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Abstract

Background: Atherosclerosis remains the principal substrate for ischaemic heart disease and stroke, yet conventional
lipid testing alone fails to identify a substantial proportion of at-risk individuals (1,2). Oxidative modification of LDL
and downstream inflammatory activation are now recognised as central, biomarker-rich processes driving plaque
initiation, progression, and rupture (3,4).

Objective: To systematically compile and appraise biomarkers used in atherosclerosis diagnosis and risk stratification
— traditional lipid markers, oxidative LDL-modification products, inflammatory mediators, composite ratios, and
emerging molecular markers — classifying each by structure, mechanism, estimation method, reference range, and
temporal (early versus late) predictive utility, individually and in combination.

Methods: A narrative-systematic search of PubMed/MEDLINE, Scopus, Embase, Cochrane Library, and Web of
Science (January 2000 — June 2026) identified original studies, meta-analyses, and reviews reporting biomarker
biology, methodology, or diagnostic performance in atherosclerosis. Data were extracted and synthesised thematically
across five predefined biomarker domains.

Results: Oxidative products of LDL modification (oxLDL, malondialdehyde, 4-hydroxynonenal, oxysterols,
modified apoB-100) (3—6) and plaque-specific inflammatory enzymes (Lp-PLA2, myeloperoxidase, MMP-9) (7-9)
consistently outperformed static lipid values in identifying biologically active and vulnerable plaque. Composite
indices integrating lipid and leukocyte-derived parameters (NLR, MHR, SII, SIRI) achieved the highest reported
diagnostic accuracy (AUC generally 0.75-0.85) (10,11), exceeding any single marker in isolation.

Conclusion: No single biomarker captures the full biology of atherosclerosis. A tiered strategy combining lipid,
oxidative, and inflammatory markers offers the most evidence-supported approach to early detection and risk
stratification, pending further assay standardisation.
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Introduction

Atherosclerosis is a chronic, progressive inflammatory
discase of medium- and large-sized arteries
characterised by the accumulation of lipids,
inflammatory cells, fibrous elements, and calcified
deposits within the arterial intima, culminating in the
formation of atheromatous plaque (1). It constitutes
the principal pathophysiological substrate for
ischaemic heart disease, ischaemic stroke, and
peripheral arterial disease, which together account for
the largest single share of mortality worldwide (1,2).
For more than half a century, clinical risk assessment
for atherosclerotic cardiovascular disease has relied
predominantly on static lipid measurements,
principally total cholesterol, LDL-cholesterol, and

HDL-cholesterol, embedded within composite risk
calculators such as the Framingham Risk Score and
the Pooled Cohort Equations (2). While these tools
retain clinical utility at a population level, a substantial
proportion of acute coronary and cerebrovascular
events occur in individuals with LDL-C
concentrations within or near the therapeutic target
range, indicating that the conventional lipid panel
captures only one dimension of a multifactorial
disease process (18). This observation has driven three
decades of biomarker research aimed at characterising
the biochemical processes that convert a stable, lipid-
laden plaque into one that is inflamed, structurally
weakened, and prone to rupture.
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Central to this evolving understanding is the oxidative
modification hypothesis of atherosclerosis, which
proposes that native LDL particles, upon retention
within the subendothelial space, undergo enzymatic
and non-enzymatic oxidative modification to generate
a heterogeneous family of biologically active products
(3,4,20). These include lipid hydroperoxides derived
from oxidised phospholipids and cholesteryl esters,
reactive aldehydes such as malondialdehyde, 4-
hydroxynonenal, and acrolein, oxysterols including 7-
ketocholesterol and 7B-hydroxycholesterol, and
structurally modified apolipoprotein B-100 bearing
fragmentation, cross-linking, and aldehyde-adduct
formation (5,6,19). Beyond simply disrupting the
native structure and clearance of LDL, these oxidation
products function as potent signalling molecules that
activate endothelial adhesion molecule expression,
recruit and differentiate monocytes into lipid-laden
macrophages and foam cells, and sustain a self-
perpetuating cycle of vascular inflammation (3,4).
This mechanistic insight has positioned oxidative and
inflammatory biomarkers as complementary, and in
some clinical contexts superior, tools to conventional
lipid measurement for capturing biologically active
disease (20,21).

In parallel, the recognition that atherosclerosis is
fundamentally an inflammatory disease has elevated
the clinical and research importance of circulating
inflammatory =~ mediators  (C-reactive  protein,
interleukin-6), enzymes localised to vulnerable plaque
(Lp-PLA2, myeloperoxidase) (7,8,12,13), and
inexpensive composite haematological indices derived
from the routine complete blood count (NLR, MHR,
SII, SIRI) (10,11). These markers, individually and
especially in combination with lipid and oxidative
indices, have demonstrated incremental value in
discriminating stable from vulnerable plaque
phenotypes and in predicting incident cardiovascular
events independent of traditional risk factors.

