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Abstract

Coronary artery disease (CAD) has traditionally been viewed as the progressive consequence of established cardiovascular risk factors.
However, this framework does not capture the substantial biological heterogeneity underlying disease development and manifestation.
Our understanding of CAD is shifting toward a more complex and dynamic model involving endothelial dysfunction, disordered lipid
metabolism, and immune-mediated inflammation, together with thrombotic and vascular remodeling pathways that govern plaque ini-
tiation and progression, lesion stability, and the transition to clinical events. Advances in genomics, epigenetics, and non-coding RNA
biology are further refining this perspective; meanwhile, circulating biomarkers, advanced imaging, and artificial intelligence are increas-
ingly enabling phenotype-based risk stratification, underscoring marked interindividual differences in susceptibility to andmanifestations
of CAD. The limitations of a purely risk factor-based approach are now evident, highlighting the need to move beyond a “one-size-fits-
all” model for cardiovascular risk assessment. Mechanistic insights into disease development are increasingly being translated into
clinical practice. Plaque characterization, using integrated molecular and imaging approaches, is becoming more accurate, and novel
approaches to prevention and therapy, including anti-inflammatory and RNA-based therapeutics, are rapidly emerging. In this review,
we examine the mechanisms of CAD in the current era, moving from the traditional risk factor-based approach to a more mechanistic and
individualized approach to cardiovascular therapy, while also considering the translational challenges inherent in implementing precision
cardiology in routine clinical practice.
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1. Introduction
Cardiovascular disease is a leading cause of mortal-

ity and morbidity globally despite significant advances in
prevention, diagnosis, and therapy. The conventional un-
derstanding of coronary artery disease (CAD) as based on
modifiable risk factors fails to explain the complexity and
variability in its pathogenesis. A large number of individ-
uals present with coronary atherosclerosis and, in some in-
stances, acute myocardial infarction in the absence of clas-
sical modifiable risk factors, suggesting the presence of ad-
ditional biological drivers of disease [1].

The initiation, progression, and rupture of atheroscle-
rotic lesions represent a dynamic, multifaceted process
dependent on the interaction of endothelial dysfunction,
chronic inflammation, immune activation, dyslipidemia,
and vascular remodeling. This progression to symptomatic
coronary disease is now understood as an evolving process
driven by multiple molecular events, namely fibrous cap
rupture, necrotic core expansion, endothelial erosion, and

thrombus formation, rather than simply progressive lumi-
nal stenosis [2].

This understanding has led to a paradigm shift in
which CAD is increasingly recognized as a biologically het-
erogeneous process, where pathogenesis is driven by mul-
tiple overlapping pathways rather than being the resultant
product of individual risk factors. Genetic analysis, poly-
genic risk scores, molecular profiling, and plaque-based
imaging have all indicated substantial variability in individ-
ual predisposition to disease and clinical outcomes, thereby
undermining “one-size-fits-all” approaches to risk preven-
tion and therapy [1,3].

These findings are now translating into clinical prac-
tice, whereby inflammation can be effectively targeted
in secondary prevention, and coronary Computed To-
mography (CT) angiography and intravascular imaging,
complemented by AI-based plaque characterization, en-
able accurate estimation of individual atherosclerotic bur-
den and its progression. Combined with genetic test-
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ing, RNA-based therapies, and mechanism-guided inter-
ventions, these strategies are driving the transition toward
precision cardiovascular medicine [2,3]. However, most
existing reviews have addressed plaque biology, inflam-
mation, biomarkers, imaging, artificial intelligence (AI) or
emerging therapies as partially separate domains, whereas
a unified translational framework linking these compo-
nents to biologically defined CAD phenotypes remains less
clearly established.

In this review, we outline the main molecular mech-
anisms governing CAD and discuss the impact these find-
ings are having on current diagnostic and therapeutic ap-
proaches, to reframe CAD not only as a risk factor–
based disease but also as a biologically complex and clin-
ically impactful condition. Specifically, we aim to inte-
grate molecular mechanisms, plaque characteristics, circu-
lating biomarkers, imaging phenotypes, AI–supported risk
stratification, and emerging therapeutic strategies within a
phenotype-based precision cardiology model.

Search Strategy and Selection Criteria
For this narrative review, we searched PubMed, Sco-

pus, and Web of Science for articles published up to
2026 using combinations of the terms “coronary artery
disease”, “atherosclerosis”, “plaque biology”, “endothelial
dysfunction”, “inflammation”, “lipoproteins”, “biomark-
ers”, “coronary imaging”, “artificial intelligence”, “ma-
chine learning”, “precision cardiology”, and “targeted ther-
apies”. Priority was given to recent translational studies,
clinical studies, imaging studies, consensus documents, and
high-quality reviews addressing biological mechanisms,
plaque phenotyping, risk stratification, and emerging thera-
pies in CAD. Additional relevant references were identified
from the reference lists of selected articles. Given the nar-
rative nature of this review, studies were selected according
to their relevance to the conceptual framework rather than
through formal systematic review criteria.

2. From Risk Factors to Biological Disease
Cardiovascular risk factors progress to overt

atherosclerotic disease in a highly organized and mul-
tifactorial biologic continuum, transforming systemic
influences into localized vascular remodeling and dys-
function. Conventional risk factors for cardiovascular
disease (dyslipidemia, hypertension, smoking, diabetes,
and obesity) collectively drive a cascade of molecular
and cellular changes that promote gradual loss of vascular
homeostasis and development of atherosclerotic disease
[4].

An essential element of the healthy-to-diseased arte-
rial continuum is endothelial dysfunction, early character-
ized by decreased bioavailability of nitric oxide, increased
oxidative stress, and activation of pro-inflammatory sig-
nal transduction pathways. These cellular processes, aug-
mented by abnormal hemodynamics such as low or oscil-

latory wall shear stress at arterial bifurcations, induce in-
creased expression of adhesionmolecules such as VCAM-1
and ICAM-1, leading to increased leukocyte adhesion and
transendothelial migration into the artery wall, particularly
at sites prone to lesion development. These recruited mono-
cytes differentiate into macrophages, accumulate oxidized
low-density lipoprotein (oxLDL) to become foam cells, and
form fatty streaks [5,6].

