows for the analysis of genetic material
expressed in thousands of individual cells, revealing significant differences between them and providing a
deeper understanding of the pathological microenvironment'.

On the therapeutic front, gene editing emerges as a transformative strategy to correct pathogenic mutations
underlying N-ACAD. Techniques such as CRISPR/Cas9 enable precise DNA interventions, paving the way
for personalized treatments for a wide range of genetic diseases'”. In parallel, the development of targeted
therapies based on an understanding of the specific molecular mechanisms of N-ACAD could enhance
treatment efficacy and reduce side effects.

However, the implementation of these technologies presents significant challenges. It is essential to validate
biomarkers identified through large-scale studies and ensure the safety and effectiveness of new therapies.
Furthermore, the integration of big data and artificial intelligence could further enhance diagnostic and
prognostic capabilities but requires the development of adequate infrastructure and the resolution of ethical
and privacy concerns. Addressing these challenges will be crucial in translating scientific discoveries into
concrete clinical applications for the management of N-ACAD.

CONCLUSION

N-ACAD caused by pathogenic variants presents a significant clinical challenge, particularly as a major
contributor to sudden cardiac death in seemingly healthy young individuals.

The advent of MA has revolutionized post-mortem diagnosis, not only providing vital answers to the
families of the deceased but also serving as a crucial tool for preventing fatal events in genetically
predisposed relatives.
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Early identification of genetic mutations, followed by the implementation of targeted preventive strategies
for at-risk family members, can significantly reduce the incidence of fatal cardiac events.

However, genetic screening for N-ACAD is not a universal diagnostic solution. While it plays a key role in
identifying certain genetic forms of the condition, non-genetic cases require a broader diagnostic approach,
incorporating histological and immunological investigations. These methods offer deeper insights into the
underlying disease mechanisms and are essential when genetic testing alone is inconclusive.

A comprehensive approach that integrates genetic, histological, and immunological techniques is essential
for improving both the diagnosis and management of N-ACAD. Consequently, a multidisciplinary strategy
is indispensable for the effective prevention of SCD.
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