The present review was undertaken to consolidate this
expanding and heterogeneous body of literature into a
single structured reference. It addresses four specific
aims: first, to catalogue the principal biomarkers of
atherosclerosis  across the lipid, oxidative,
inflammatory, and emerging molecular domains;
second, to summarise, for each marker, its
biochemical structure, site and pathway of synthesis or
generation, mechanism of pathogenic action, standard
laboratory method of estimation, and accepted normal
reference range; third, to classify markers according to
their temporal utility as early (subclinical, pre-
atheroma) versus late (established plaque, vulnerable
plaque, or acute event) predictors of disease; and

fourth, to evaluate the comparative and combinatorial
diagnostic performance of individual markers and
composite indices/ratios, drawing on diagnostic
accuracy data reported in the appraised literature.
Materials and Methodology

1.Review design

This article was structured as a narrative systematic
review, combining the comprehensive search and
transparent reporting principles of a systematic review
with a thematic, mechanism-oriented narrative
synthesis appropriate to the heterogeneous nature of
the biomarker literature, which spans biochemistry,
cell biology, and clinical diagnostics. The review
followed the general reporting framework of the
Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) statement where applicable
to the search and selection process.

2.Search strategy

A structured electronic search was performed across
five databases: PubMed/MEDLINE, Scopus, Embase,
the Cochrane Library, and Web of Science Core
Collection, covering the period from January 2000 to
May 2026. Search terms were combined using
Boolean operators and included: “atherosclerosis”
AND (“biomarker®*” OR “diagnos*” OR “predict*”);
“oxidised LDL” OR “oxidized LDL” OR “oxLDL”;
“malondialdehyde” OR “MDA”; “4-hydroxynonenal”
OR “4-HNE”; “oxysterol*” OR “7-ketocholesterol”;
“apolipoprotein B” OR “apoB-100"; “lipoproteinA
(a)”; “C-reactive protein” AND “atherosclerosis”;
“lipoprotein-associated phospholipase A2” OR “Lp-
PLA2”;  “myeloperoxidase” AND  “plaque”;
“neutrophil to lymphocyte ratio” OR “NLR”;
“monocyte to HDL ratio” OR “MHR”; “intima-media
thickness” AND “biomarker”; and “microRNA” AND
“atherosclerosis”. Reference lists of retrieved articles
and prior reviews were hand-searched to identify
additional eligible studies.

3 Eligibility criteria

Inclusion criteria: (a) original research articles, meta-
analyses, pooled analyses, and systematic reviews
reporting biochemical structure, synthetic pathway,
mechanism of action, laboratory estimation method,
reference range, or diagnostic/prognostic performance
of a biomarker in relation to atherosclerosis or its
clinical sequelae; (b) studies involving adult human
subjects, or foundational mechanistic studies in
validated animal/cell-culture models where directly
relevant to biomarker biology; (c) articles published in
English between January 2000 and May 2026.
Exclusion criteria: (a) case reports and case series with
fewer than 10 subjects; (b) conference abstracts
without full-text data; (c) articles focused exclusively
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on therapeutic intervention without biomarker-
relevant diagnostic or mechanistic data; (d) articles
lacking extractable data on assay methodology,
reference ranges, or diagnostic performance; (e)
duplicate publications or superseded preliminary
reports where a later full study was available.

4 Study selection and data extraction

Titles and abstracts identified through the search
strategy were screened for relevance, followed by full-
text assessment of potentially eligible articles against
the inclusion and exclusion criteria. Data extracted
from each eligible article included: biomarker name
and classification domain; site of synthesis or
generation and biochemical structure; proposed
mechanism of pathogenic action; standard laboratory
method(s) of estimation; reported reference range or
clinically applied cut-off value; and reported
diagnostic, prognostic, or correlative performance
metrics (sensitivity, specificity, area under the receiver
operating characteristic curve, odds ratio, or
correlation coefficient) where available.

5 Data synthesis

Given the marked heterogeneity in biomarker class,
assay platform, study population, and outcome
definition across the included literature, a quantitative
meta-analysis was not undertaken. Data were instead
synthesised narratively and organised thematically
into  five  biomarker = domains:  traditional
lipid/lipoprotein markers, oxidative LDL-
modification products, inflammatory mediators,
composite haematological/lipid ratios, and emerging
genomic/proteomic/imaging-correlated markers.
Within each domain, markers were further classified,
where supported by the literature, as predominantly
early (subclinical/pre-atheroma) or late
(established/vulnerable plaque or acute-event)
predictive markers, and their reported performance
individually and in combination was tabulated for
comparative appraisal.

6 Quality considerations

Where diagnostic accuracy data were extracted from
primary studies or meta-analyses, the methodological
quality of source studies was considered using
domains consistent with the QUADAS-2 framework
(patient selection, index test, reference standard, and
flow/timing), and findings from studies with high
inherent risk of bias were interpreted cautiously and
flagged accordingly in the relevant sections of this
review.

7 Search and selection summary

Outcome / criteria

Stage applied

Databases searched PubMed/MEDLINE,

Scopus, Embase,
Cochrane Library, Web
of Science Core

Collection

Date range January 2000 — June

2026

Records identified Combined keyword
search  across  five
databases plus
reference list (hand)

searching

Screening Title/abstract screening
for relevance to
biomarker structure,
mechanism, estimation,
or diagnostic
performance in
atherosclerosis

Full-text assessment Applied
inclusion/exclusion
criteria  detailed in
Section

Narrative thematic
synthesis across five
biomarker domains; no
quantitative pooling
performed due to
outcome heterogeneity

Final synthesis

Structure and Synthesis of the Atherogenic
Substrate: LDL and Its Oxidative Modification