Disease progresses in a non-resolving inflammatory
fashion, with continued cytokine, chemokine, and innate
immunemediators recruiting inflammatory cells and foster-
ing ongoing vascular inflammation, with subsequent phe-
notypic switching of vascular smooth muscle cells from
contractile to synthetic type. Migration into the intima, fol-
lowed by proliferation and deposition of extracellular ma-
trix, leads to the formation of fibroatheromatous plaques
comprising a lipid-rich necrotic core encased by a fibrous
cap [6].

The extracellular matrix within the fibrous cap re-
quires a balance between anabolic and catabolic processes;
inflammatory mediators, including interferon and tumor
necrosis factor, inhibit collagen synthesis, induce secre-
tion of MMPs that degrade collagen, and facilitate loss of
cap integrity leading to plaque rupture. However, recent
data challenge the classical definition of the “vulnerable
plaque”, in which lesion morphology alone dictates risk [7].

In fact, atherosclerotic disease is dynamic, with repeti-
tive cycles of plaque growth, instabilitywith plaque rupture,
and subsequent healing by collagen deposition. Over time,
these processes accumulate, contributing to the marked het-
erogeneity of atherosclerotic lesions and partly explaining
the lack of correlation between anatomical stenosis and
clinical events [6,7].

Acute atherothrombotic eventsmay result from plaque
rupture, plaque erosion, or calcified nodules leading to
thrombus formation. Systemic prothrombotic and pro-
inflammatory conditions may further amplify this process
through enhanced platelet reactivity and impaired fibrinol-
ysis, thereby increasing the likelihood of myocardial infarc-
tion or ischemic stroke [7].

A significant residual cardiovascular risk persists even
with aggressive risk factor management and lipid-lowering
therapy. Mechanisms other than low-density lipoprotein
(LDL)-mediated ones contribute to residual cardiovascular
risk, including chronic low-grade inflammation, metabolic
disorders, and genetically determined elements such as
lipoprotein(a) and other non-conventional factors.

Additionally, substantial variability in individual risk
of cardiovascular disease indicates biological heterogene-
ity in pathogenesis beyond conventional risk factors. In-
dividual patients may respond to risk factor modification
differently and may follow diverse risk trajectories even
with similar clinical profiles, implying the existence of yet-
uncharacterized risk determinants [8]. Traditional cardio-
vascular risk factors should not be viewed as separate from
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plaque biology, but as upstream modifiers of a broader bi-
ological continuum in which endothelial dysfunction, lipid
handling, immune activation, thrombosis, and vascular re-
modeling converge to determine individual disease expres-
sion, plaque behavior, and clinical phenotype.

3. Key Molecular Pathways Driving CAD
3.1 Endothelial Dysfunction

Endothelial dysfunction is among the earliest andmost
integrative biological events in the onset and progression
of CAD and represents a transition in the endothelial phe-
notype from one of physiological vasoprotection to one
of chronic inflammation, oxidation, and thrombosis. The
healthy endothelial lining controls vascular homeostasis
through regulated secretion of nitric oxide, prostacyclin,
endothelin, and other vasoactive signaling molecules that
determine vascular tone, platelet activation, leukocyte ad-
hesion, permeability, and smooth muscle cell phenotype.
Dyslipidemia, hypertension, diabetes, smoking, obesity,
and insulin resistance induce and perpetuate a shift toward
endothelial activation in which the vascular lining is no
longer a passive barrier but becomes an active contributor
to vascular inflammation and remodeling [9,10].

The reduction in endothelial Nitric oxide (NO)
bioavailability—often as a result of decreased endothelial
nitric oxide synthase (eNOS) activity, increased NO oxida-
tion by reactive oxygen species, and eNOS uncoupling—
leads to sustained redox imbalance, activation of inflamma-
tory transcriptional programs including NF-κB, increased
endothelial expression of VCAM-1, ICAM-1, and E-
selectin, and ultimately increased vascular susceptibility to
leukocyte adherence and emigration into the arterial wall
and early plaque formation [10]. However, endothelial dys-
function is far from being merely an initiating factor and
may act as a continuing amplifier of the atherosclerotic cas-
cade: loss of NO and prostacyclin signaling, along with in-
creased endothelin-1 (ET-1) and thromboxane A2 (TxA2)
signaling, favor vasoconstriction, thrombosis, and impaired
fibrinolysis, whereas persistent endothelial activation fa-
vors vascular permeability, endothelial cholesterol trans-
port, inflammatory cell migration, and smooth muscle cell
modulation, all of which promote atherogenesis. By doing
so, endothelial dysfunction establishes an important linkage
between atherosclerosis and thrombosis, thus contributing
to the critical role of the vascular and systemic prothrom-
botic milieu in the occurrence of acute coronary events in
patients with coronary plaque disease [10,11].

Endothelial dysfunction is proving to be a biolog-
ically heterogeneous systemic process. Cardiometabolic
disease, adipokine dysregulation, insulin resistance, and
chronic low-grade inflammation may converge on endothe-
lial signaling pathways, whereas vascular aging promotes
mitochondrial dysfunction, oxidative stress, cellular senes-
cence, and “inflammaging”, thereby accelerating arterial
stiffening and atherosclerotic progression. These observa-

tions support the concept that the endothelium may serve
as a common biological interface through which metabolic,
inflammatory, and aging mechanisms mediate the expres-
sion of arterial disease, and that variation in these pathways
may contribute to differences in individual susceptibility
[11,12,13].

The measurement of endothelial function may indeed
hold some value for prognosis, with increased circulating
cytokine and adhesion molecule expression as well as mi-
croparticles reflecting the activation state of the vascula-
ture. Circulating markers of endothelial activation, includ-
ing VCAM-1, ICAM-1, E-selectin, endothelial micropar-
ticles, and oxidative stress-related markers, may therefore
provide indirect information on endothelial phenotype, al-
though their clinical application remains limited by assay
variability, lack of standardized thresholds, and incomplete
disease specificity. Nonetheless, effective therapies tar-
geted at directly correcting endothelial dysfunction have
been disappointing, likely due to the multiple, partially
overlapping biological pathways involved, thus emphasiz-
ing that the endothelium should be seen not in isolation but
as a central player in integrating risk factors, inflammation,
lipid handling, thrombosis, aging, and thus the progression
of coronary disease to clinically manifest CAD [12,14].