1 Native LDL and subendothelial retention

LDL is a spherical particle (18-25 nm) comprising a
cholesteryl-ester/triglyceride core surrounded by a
phospholipid monolayer and a single copy of
apolipoprotein B-100 (apoB-100), generated through
lipolytic processing of VLDL and cleared mainly via
hepatic LDL-receptor-mediated endocytosis
(5,19,20). Atherogenesis begins when LDL,
particularly small dense subfractions, crosses a
dysfunctional endothelium and becomes retained in
the subendothelial matrix through ionic interaction
between apoB-100 and proteoglycans. This retained
LDL is removed from plasma's antioxidant milieu and
becomes susceptible to sustained oxidative attack by
endothelial cells, smooth muscle cells, and
macrophages (5,19,20,24).
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2 Molecular products of oxidative LDL
modification
Oxidative modification of retained LDL is a graded
continuum from minimally modified LDL to
extensively oxidised LDL (ox-LDL), generating a
family of biologically active molecules that disrupt
LDL's structural integrity while also functioning as
potent signalling mediators of vascular inflammation,
endothelial dysfunction, and immune activation
(3,4,5,6):
 Lipid  hydroperoxides  of  oxidised
phospholipids and cholesteryl esters — early
peroxidation products of polyunsaturated
fatty acyl chains, and direct precursors of
reactive aldehydes and oxidised phospholipid
species such as POVPC and PGPC (6).

* Reactive aldehydes — malondialdehyde
(MDA), 4-hydroxynonenal (4-HNE), and
acrolein —  stable end-products of

polyunsaturated fatty acid peroxidation that
form covalent adducts with lysine residues on
apoB-100, altering its structure and receptor-
binding properties (5,6).

e  Oxysterols — 7-ketocholesterol and 7f-
hydroxycholesterol — formed by free-radical
oxidation of the cholesterol moiety; cytotoxic
to vascular cells and implicated in foam cell
formation and necrotic core apoptosis (3,4).

e Structurally modified apoB-100 —
fragmentation, cross-linking, and aldehyde-
adduct formation — which abolishes native
LDL-receptor recognition and generates neo-
epitopes  recognised by  macrophage
scavenger receptors (CD36, SR-A), driving
unregulated foam cell formation (3,4,20).

Collectively, these products transform LDL from a
passive lipid carrier into a pro-inflammatory,
immunogenic structure that upregulates endothelial
adhesion molecules, promotes macrophage foam cell
transformation, and sustains a self-amplifying cycle of
vascular inflammation underlying every subsequent
stage of plaque progression and instability (3,4,19,20).

Mechanism of Atherogenesis: A Biomarker-
Oriented Overview

Understanding  the  staged  mechanism  of
atherosclerotic plaque development is essential to
appreciating why different biomarkers carry differing
predictive value at different stages of disease
(3,19,20). The process can be conceptually divided
into five overlapping stages, each associated with a
relatively distinct biomarker signature.

Endothelial dysfunction and lipoprotein
retention — Reduced nitric oxide
bioavailability, increased endothelial
permeability, and upregulated adhesion
molecule expression (VCAM-1, ICAM-1, E-
selectin) permit subendothelial entry and
proteoglycan-mediated retention of apoB-
containing lipoproteins, particularly small
dense LDL and Lipoprotein(a). This stage is
best captured by early markers of endothelial
activation (soluble VCAM-1/ICAM-1) and
by quantification of atherogenic particle
number (apoB, non-HDL-C).

Oxidative modification and foam cell
formation — Retained LDL undergoes
progressive oxidative modification,
generating lipid hydroperoxides, reactive
aldehydes (MDA, 4-HNE, acrolein),
oxysterols, and modified apoB-100, as given
in detail. Macrophages recognise oxidised
LDL via scavenger receptors (CD36, SR-A,
LOX-1) in an unregulated, non-feedback-
inhibited manner, leading to intracellular
cholesteryl ester accumulation and foam cell
transformation. This stage is captured by
direct oxidative markers (ox-LDL, MDA, 4-
HNE, oxidised LDL autoantibodies) and is
considered the principal domain of early, pre-
clinical biomarker detection.

Inflammatory amplification — Foam cells
and activated vascular cells secrete pro-
inflammatory cytokines (IL-1B, IL-6, TNF-
alpha), chemokines (MCP-1), and acute-
phase reactants (CRP via hepatic IL-6
stimulation), establishing a self-sustaining
inflammatory milieu within the plaque and
systemically. Plaque-resident inflammatory
cells also secrete enzymes such as Lp-PLA2
and myeloperoxidase that further propagate
oxidative and inflammatory injury. This
stage is captured by systemic inflammatory
markers (hs-CRP, IL-6, fibrinogen) and
leukocyte-derived composite ratios (NLR,
MHR, SII).

Fibrous cap formation and necrotic core
expansion — Smooth muscle cell migration
from the media, proliferation, and
extracellular matrix (collagen) synthesis
form a protective fibrous cap over the lipid-
rich necrotic core, which itself expands
through ongoing macrophage apoptosis and
defective efferocytosis driven by oxysterol
toxicity. This intermediate stage is less well
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captured by circulating biomarkers and
remains primarily an imaging-defined stage
(intima-media thickness, plaque burden on
CT/MR angiography), though emerging
markers such as osteopontin and matrix
metalloproteinases correlate with active
remodelling.