3.2 Lipid and Lipoprotein Biology

Lipid and lipoprotein biology represent a central com-
ponent in the pathogenesis and progression of coronary
artery disease (CAD), not just in the circulating concentra-
tions of atherogenic particles but also in their interaction
with endothelial function, inflammation, and thrombosis.
Lipoproteins form part of an integrated biological network,
with their arterial impact a product of systemic exposure
and local arterial events. Of the standard lipid fractions,
low-density lipoprotein (LDL)-cholesterol plays a central
role in atherogenesis, not only as a consequence of its cir-
culating concentration but also through its interaction with
the vessel wall. Modified and oxidized LDL have detrimen-
tal effects on endothelial biology: they inhibit nitric oxide
generation, induce adhesionmolecule expression, and facil-
itate leukocyte recruitment and plaque development. Con-
versely, high-density lipoprotein (HDL) cholesterol plays a
role in vasculoprotection via activation of endothelial nitric
oxide synthase, as an antioxidant and also via suppression
of inflammation; however, extremely high levels of HDL-C
are not associated with improved endothelial function [15].
This apparent paradox may be partly explained by the dis-
tinction between HDL-C concentration and HDL function-
ality. Under conditions of chronic inflammation, oxidative
stress, diabetes, or systemic metabolic dysfunction, HDL
particles may undergo structural and proteomic remodeling,
losing part of their antioxidant, anti-inflammatory, choles-
terol efflux–promoting, and endothelial-protective proper-
ties. In this context, HDL may become dysfunctional or
even acquire pro-inflammatory features, with reduced ca-
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pacity to support nitric oxide bioavailability and vascu-
lar homeostasis. Triglyceride-rich lipoproteins contribute
to endothelial dysfunction, particularly in states of hyper-
triglyceridemia and postprandial lipemia [15,16,17].

Beyond conventional lipid fractions, lipoprotein(a)
[Lp(a)] is a widely recognized factor associated with resid-
ual cardiovascular risk. Lp(a) involves the attachment
of apolipoprotein(a) to an LDL-like particle; apolipopro-
tein(a) is structurally similar to plasminogen and exerts both
proatherogenic and antifibrinolytic effects, linking lipid and
thrombosis to accelerated atherosclerosis and thrombosis
[18,19]. This associated risk may be further enhanced
in combination with fibrinogen, a key mediator at the in-
terface of thrombosis and inflammation. Elevated Lp(a)
and fibrinogen levels are independently associated with
atherosclerotic burden, with evidence of a synergistic in-
teraction between the two biomarkers [19,20].

LDL atherogenicity requires endothelial permeabil-
ity and transendothelial LDL movement to produce athero-
genic plaques. LDL transcytosis across the endothelial
barrier is an early and essential process in atherosclero-
sis pathogenesis. Distinct cellular pathways, including
caveolae-mediated transport, SR-B1, and ALK1, facilitate
LDL transport across the endothelial cell. Increased en-
dothelial permeability and augmented transcellular LDL
transport may provide a mechanistic foundation for arterial
lipid retention and lesion initiation, especially in areas ex-
posed to disturbed flow [21].

Recent work using an endothelial cell polygenic risk
score (EC-PRS) suggests that endothelial genetic back-
ground may identify individuals who are particularly sus-
ceptible to LDL-C–mediated vascular disease. Lower
LDL-C levels reduce vascular risk, and the majority of vas-
cular benefits are observed in individuals carrying the high
endothelial EC-PRS, as seen in trials such as JUPITER and
FOURIER [22,23]; these data suggest that endothelial fac-
tors modulate lipid-related risk as well as the therapeutic
benefit of lowering lipid levels [24].

3.3 Inflammation and Immune Activation

Inflammation and immune activation drive plaque
progression and clinical instability in CAD. Lipid deposi-
tion initiates the atherosclerotic process, but ongoing im-
mune activation determines the lesion’s fate and risk of rup-
ture. Modified and oxidized lipoproteins are central triggers
of this immune response, stimulating endothelial activation,
subsequent leukocyte recruitment, and a sustained inflam-
matory milieu within the arterial wall, such that the plaque
should be considered an immuno-inflammatory tissue, not
just an accumulation of lipid [25].

The initial steps in the formation of an atheroma are
largely mediated by the innate immune system. Circulat-
ing monocytes are recruited to sites of endothelial activa-
tion, differentiate into macrophages, and uptake modified
lipoproteins via scavenger receptors, producing lipid-laden

foam cells that create a lipid-rich necrotic core. Intracellu-
lar inflammatory pathways like the NOD-like receptor fam-
ily pyrin domain containing 3 (NLRP3) inflammasome am-
plify this process, leading to the release of interleukin (IL)-
1, IL-6, and TNF, which enhance local inflammation, acti-
vate systemic inflammatory signaling, and promote matrix
degradation via metalloproteinases, weakening the plaque
fibrous cap and predisposing it to rupture [26,27]. How-
ever, plaque macrophages should not be viewed as a homo-
geneous cell population. Instead, they display substantial
phenotypic plasticity across inflammatory, lipid-handling,
reparative, and tissue-remodeling states. Foam cells may
also differ in lipid content, inflammatory activity, and ca-
pacity for efferocytosis. Impaired efferocytosis favors sec-
ondary necrosis, necrotic core expansion, and defective
plaque healing, whereas trained immunity may sustain a
persistent pro-inflammatory macrophage phenotype even
after the initial metabolic or inflammatory stimulus has
changed. These mechanisms provide a cellular basis for the
heterogeneity of plaque progression, destabilization, and
repair [27,28].

Adaptive immune responses also play a critical role
in atherosclerotic lesions. A large population of antigen-
experienced T cells is found in human coronary atheroscle-
rotic plaques, exhibiting marked activation characteristics.
Clonal expansion of T-cell receptors, especially among
CD8 T cells, demonstrates the significant impact of T-cell-
mediated antigen responses on lesion development and pro-
gression [29].