5. Plaque destabilisation and rupture/erosion —
Matrix  metalloproteinases  (particularly
MMP-9), secreted by activated macrophages
and foam cells in response to sustained
inflammatory and oxidative stimulation,
degrade the collagenous fibrous cap, thinning
it and rendering the plaque vulnerable to
mechanical rupture or superficial erosion, the
proximate trigger for acute thrombus
formation and clinical events (myocardial
infarction, ischaemic stroke) (9). This
terminal stage is best captured by late/acute
markers reflecting plaque instability — Lp-
PLA2, myeloperoxidase, MMP-9, and
elevated NLR/PLR ratios — which together
define the “vulnerable plaque” biomarker
signature (7,8,9,11).

This staged framework underlies the early-versus-late
biomarker classification used throughout the
remainder of this review: markers reflecting
endothelial activation and early oxidative modification
are positioned as early/subclinical predictors, whereas
markers reflecting active plaque inflammation, matrix
degradation, and instability are positioned as late/acute
predictors of clinical events.

L. Traditional Lipid and Lipoprotein Markers
Traditional lipid markers remain the foundation of
cardiovascular risk assessment and are universally
available, well standardised, and supported by decades
of outcome data (2,18). They are best classified as
early-to-intermediate predictive markers, reflecting
the quantity and atherogenic potential of circulating
lipoprotein particles rather than the active biological
state of an existing plaque.

Table 1. Traditional lipid and lipoprotein markers
of atherosclerosis: structure/synthesis, mechanism,
estimation, and reference ranges.
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limitation: they quantify the amount of circulating
lipid substrate rather than the degree to which that
substrate has undergone the oxidative and
inflammatory transformation that drives plaque
vulnerability (3,18,20). This limitation has motivated
the parallel development of the oxidative and
inflammatory biomarker domains discussed in the
following sections, which are increasingly used in
combination with, rather than in place of, traditional
lipid measurement.

II. Molecular Products of Oxidative LDL
Modification

As detailed mechanistically above, oxidative
modification of subendothelially retained LDL
generates a structurally diverse family of lipid and
protein oxidation products (3,4,5,6,20). These
molecules represent the most direct biochemical
evidence of the oxidative modification hypothesis of
atherosclerosis and are increasingly regarded as early,
mechanistically specific biomarkers capable of
detecting biologically active disease before it becomes
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apparent on conventional lipid testing or vascular

imaging (19,21).
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d in
arbitrar
y or
molar
units
specific
to the
assay
platfor
m

TBAR
S
assay:
approxi
mately

Page: 665



From Oxidative LDL Modification to Composite Inflammatory Indices: A Review of Diagnostic Biomarkers in
Atherosclerosis

Mark
er

Hydro
xynon
enal
(4-
HNE)

Structure

/ source

as a stable

end-
product

of

peroxidati

on

of

omega-3

and

omega-6
polyunsat

urated

fatty acids

(e.g.

arachidon

ic aci
within

d)

oxidised

LDL
lipids

Highly
reactive

o,B-

unsaturate

d

aldehyde

derived
from

peroxidati

on

of

Mecha
nism
of
action

s on
apoB-
100,
abolish
ing
native
LDL-
recepto
r
recogni
tion
and
generat
ing
neo-
epitope
s
recogni
sed by
scaven
ger
recepto
IS;
widely
used
surroga
te
marker
of
system
ic lipid
peroxi
dation/
oxidati
ve
stress
burden

Forms
Michae
1-
additio
n
adduct
s with
cystein
c,
histidin

Method
of
estimati
on

ces
(TBAR
S)
colorim
etric/flu
orometr
ic assay
(simple,
widely
used but
limited
specifici
ty);
HPLC
with
fluoresc
ence or
uv
detectio
n (more
specific,
referenc
e
method)

ELISA
using
anti-4-
HNE-
protein
adduct
monocl
onal
antibod
y; LC-

Refere
nce
range

1-4
pmol/L
(laborat
ory-
and
method

depend
ent);
HPLC-
based
values
are
general
ly
lower
and
more
specific

Plasma
free 4-
HNE
approxi
mately
0.3-0.7
umol/L
in
healthy
adults
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Mark
er

Acrol
ein

Structure
/ source

omega-6
polyunsat
urated
fatty
acids,
principall
y linoleic
and
arachidon
ic acid

Smallest
and most
reactive
o,B-
unsaturate
d
aldehyde;
generated
both
endogeno

Mecha
nism
of
action

e, and
lysine
residue
s on
apoB-
100
and
other
vascula
r
protein
S;
disrupt
S
protein
functio
n and
cell
signalli
ng;
activat
es Nrf2
antioxi
dant
respon
se at
low
concen
tration
but is
cytotox
ic/pro-
apoptot
ic at
higher
concen
tration

Forms
protein
and
DNA
adduct
S5
potentl
y
deplete
S

Method
of
estimati
on

MS/MS
for free
and
protein-
bound
4-HNE
(referen
ce
method)

LC-
MS/MS
quantifi
cation
of
acrolein
-protein
(e.g.
acrolein
-lysine,

Refere
nce
range

(assay-
depend
ent);
protein
-adduct
levels
reporte
d in
arbitrar
Yy
ELISA
units

No
standar
dised
clinical
referen
ce
range;
predom
inantly
a
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Mark
er

7-
Ketoc
holest
erol

Structure
/ source

usly via
lipid
peroxidati
on/myelo
peroxidas
e_
catalysed
pathways
and
exogenou
sly from
tobacco
smoke
and
combustio
n sources