T-cell subsets within the atherosclerotic microenvi-
ronment have diverse actions: pro-inflammatory T helper
1 (Th1) cells amplify inflammation and macrophage acti-
vation, inhibiting collagen synthesis and thinning the fi-
brous cap. CD8 T cells directly induce damage to en-
dothelial cells and smooth muscle cells, predisposing to
plaque destabilization. Regulatory T cells dampen im-
mune activation and contribute to plaque stability through
anti-inflammatory cytokines like interleukin-10 and trans-
forming growth factor-β [25,30]. Accordingly, distinct
immune-cell axes may contribute to different CAD en-
dotypes. Monocyte/macrophage–NLRP3 activation and
neutrophil-related pathways are more closely linked to
innate immune-driven plaque instability, whereas Th1-
mediated metaflammation, CD8 T-cell cytotoxicity, regula-
tory T-cell dysfunction, and potentially natural killer T-cell–
mediated pathways may modulate adaptive immune activa-
tion, endothelial injury, collagen turnover, and plaque sta-
bility [29,30,31].

The interaction between immune cells and the vascu-
lar components exacerbates the disease. Macrophages ac-
tivate T cells via antigen presentation and cytokine release,
while endothelial cells and smooth muscle cells recruit
leukocytes through adhesion molecule upregulation in re-
sponse to inflammation. This continuous crosstalk creates a
self-reinforcing inflammatory loop within the plaque, inte-
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grating lipid-driven damage, immune activation, and struc-
tural remodeling. This immuno-inflammatory axis also in-
fluences thrombosis, as cytokine-induced endothelial dys-
function promotes a prothrombotic state, linking inflamma-
tion to acute coronary syndromes.

The main biological phenotypes of CAD and their
clinical implications are summarized in Table 1 (Ref. [18,
19,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,
38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55]).

4. Disease Heterogeneity and Molecular
Phenotypes

Based on the above mechanistic considerations, CAD
can no longer be considered a singular, homogeneous dis-
ease entity, but rather a continuum of biologically diverse
states triggered by interactions of genetic predisposition,
environmental insult, immune dysregulation, metabolic
dysfunction, and local vascular processes. Within such a
framework, variability in lesion distribution, progression,
presentation, and outcomes in patients with ostensibly sim-
ilar cardiovascular risk factors may be viewed not as a para-
dox but rather as biologically predictable. CAD can thus
be viewed as a disease spectrum rather than a stereotypi-
cally evolving pathological process. In such a construct, the
widely recognized mismatch between angiographically de-
termined lesion severity, ischemic burden, plaque behavior,
and clinical outcome becomes understandable as the result
of lesions with fundamentally differing biology rather than
mere degrees of lumen narrowing [56].

At a transcriptomic level, evidence supporting this
concept is accumulating. Different forms of CAD with
similar clinical presentations appear to have been de-
fined by unique inflammatory and cell-death signatures on
molecular analysis and distinct biological pathways driv-
ing the presentation. For instance, based on clustering
with ferroptosis- and necroptosis-related genes, two ma-
jor phenotypes could be identified: the first driven by in-
nate immune stimulation and neutrophilic inflammation,
and the second characterized by gene signatures related
to innate and adaptive immune response signaling. These
phenotypes showed differential expression of key signaling
molecules, TLR4 and STAT3, and had contrasting inflam-
matory load and disease burden, while alternative gene sig-
natures appeared associated with more stable disease. Path-
way analysis revealed neutrophil-related processes to be
predominantly represented within the inflammatory cluster,
while adaptive immune signaling was dominant in the alter-
native form [57].

In direct human studies involving coronary plaques,
RNA sequencing of plaque samples removed during percu-
taneous coronary intervention (PCI) has demonstrated that
culprit lesions compared to stable plaques show not only
differences in transcriptomic signature but also in cellu-
lar composition. Acute lesions are enriched in fibroblasts
and fibromyocytes, while showing reduced representation

of smooth muscle cells, indicating phenotypic modifica-
tion and plaque instability. Principal component analysis
further demonstrated clearly separated clustering of culprit
compared to stable lesions and suggests that in vivo plaque
biology can be distinguished in cellular and transcriptional
terms. This could have implications for individualized risk
stratification [57,58].

Spatial heterogeneity is also evident. Angiography-
based cluster analyses have revealed consistent CAD phe-
notypes defined by distinct patterns of coronary steno-
sis distribution. Each pattern is uniquely associated with
specific demographics, metabolic parameters, inflamma-
tory burden, and prognostic profiles. The pattern includ-
ing proximal left anterior descending (LAD) disease with
widespread multivessel stenoses is associated with higher
inflammation and worse outcomes, while others comprise
different combinations of metabolic stress and vulnerabil-
ity. This suggests that the distribution of atherosclerotic le-
sions is biologically meaningful and is not merely a conse-
quence of stochastic development [59].

Sex-related differencesmay further contribute to CAD
heterogeneity and should be incorporated into future pre-
cision cardiology frameworks. Women more frequently
present with non-obstructive CAD, coronary microvascu-
lar dysfunction, plaque erosion, and atypical clinical pre-
sentations, whereas men more commonly show obstruc-
tive epicardial disease and plaque rupture. Differences
in endothelial function, inflammatory activation, hormonal
status, vascular remodeling, and thrombogenicity may in-
fluence plaque phenotype and clinical expression [60,61].
Therefore, sex-specific biological featuresmay represent an
additional layer of phenotypic variability relevant to indi-
vidualized risk stratification and treatment selection.

The phenotype rather than just lumen narrowing de-
fines differences. Distinct phenotypes appear to be driven
by combinations of lipid accumulation, inflammation, cal-
cification, cap integrity, intraplaque hemorrhage, and vas-
cular remodeling. Advanced imaging modalities and ma-
chine learning algorithms identify features such as lipid in-
dex and arc of calcification as key determinants of positive
remodeling, a process associated with increased cardiovas-
cular risk. The prevalence of positively remodeled plaques
predicts poorer outcomes, indicating the presence of a dif-
fuse vulnerable substrate rather than individual culprit le-
sions [62].