Major
oxysterol
formed by
autoxidati
on (non-
enzymatic
s free-
radical-
mediated)
at the C-7

Mecha
nism
of
action

cellular
glutath
ione,
amplif
ying
oxidati
ve
stress;
modifi
es
apoB-
100
lysine
residue
s and
promot
es
endoth
elial
dysfun
ction;
princip
al
mecha
nistic
link
betwee
n
smokin
g
exposu
re and
acceler
ated
atheros
clerosi
S

Cytoto
xic and
pro-
apoptot
ic to
macrop
hages
and
vascula
r

Method
of
estimati
on

3-
HPMA
urinary
metabol
ite)
adducts;
ELISA
for
protein-
bound
acrolein

Gas
chromat
ography
—mass
spectro
metry
(GC-
MS,
referenc
e

Refere
nce
range

researc
h/expos
ure
biomar
ker,
with
urinary
3-
HPMA
used as
an
exposu
re
proxy
in
smoker
S
versus
non-
smoker
S

Plasma
levels
typicall
y <200
ng/mL
in
healthy
adults
(metho
d-
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Mark
er

7B-
Hydro
xychol
estero
1

Structure
/ source

position
of the
cholestero
1 B-ring
within
oxidised
LDL

Oxysterol
formed by
autoxidati
on at the
C-7
position,
structurall
y related
to 7-
ketochole
sterol but
bearing a
hydroxyl
rather
than a
keto
group;
generated
via free-

Mecha
nism
of
action

smooth
muscle
cells,
contrib
uting to
necroti
c core
expans
ion;
activat
es
inflam
masom
e
(NLRP
3)
signalli
ng and
promot
es
foam
cell
apopto
sis with
defecti
ve
efferoc
ytosis

Shares
cytotox
ic, pro-
inflam
matory
, and
pro-
apoptot
ic
actions
with 7-
ketoch
olester
ol on
vascula
r
smooth
muscle
cells

Method
of
estimati
on

method)
: HPLC
with
UV/fluo
rescenc
e
detectio
n;
ELISA
kits
availabl
e for
clinical
research
use

GC-MS
(referen
ce
method)
; HPLC
with
UV/fluo
rescenc
e
detectio
n

Refere
nce
range

depend
ent);
elevate
d in
advanc
ed
atheros
clerotic
plaque
and
several
lysoso
mal/per
oxisom
al
disorde
rs

Plasma
levels
general
ly in
the low
ng/mL
to tens
of
ng/mL
range
in
healthy
adults
(metho
d-
depend
ent);
elevate
d with
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Mark
er

Modif
ied
apoB-
100
(frag
menta
tion /
Cross-
linkin

aldeh
yde
adduc
ts)

Structure
/ source

radical
and
singlet-
oxygen-
mediated
pathways

ApoB-
100
polypepti
de bearing
oxidation-
induced
fragmenta
tion,
intra/inter
molecular
Cross-
links, and
covalent
aldehyde
adducts
(MDA-
lysine, 4-
HNE-
lysine,
malondial
dehyde-
acetaldeh
yde,
MAA-
adducts)

Mecha
nism
of
action

and
macrop
hages;
used
togethe
r with
7-
ketoch
olester
ol as a
compo
site
oxyster
ol
index
of LDL
oxidati
ve
burden

Structu
ral
modifi
cation
abolish
es
native
LDL-
recepto
r
recogni
tion
while
generat
ing
neo-
epitope
S
recogni
sed by
scaven
ger
recepto
rs and
circulat
ing
autoant
ibodies

Method
of
estimati
on

Western
blot/im
munobl
ot using
adduct-
specific
monocl
onal
antibodi
es;
competi
tive or
sandwic
h
ELISA
for
specific
adduct
epitopes
(e.g.
MDA-
LDL,
MAA-
LDL)

Atherosclerosis
Mecha Method
Refere Mark Structure nism of LGB
nce ... nce
range er / source of ) estimati range
action on
increasi (anti-
ng MDA-
plaque LDL,
burden anti-
oxLDL
antibod
ies); a
structu
ral
marker
integra
ting the
cumula
tive
effect
of all
upstrea
m
oxidati
No on
univers iasroduc
ally
standar Clinical and diagnostic significance
dised Circulating ox-LDL has shown consistent association
clinical with carotid intima-media thickness, coronary plaque
referen burden, and incident cardiovascular events across
ce multiple cohort studies and meta-analyses, with
range; several studies reporting that ox-LDL adds
reporte incremental predictive value beyond conventional
d in lipid measurement, particularly in populations with
arbitrar chronic inflammatory disease (21,22). In a recent
y study of patients undergoing carotid endarterectomy,
ELISA serum ox-LDL above a threshold of approximately
units 31.4 ng/mL was associated with an estimated 82.5%
relative probability of wunstable plaque morphology,
to a underscoring its utility as a marker of late-stage plaque
referen vulnerability rather than purely early disease (4).
ce MDA and 4-HNE, owing to their relative assay
standar simplicity (TBARS and ELISA-based methods
d curve respectively), remain the most widely used surrogate
markers of systemic lipid peroxidation burden in both
research and selected clinical-research settings,
though their lack of structural specificity is a

recognised limitation relative to mass-spectrometry-
based quantification (5,6,14,15). Oxysterols and
structurally modified apoB-100 are gaining interest as
markers more tightly linked to necrotic core biology
and plaque vulnerability, but their estimation currently
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remains confined largely to specialised or reference
laboratories owing to the need for gas
chromatography—mass  spectrometry or adduct-
specific immunoassays (19,20).
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III. Inflammatory and Plaque-Specific Enzymatic
Markers