More broadly, studies integrating proteomics, single-
cell transcriptomics, and genomics have elucidated coor-
dinated inflammatory, metabolic, and structural changes
during plaque progression and the role of CD44, TREM2,
SMAD3, and IL6R as potential mediators of plaque progres-
sion and instability. This appears to be a biologically coor-
dinated process rather than purely anatomical [32].

Within the concept of vulnerable patient phenotypes,
the biological processes driving plaque rupture and erosion
are mediated by distinct pathways involving inflammation,
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Table 1. Biological phenotypes of coronary artery disease and their clinical implications.
Phenotype Dominant biological axis Key markers & imaging features Therapeutic implications (with references)

Lipid-rich phenotype LDL retention, oxLDL,
endothelial permeability

LDL-C, apoB, Lp(a);
non-calcified plaque, lipid-rich

necrotic core

Intensive lipid lowering, PCSK9 inhibitors, and emerging RNA-based Lp(a)-lowering therapies
[18,19,21,22,23,24,39,40,41,42]

Inflammatory phenotype IL-1β/IL-6/NLRP3
activation

hsCRP, IL-6; plaque
inflammation, immune cell

infiltration

Anti-inflammatory strategies, including colchicine-sensitive pathways, IL-1β/IL-6 inhibition, and
NLRP3-related approaches [25,26,27,28,29,30,43,44,45,46,55]

Thrombo-inflammatory
phenotype

Platelet activation,
impaired fibrinolysis

Lp(a), fibrinogen; plaque
rupture/erosion, thrombosis

Tailored antithrombotic strategies and Lp(a)-targeting approaches in selected lipid-thrombotic phenotypes
[18,19,42,52]

Calcific/remodeling
phenotype

Plaque healing, micro/
macrocalcification

CAC progression, spotty vs
macrocalcification, 18F-NaF

uptake

Interpretation of CAC according to treatment context; plaque stabilization and remodeling-oriented strategies
[31,34,35,39,47]

Vulnerable patient
phenotype

Systemic inflammation +
diffuse plaque burden

Multimarker risk, omics
signatures; high plaque burden,

positive remodeling

Integrated precision approach combining imaging, biomarkers, omics, AI-supported risk stratification, and
individualized treatment selection [32,33,36,37,38,48,49,50,51,52,53,54]

LDL, low-density lipoprotein; oxLDL, oxidized low-density lipoprotein; LDL-C, low-density lipoprotein cholesterol; apoB, apolipoprotein B; Lp(a), Lipoprotein(a); PCSK9, proprotein convertase subtil-
isin/kexin type 9; IL, interleukin; NLRP3, NOD-like receptor family pyrin domain containing 3; hsCRP, high-sensitivity C-reactive protein; CAC, coronary artery calcium; 18F-NaF, fluorine-18 sodium
fluoride; AI, artificial intelligence.
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endothelial dysfunction, matrix degradation, and throm-
bosis. Vulnerable plaques display increased interactions
among necrotic core expansion, macrophage activity, fi-
brous cap thinning, microcalcification, neovascularization,
and intraplaque hemorrhage, which are not apparent from
lumen measurements. Molecular imaging offers the ability
to study underlying biological markers of plaque instabil-
ity, and approaches such as 18F-NaF Positron emission to-
mography (PET) may move assessment beyond anatomical
evaluation toward biologically informed risk stratification
[34].

Relevantly, through bioinformatic analysis, advanced
and ruptured plaques are characterized by neutrophil de-
granulation as a key pathway, with genes such as PLAUR
and ITGB2 acting as central mediators. Some of these sig-
natures have also been detected in peripheral blood and
may reflect a systemic inflammatory substrate underpin-
ning plaque instability, further supporting the existence of
distinct molecular states of CAD associated with different
clinical profiles [63].

Additional drivers such as clonal hematopoiesis
involving DNMT3A, TET2, and JAK2 mutations—
recognized as independent risk factors for accelerated
atherosclerosis—further highlight the role of immune
dysregulation in disease progression [64].

5. Translational Implications: From
Mechanisms to Clinical Practice
5.1 Biomarkers

This understanding of CAD as a biologically heteroge-
neous disease has supported the use of circulating biomark-
ers not as disease burden indicators but as tools for track-
ing underlying pathophysiologies. Biomarkers may then be
thought of as measures of individual biological axes such
as inflammation, lipid metabolism, fibrotic processes, and
plaque stability. Accordingly, a phenotype-based interpre-
tation of biomarkers requires their organization according
to the dominant biological process they reflect, rather than
their use as isolated prognostic variables.

Biomarkers of inflammation are among the most stud-
ied. High-sensitivity C-reactive protein (hsCRP) and IL-
6 are some of the best-validated circulating biomarkers.
hsCRP represents an indicator of downstream inflammatory
processes, whereas IL-6 represents an indicator of upstream
inflammatory processes. Levels of either hsCRP or IL-6
have been repeatedly correlated with increased risk of fu-
ture CV events and CV outcomes. hsCRP is an indicator of
overall inflammation, whereas evidence suggests IL-6 sig-
naling itself causes atherosclerosis and cardiovascular dis-
ease [65]. Additional inflammatory mediators, including
IL-1β, TNF, and NLRP3-related signaling markers, may
further characterize inflammasome-driven and cytokine-
mediated CAD phenotypes, although their routine clinical
implementation remains limited [66].

The integration of inflammatory and lipid-related
biomarkers further refines risk stratification. Lp(a), a ge-
netically determined pro-atherogenic and pro-thrombotic
lipoprotein, has been independently associated with car-
diovascular risk. Importantly, the combined elevation of
Lp(a) and hsCRP identifies a subgroup of patients at par-
ticularly high risk of cardiovascular mortality, suggesting
that concurrent activation of inflammatory and lipid path-
ways confers additive or synergistic risk [66,67]. Similarly,
thrombotic and thrombo-inflammatory biomarkers, such as
fibrinogen, D-dimer, platelet activation markers, and mark-
ers of impaired fibrinolysis, may help identify patients in
whom plaque vulnerability is accompanied by a systemic
prothrombotic milieu.

Markers of endothelial dysfunction represent another
relevant biomarker category within a phenotype-based
CAD framework. Circulating adhesion molecules such
as VCAM-1, ICAM-1, and E-selectin, together with en-
dothelial microparticles and oxidative stress-related mark-
ers, may reflect endothelial activation, vascular permeabil-
ity, and leukocyte recruitment. However, their clinical ap-
plicability remains constrained by limited standardization,
biological variability, and incomplete specificity for coro-
nary plaque activity [68,69].

Further novel biomarkers relating to myocardial
stress, fibrosis, and immune activation have also been
shown to have prognostic importance. Growth dif-
ferentiation factor-15 (GDF-15), soluble suppression of
tumorigenicity-2 (sST2), and galectin-3 are among a num-
ber of novel biomarkers of adverse outcomes in a variety of
conditions from heart failure to ischemic heart disease [70].

They are complementary to known markers of cardio-
vascular disease, and their utility in routine clinical practice
is not yet established. Novel molecular markers are provid-
ing a further dimension to understanding the heterogene-
ity of cardiovascular disease. A role for microRNAs has
been found in the regulation of endothelial function, inflam-
mation, and plaque stability, and they may represent non-
invasive markers of plaque biology. Evidence has shown
an association of particular microRNA signatures such as
higher expression levels of miR-10b and miR-92a with vul-
nerable plaque phenotype and an unstable clinical picture,
helping identify individuals at high risk of clinical instabil-
ity [71].

In addition, the wider context of multi-omics ap-
proaches combining proteomic, transcriptomic, and
metabolomic data is increasing the number of candidate
biomarkers for atherosclerotic progression and plaque
destabilization. The goal of such approaches is to develop
multi-biomarker signatures that more accurately capture
the complexity of CAD [32,71].

Despite these advances, significant limitations remain.
Most candidate markers are non-specific for particular dis-
ease endotypes, and their addition to conventional clinical
models has provided only minimal incremental prognos-
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Fig. 1. A simplified framework of coronary artery disease from biological mechanisms to clinical phenotypes. The figure illustrates
how endothelial dysfunction, lipid and lipoprotein abnormalities, inflammation, immune activation, thrombosis, and vascular remodeling
interact to generate distinct but overlapping CAD phenotypes. These biological phenotypes may be characterized through circulating
biomarkers, advanced imaging, and AI-supported risk stratification, ultimately supportingmore individualized preventive and therapeutic
strategies.

tic value. Difficulties with standardization, reproducibility,
and definition of thresholds remain a constraint on clini-
cal practice. Therefore, biomarkers should be interpreted
as complementary components of an integrated precision
cardiology framework, rather than as stand-alone tools for
diagnosis or therapeutic selection.

The integration of these biological mechanisms into
clinical practice is illustrated in Fig. 1.

5.2 Imaging

A revolutionary change has occurred in the field of
cardiovascular imaging, transitioning from a discipline con-
cerned solely with lumen stenoses to a multidimensional
tool enabling interrogation of the biologic processes ac-
tive within atherosclerotic lesions. The observation that
anatomic occlusion is an imperfect surrogate marker of risk
and that the majority of acute coronary events arise from
non-stenotic yet active plaque lesions has led to changes in
the imaging paradigm, where “plaque characterization, not
ischemia, is paramount”, with a transition towards biologi-
cally mediated risk assessment [72].

Within such a scheme, imaging may be seen as a spa-
tially resolved biomarker. It offers the unique ability to
reflect the heterogeneity of atherosclerosis on a lesion-by-
lesion basis, bridging the gap between circulating markers,
which are systemically diluted, and discrete plaque activity.

With respect to quantitative metrics derived from
imaging, plaque burden appears to be the strongest pre-
dictor of risk. Quantitative coronary computed tomogra-
phy angiography (CCTA) allows for volumetrically accu-

rate assessment of coronary atherosclerosis across the en-
tire coronary tree with AI-driven algorithms for improved
plaque characterization. Interestingly, it has been shown
that relatively minor changes in plaque burden translate
to a substantial risk increase: in a study of 2839 patients
from two independent CCTA cohorts, a PAV threshold of
≥2.6% identified patients at significantly higher risk of
ACS, whereas PAV <2.6% was associated with a very low
event rate, offering a near-perfect negative predictive value
and suggesting that the entirety of coronary plaque burden
represents the necessary substrate for clinical events [33].

Crucially, advanced plaque quantification appears to
provide prognostic information that is independent of—
and in some cases superior to—both traditional risk factors
and lumen stenosis severity. In the multicenter CAPIRE
study, Andreini et al. [73] demonstrated that quantitative
CCTA-derived plaque features, particularly non-calcified
plaque volume, were independently associated with cardio-
vascular events, even after adjustment for clinical risk pro-
files and multivessel disease. Notably, patients with low
non-calcified plaque burden exhibited similar outcomes re-
gardless of anatomical disease extent, whereas those with
high non-calcified plaque volume experienced significantly
higher event rates. These findings strongly support the con-
cept that plaque composition, rather than stenosis sever-
ity alone, drives clinical risk, challenging the long-standing
paradigm centered on luminal narrowing [73].

Beyond global burden, imaging provides refined char-
acterization of plaque phenotype, enabling identification of
high-risk morphological features such as lipid-rich necrotic
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core, positive remodeling, spotty calcifications, and thin
fibrous cap. Invasive intracoronary imaging modalities—
including IVUS, OCT, and near-infrared spectroscopy—
have been instrumental in validating these features in vivo,
effectively functioning as an “optical biopsy” of the arterial
wall. These approaches have demonstrated that plaque vul-
nerability is not a binary condition but rather a continuum of
structural and inflammatory states, reflecting complex in-
teractions between lipid accumulation, immune activation,
and extracellular matrix degradation [33,74].