The recognition that atherosclerosis is an
inflammatory disease at every stage, from endothelial
activation to plaque rupture, has driven extensive
characterisation of circulating inflammatory mediators
and enzymes localised to vulnerable plaque tissue
(7,8,9,17). These markers are generally most
informative in the intermediate-to-late stages of
disease, reflecting active plaque inflammation and
instability rather than the initial lipid-retention event.
Table 3. Inflammatory and plaque-specific
enzymatic markers: structure/source, mechanism,
estimation, and reference ranges.

Method

Mark Structu Mechan of Refere
er re / 1sm of estimati "¢
source  action range
on
High- Pentam @ Activate High- Low
sensiti | eric s sensitivit = risk:
vity acute- comple 'y <1.0
C- phase ment, immunot mg/L;
reacti protein  promote urbidime Averag
ve synthesi s tric or e risk:
protei zed by endothel immuno 1.0-3.0
n (hs- hepatoc ial nephelo  mg/L;
CRP) ytes in adhesio metric High
respons  n assay risk:
e to molecul (detectio >3.0
circulati e n limit mg/L
ng expressi  <0.1-0.2 (per
interleu on and mg/L) AHA/C
kin-6; monocy DC risk
non- te stratific
specific  recruitm ation)

acute- ent; may

phase directly

reactant = opsonis
e
oxidised
LDL for
macrop
hage
uptake;
principa
1y a
marker
(and
possible
mediato
r) of
systemi
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Mark
er

Interl
eukin-
6 (IL-
6)

Tumo
ur
necro

Structu
re /
source

Pleiotro
pic pro-
inflam
matory
cytokin
e
secreted
by
macrop
hages,
foam
cells,
endothe
lial
cells,
and
adipocy
tes
within
and
around
the
atherosc
lerotic
plaque

Pro-
inflam
matory

Mechan
ism of
action

c
vascular
inflamm
atory
burden

Principa
|
upstrea
m driver
of
hepatic
CRP
synthesi
S;
promote
S
endothel
ial
dysfunct
ion,
smooth
muscle
cell
prolifera
tion, and
procoag
ulant
tissue
factor
expressi
on;
central
mediato
r
validate
d as a
causal
inflamm
atory
target
(canakin
umab/co
Ichicine
trial era)

Upregul
ates
endothel

Method
of
estimati
on

ELISA
or
chemilu
minesce
nt
immuno
assay

ELISA
or
multiple

Refere
nce
range

Typical
ly <7
pg/mL
in
healthy
adults
(assay-
depend
ent);
levels
rise
acutely
with
infectio
n/infla
mmatio
n,
limiting
specific
ity

Typical
ly <8.1
pg/mL
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er

sis
factor
-alpha
(TNF-
a)

Lipop
rotein
associ
ated

phosp
holipa
se A2
(Lp-

PLA2

)

Structu
re /
source

cytokin
e
produce
d by
activate
d
macrop
hages
and
foam
cells
within
plaque,
and by
adipose
tissue
systemi
cally

Calciu
m_
indepen
dent
phosph
olipase
secreted
by
macrop
hages,
T-
lympho
cytes,
and
mast
cells;
circulat
es
bound
predomi
nantly
to LDL
(>80%)

Mechan
ism of
action

ial
adhesio
n
molecul
es and
MCP-1;
promote
s insulin
resistan
ce and
dyslipid
aemia;
amplifie
s local
plaque
inflamm
ation
and
matrix
metallo
proteina
se
expressi
on

Hydroly
ses
oxidised
phospho
lipids
within
ox-LDL
to
generate
lysopho
sphatidy
Icholine
and
oxidised
non-
esterifie
d fatty
acids,
both
potent
pro-
inflamm
atory

Method
of
estimati
on

X
cytokine
immuno
assay

Mass
(ELISA)
or
enzymat
ic
activity
assay
(colorim
etric/flu
orometri
c
substrate
hydrolys
is)

Atherosclerosis
Refere Mark Structu
nce er re /
range source
in and,to a
healthy lesser
adults extent,
(assay- HDL
depend
ent)
Myelo Heme-
peroxi containi
dase ng
(MPO enzyme
) stored
in
Mass azuroph
assay: ilic
<200 granule
ng/mL s of
(lower neutrop
risk) to hils and
>235 monocy
ng/mL tes;
(higher released
risk), during
per activati
PLAC on/degr
test anulatio
categori n at sites
es; of
activity vascular
assay inflam
referenc mation
e ranges
are
laborato
ry_
specific
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Mechan
ism of
action

mediato
IS;
highly
expresse
d in the
necrotic
core and
macrop
hage-
rich
shoulder
regions
of
vulnera
ble,
rupture-
prone
plaque

Catalyse
S
formatio
n of
hypochl
orous
acid and
other
reactive
oxidant
species
from
hydroge
n
peroxid
e and
chloride
, directly
oxidisin
g LDL
and
HDL
(impairi
ng
HDL's
antioxid
ant/reve
rse-
choleste