More recently, attention has shifted toward the assess-
ment of plaque biological activity, capturing dynamic pro-
cesses such as inflammation and microcalcification. Hy-
brid PET-CT imaging with tracers such as 18F-sodium flu-
oride enables visualization of active calcification, a pro-
cess closely linked to necrotic core expansion and inflam-
matory signaling. In a large prospective cohort of pa-
tients with recent myocardial infarction, increased coro-
nary plaque activity assessed by fluorine-18 sodium flu-
oride (18F-NaF) uptake was associated with higher rates
of cardiac death or recurrent myocardial infarction, inde-
pendently of traditional risk factors and anatomical disease
severity. These findings position molecular imaging as a
functional biomarker of plaque instability, capable of iden-
tifying high-risk disease states beyond structural character-
ization alone [34].

A central and exciting emerging concept is that the
risk of plaque, like disease, is not static, but rather evolv-
ing. Baseline plaque features have failed to discriminate
between lesions destined to cause or not cause ACS in lon-
gitudinal imaging studies, and changes over time are there-
fore of the greatest significance. In a serial CCTA study,
the development of increases in necrotic core and luminal
stenosis and remodeling index, along with changes in the
CT-derived fractional flow reserve (CT-FFR), had a sig-
nificantly greater predictive capability for subsequent ACS
events than did baseline parameters. The incorporation of
a temporal element may encourage imaging to be viewed
not as a static descriptor, but a reflection of the biological
process [34,75].

Simultaneously, machine learning techniques have en-
abled the integration ofmultiple imaging domains intomore
comprehensive models of plaque biology. The value of
these approaches does not lie only in higher predictive ac-
curacy, but in their ability to translate heterogeneous imag-
ing data into reproducible quantitative phenotypes. In this
regard, anatomical plaque burden from CCTA, composi-
tional information from OCT or IVUS, functional assess-
ment with CT-FFR, and molecular or perfusion data from
hybrid PET-based imaging may capture complementary di-
mensions of CAD, including plaque volume, vulnerability
features, hemodynamic relevance, microvascular dysfunc-
tion, and biological plaque activity. In one study, plaque
volume, remodeling index, CT-FFR, and necrotic core fea-
tures entered into an XGBoost model predicted ACS with

high accuracy (AUC 0.918), outperforming individual pa-
rameters [75]. More broadly, recent multimodal imaging
literature and consensus recommendations suggest that AI-
supported plaque quantification may help move coronary
imaging from descriptive assessment toward individualized
risk stratification, monitoring of treatment response, and
potentially treatment escalation based on total plaque vol-
ume and patient-specific risk profiles [36,37,38]. However,
the clinical value of these models will depend on external
validation, reproducibility across scanners and populations,
standardized acquisition protocols, model interpretability,
and integration with clinical and biomarker data rather than
on algorithmic performance alone.

5.3 Targeted Therapies

Lipid-lowering treatments, particularly high-intensity
statins and proprotein convertase subtilisin/kexin type 9
(PCSK9) inhibitors, predictably induce a shift in plaque
phenotype, characterized by reduced lipid content, fibrous
cap thickening, and increased calcified burden [39,40]. Im-
portantly, treatment-related increases in calcification may
occur alongside reductions in atheroma volume and car-
diovascular events, suggesting that coronary artery calcium
(CAC) progression during intensive lipid lowering may re-
flect favorable plaque remodeling rather than disease pro-
gression per se. From this perspective, calcium deposition
may represent the terminal stage of a stabilization cascade,
whereby an active, high-risk plaque is transformed into a
more inert mineralized scar. This concept is consistent with
the clinical outcome benefits observed in major PCSK9 in-
hibitor trials, including FOURIER and ODYSSEY OUT-
COMES, and with dedicated coronary imaging studies
demonstrating regression of atheroma, reduction in lipid-
rich plaque components, and features of plaque stabiliza-
tion with intensive lipid lowering [23,41,76]. Thus, CAC
may serve less as a purely quantitative marker of treatment
response and more as a qualitative indicator of plaque re-
modeling.

In parallel, emerging RNA-based therapies target-
ing lipoprotein(a), including antisense oligonucleotides and
small interfering RNA approaches, represent a particularly
relevant example of mechanism-guided prevention for ge-
netically determined residual risk. By directly lowering
Lp(a), these agents may allow more precise treatment of
lipid-thrombotic phenotypes in which conventional LDL-C
lowering alone does not fully address the dominant biolog-
ical driver of risk [42].

The addition of targeted anti-inflammatory therapies
introduces a further dimension to this concept. In CAN-
TOS, reduction in cardiovascular events through IL-1β in-
hibition occurred independently of lipid lowering, firmly
establishing the clinical relevance of residual inflamma-
tory risk [55]. Similarly, IL-6 and IL-1 receptor block-
ade has been shown to reduce myocardial injury and sys-
temic inflammation in the setting of ACS [43,44,45]. Other
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approaches, including colchicine-sensitive inflammatory
pathways and strategies directed toward the NLRP3/IL-
1β/IL-6 axis, may further refine the treatment of inflamma-
tory CAD phenotypes [46].

Mechanistically, these therapies may act upstream of
overt calcium deposition. This suggests an important dis-
tinction: whereas lipid-lowering therapies may promote
plaque stabilization through consolidation of calcium into
macrocalcification, anti-inflammatory therapies may pre-
vent the formation of high-risk microcalcifications by at-
tenuating apoptosis, extracellular vesicle release, and lo-
cal inflammatory signaling. Although direct evidence link-
ing specific therapies to distinct CAC trajectories remains
limited, available data support the hypothesis that differ-
ent therapeutic strategies may generate different CAC sig-
natures, reflecting discrete pathways of plaque remodeling
[34,77].

From a clinical standpoint, this evolving framework
challenges traditional interpretations of CAC progression.
An increase in CAC under optimal therapy should not be
considered a failure of treatment, but rather a potential
biomarker of effective plaque transformation. Conversely,
stable or low CAC in untreated or poorly controlled patients
may mask the persistence of lipid-rich, non-calcified, and
potentially high-risk plaques. Therefore, the clinical mean-
ing of CAC becomes context-dependent, requiring integra-
tion with treatment status, lipid levels, inflammatory bur-
den, and complementary imaging findings.

Emerging therapeutic strategies further expand this
concept. Nanomedicine and targeted delivery systems are
being developed to directly modulate the plaque microenvi-
ronment, enabling site-specific reduction of inflammation,
promotion of cholesterol efflux, and enhancement of fi-
brous cap integrity [78,79]. These approaches may allow a
more precise orchestration of plaque healing processes, po-
tentially influencing not only the extent but also the spatial
distribution and morphology of calcification. In this sce-
nario, CAC may evolve from a global burden metric into a
fingerprint of localized therapeutic effects within the arte-
rial wall.

Taken together, these observations support a paradigm
shift in which CAC is no longer interpreted solely as a mea-
sure of cumulative atherosclerotic burden, but as a read-
out of the balance between injury and repair under therapy.
Looking forward, the integration of CAC with advanced
imaging modalities, molecular biomarkers, and computa-
tional approaches may enable a more refined characteri-
zation of treatment response. Rather than asking whether
CAC increases or decreases, future strategies should aim
to determine what type of calcium is forming, in which bio-
logical context, and under which therapeutic pressure. Such
an approach would reposition CAC as a dynamic biomarker
within a multidimensional framework of precision cardio-
vascular medicine [47,48].

6. Future Directions and Precision
Cardiology

Moving from isolated stenotic lesion identification to-
ward a multidimensional view of CAD as a dynamic, bio-
logically heterogeneous, and patient-specific process will
be central to the evolution of precision cardiology. This
transition requires integrated strategies for risk stratifica-
tion, surveillance, and therapeutic selection, combining
anatomical, functional, biological, and computational do-
mains. AI-supported coronary imaging represents one of
the most important recent developments in this field.

Beyond improving the speed and reproducibility of
image analysis, AI may help transform heterogeneous
imaging data into quantitative plaque and patient pheno-
types. AI-based CCTA can estimate total plaque burden
and composition with strong concordance with expert read-
ers, while comparisons with invasive imaging such as opti-
cal coherence tomography have shown good agreement be-
tween noninvasive and invasive plaque quantification [49].
More broadly, AI-driven CCTA plaque analysis may sup-
port reproducible quantification of plaque burden and com-
position, helping to translate anatomical imaging into indi-
vidualized risk assessment [50].

However, future progress will depend less on isolated
plaque markers and more on integrated models combining
imaging, biomarkers, clinical data, and treatment response.
This reflects the shift from the vulnerable plaque to the vul-
nerable phenotype, in which plaque characteristics are in-
terpreted within a broader system shaped by inflammation,
hemodynamics, immune activation, thrombosis, and dif-
fuse plaque burden [51]. This concept is further supported
by the recognition that plaque erosion represents a distinct
pathway in ACS and may provide a gateway to more per-
sonalized therapeutic strategies [52]. AI may support this
transition by connecting anatomical plaque burden, func-
tional assessment, biomarker profiles, and clinical risk into
individualized prediction frameworks [50,53].

A further key direction is the recognition of
atherosclerosis as a dynamic disease. Serial imaging
suggests that changes in plaque characteristics over
time may be more informative than static baseline mea-
sures. Systems biology and mathematical modeling may
strengthen this approach by describing CAD as a network
process and by identifying patient-specific trajectories of
progression, stabilization, or residual risk.

In this context, digital twin approaches could even-
tually integrate imaging, biomarkers, clinical risk factors,
genetic background, and treatment exposure to support in-
dividualized prediction of plaque evolution and therapeutic
response [54].

Despite these advances, important limitations remain.
AI models are often developed on specific datasets, limit-
ing generalizability across populations, scanners, and clin-
ical settings. Data bias, limited transparency, workflow in-
tegration challenges, privacy requirements, uncertain reim-
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bursement, regulatory oversight, and medico-legal respon-
sibility may all complicate implementation. These barriers
are particularly relevant in low-resource settings, where un-
equal access to advanced imaging, biomarker testing, and
computational infrastructure may widen disparities in car-
diovascular prevention.

Ultimately, the future of precision cardiology will de-
pend on careful integration rather than innovation alone.
The most useful tools will be those capable of generating
clinically meaningful, reproducible, and actionable infor-
mation to identify low- and high-risk patients, monitor dis-
ease evolution, and guide therapy according to the dominant
biological mechanisms driving individual disease processes
[50,53,54].

7. Conclusions
A paradigm shift in coronary artery disease thinking

is needed, where the condition is not perceived solely as
the summation of historical cardiovascular risk factors or
as a disease merely characterized by the degree of lumi-
nal stenosis, but instead as a process dictated by interac-
tions between endothelial dysfunction, lipid and lipoprotein
biology, inflammation and immune activation, thrombo-
inflammatory processes, and vascular remodeling that pro-
duce a complex biologically diverse spectrum of disease.
Within this framework, patients with identical cardiovas-
cular risk profiles may not necessarily present with similar
plaque phenotype, progression, and subsequent clinical out-
come.

The translation of this plaque phenotype concept into
clinical practice has far-reaching implications for diagnosis,
prognosis, and therapeutic strategies. Circulating biomark-
ers, contemporary coronary imaging modalities, molecu-
lar profiling technologies, and AI-based tools have pro-
vided increasingly powerful insights into the quantification
of atherosclerotic burden, plaque activity, and the intrin-
sic biology underlying each patient’s disease state. Simul-
taneously, therapy is advancing beyond simple risk fac-
tor reduction toward mechanism-guided intervention with
novel lipid-lowering, anti-inflammatory, RNA-based, and
targeted agents. Future advances in cardiovascular dis-
ease prevention and treatment will rely on translating these
developments into actionable, reproducible, and clinically
useful strategies. Precision cardiology represents not sim-
ply a collection of novel technologies but the ability to de-
lineate the primary drivers of disease at an individual pa-
tient level, track the temporal evolution of these processes,
and make individualized treatment decisions based on their
interplay. In this context, CAD should not be considered a
single disease to be treated uniformly, but rather a spectrum
of biologically individualized and conceptually integrated
phenotypes. The clinical value of this approach will de-
pend not only on technological innovation, but also on val-
idation, accessibility, interpretability, and integration into
real-world care pathways.
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