Method Refere
o nce
estimati

range
on
ELISA Typical

(plasma/ 1y <350
serum pg/mL
MPO (mass
mass) or assay,
enzymat = assay-
ic depend
activity  ent);
assay levels
rise
acutely
in
unstabl
e
angina
and
acute
coronar
y
syndro
mes
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Structu
/
source

Mark
er

Fibrin = Soluble

ogen plasma
glycopr
otein
synthesi
sed by
hepatoc
ytes;
acute-
phase
reactant
and the
substrat
e for
thrombi
n_
mediate
d clot
formati
on

Matri Zinc-
X depende

Mechan

ism of

action

rol-
transpor
t
function
)
promote
s plaque
erosion
and
instabili

ty

Contrib
utes to
plasma
viscosit
y and
platelet
aggregat
ion;
deposite
d within
the
arterial
wall and
plaque
matrix,
where it
may be
incorpor
ated into
the
necrotic
core;
elevated
levels
associat
e with
both
inflamm
atory
burden
and
prothro
mbotic
risk

Degrade
s type

Method
of
estimati
on

Clauss
clotting-
based
function
al assay
(most
common
) or
immunot
urbidime
tric
antigeni
c assay

ELISA
(total or

Atherosclerosis
Refere Structu Mechan Method Refere
Mark . of
nce re /[ ism of . .. nce
er c estimati
range source  action on range
metall nt v pro- ng/mL
oprot endope collagen /active- in
einase ptidase and MMP-9  healthy
-9 (gelatin  gelatin  specific  adults
(MM ase B) within assay); (assay-
P-9) secreted the gelatin depend
by fibrous  zymogra ent);
activate  cap phy markedl
d extracell (researc y
macrop  ular h elevate
hages, matrix, method) d in
foam directly unstabl
Normal cells, thinning e
t 200- and and plaque
400 neutrop  weakeni and
mg/dL hils ng the acute
within cap and coronar
the predispo y
plaque | sing to syndro
shoulde = mechani mes
r and cal
fibrous  rupture;
cap a
principa
1 late-
stage
marker
of active
plaque
destabili
sation
Clinical and diagnostic significance
Among inflammatory markers, hs-CRP  has
accumulated the largest body of outcome data and is
incorporated into several validated cardiovascular risk
calculators, with values above 3.0 mg/L associated
with increased risk independent of LDL-C (17).
However, its lack of vascular specificity limits its
utility as a stand-alone marker of plaque-specific
biology. Lp-PLA2 and myeloperoxidase, by contrast,
are enriched within plaque tissue itself and are more
specifically associated with plaque vulnerability and
rupture risk; meta-analytic data indicate that Lp-PLA2
demonstrates good discriminative performance for
unstable versus stable plaque, with pooled diagnostic
accuracy metrics supporting its classification as a late,
Typical plaque-instability-specific marker (7,8,12,13). MMP-
ly <600 9 similarly functions as a direct biochemical correlate
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of active fibrous cap degradation and is most useful in
the acute or peri-event setting rather than for early
screening (9).

IV. Composite Lipid and Haematological Ratios
Composite ratios derived from routinely available
lipid panels and complete blood counts have gained
substantial attention owing to their negligible
additional cost, since they require no new assay, only
arithmetic combination of values already generated
during standard testing (10,11). By integrating two
complementary biological axes (e.g., lipid burden and
HDL functional capacity, or innate immune activation
and lymphocyte-mediated immune regulation), these
ratios frequently outperform either constituent
parameter in isolation.

Table 4. Composite lipid and haematological
ratios: derivation, mechanistic rationale,
estimation, and reference ranges.

Met
S Mechanis Lo
ture / of Referenc
Marker m of .
sourc q esti e range
action A
e mati
on

TC/HD  Total Integrates Calc Desirable

L-C chole total ulate <4.5
ratio sterol  atherogen d (general);
divide ic lipid from <3.5
d by burden stan  considere
HDL- against dard d optimal
chole the lipid in higher-
sterol  protective pane risk
, reverse- 1 individual
cholestero ]
l-transport
capacity
of HDL; a
simple
proxy for
net
atherogen
ic balance

LDL/H LDL- Similar Calc  Desirable
DL ratio chole rationale ulate :<2.5-3.0
sterol  to d (risk-
dividle TC/HDL  from category
d by ratio but stan dependen
HDL- specific to dard t)
chole  the lipid
sterol  principal  pane
atherogen 1

Marker

Triglyce
ride/HD
L-C
ratio

Neutrop
hil-to-

lymphoc
yte ratio

(NLR)
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Struc
ture /
sourc

Fastin

g
trigly
ceride
S
divide
d by
HDL-
chole
sterol

Absol
ute
neutr
ophil
count
divide
d by
absol
ute
lymp
hocyt
e
count,
from
routin

Mechanis
m of
action

ic particle
(LDL)
relative to
the
protective
HDL
fraction

Surrogate
marker
for small
dense
LDL
phenotype
and
underlyin
g insulin
resistance
; elevated
ratio
associates
with  the
atherogen
ic
dyslipidae
mic triad
(high TG,
low HDL,
small
dense
LDL)

Reflects
the
balance
between
innate
inflammat
ory
activation
(neutrophi
lia, driven
by
cortisol/ca
techolami
ne and
cytokine

Met
hod
of
esti
mati
on

Calc
ulate

from
stan

dard
lipid
pane

Calc
ulate

from
auto
mate

CBC
diffe
renti
al

coun

Referenc
e range

Optimal:
<2.0
(mg/dL
units);
ratios
>3.5
strongly
suggest
insulin
resistance
and small
dense
LDL
predomin
ance

Normal:
approxim
ately 1.0—
3.0 in
healthy
adults;
values
>3.0-4.0
associate
d with
increased
cardiovas
cular risk
in
multiple
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Platelet-
to-
lymphoc
yte ratio
(PLR)

Monocy
te-to-
HDL

Struc
ture /
sourc

compl
ete
blood
count

Absol
ute
platel
et
count
divide
d by
absol
ute
lymp
hocyt
e
count,
from
routin
e
compl
ete
blood
count

Absol
ute
mono

Mechanis
m of
action

signalling
) and
adaptive
immune/r
egulatory
capacity
(relative
lymphope
nia);
elevated
NLR
associates
with
plaque
burden
and acute
coronary
syndrome
severity

Reflects
combined
platelet
activation
/reactivity
(pro-
thromboti
c) and
relative
lymphope
nia
(inflamma
tory
stress);
elevated
in acute
coronary
syndrome
S and
correlates
with
thrombus
burden

Integrates
monocyte
-driven

Met
hod
of
esti
mati
on

Calc
ulate

from
auto
mate

CBC

Calc
ulate
d

Atherosclerosis
Referenc Marker
e range
cohort ratio
studies (MHR)
Normal:
approxim
ately 50—

150 in

healthy

adults;

higher

values

associate

d with

increased

thromboi Systemi

nflammat c

ory risk immune
inflamm
ation
index
(SID)

No single

universal

cut-off;

IJDDT Volume 16 Issue 62s 2026

Struc
ture /
sourc

cyte
count
divide
d by
HDL-
chole
sterol
conce
ntrati
on

Platel
et
count
X
neutr
ophil
count,
divide
d by
lymp
hocyt
e
count,
from
routin

Mechanis
m of
action

plaque
inflammat
ion/foam
cell
potential
against
the
antioxida
nt and
anti-
inflammat
ory
capacity
of HDL; a
particularl
y  novel
composite
marker
since it
captures
both pro-
atherogen
ic cellular
and anti-
atherogen
ic
lipoprotei
n axes
simultane
ously

Composit
e index
incorporat
ing three
leukocyte/
platelet

lineages
simultane
ously

(thrombot
ic, innate
inflammat
ory, and
adaptive/r
egulatory

Met
hod
of
esti
mati
on

from
CBC
mon

ocyt

coun
t and
lipid
pane

Calc
ulate

from
auto
mate

CBC
diffe
renti
al
and
plate
let

Referenc
e range

commonl
y
proposed
research
threshold
approxim
ately 0.4—
0.5 (units
of 103
monocyte
s/uL  per
mg/dL
HDL-C),
with
higher
MHR
associate
d with
greater
plaque
burden
and
adverse
cardiovas
cular
outcomes

No
universall
y
standardis
ed
reference
range;
higher
quartiles/t
ertiles
consistent
ly
associate
d with
greater
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Marker

Systemi
c
inflamm
atory
response
index
(SIRI)

Struc
ture /
sourc
e

CBC

Absol
ute
neutr
ophil
count
X
absol
ute
mono
cyte
count,
divide
d by
absol
ute
lymp
hocyt
e
count,
from
routin
e
CBC

Mechanis
of
action

axes);
proposed
as a more
comprehe
nsive
single-
value
inflammat
ory
burden
index than
NLR or
PLR
alone

Integrates
both
innate
inflammat
ory cell
lineages
(neutrophi
Is and
monocyte
S, both
centrally
implicate
d in
plaque
inflammat
ion)
against
the
lymphocy
te-
mediated
regulatory
axis;
recent
comprehe
nsive
analyses
have
identified
SIRI as a
significan

Met
hod
of
esti
mati
on

coun

Calc
ulate

from
auto
mate

CBC
diffe

renti

coun

Atherosclerosis
Met
Struc Mechanis hod
Referenc Marker ture / m of of Referenc
e range sourc . esti  erange
action .
e mati
on
atheroscle t
rotic independe
burden nt
and predictor
adverse of early
outcomes atheroscle
in rosis
published Comparative and combinatorial diagnostic
cohorts performance
Recent  comprehensive  analyses  evaluating
inflammatory and lipid biomarkers in early
atherosclerosis among  young adults have
demonstrated that patients with  subclinical
atherosclerosis exhibit significantly elevated SIRI,
No NLR, and SII alongside elevated total cholesterol and
universall LDL-C and reduced HDL-C, with logistic regression
y modelling identifying SIRI as one of the strongest
standardis independent predictors of disease presence; combined
ed multivariable models in this literature achieved areas
reference under the receiver operating characteristic curve
range; exceeding 0.80, substantially outperforming any
elevated single traditional lipid parameter considered in
SIRI isolation (9,10,11). This pattern — wherein a
tertiles/qu composite panel combining an inflammatory index
artiles with one or two atherogenic lipid markers outperforms
associate either domain alone — is a recurring and clinically
d with important finding across the appraised literature, and
significan forms the principal rationale for combinatorial
tly biomarker strategies discussed further.
increased V. Emerging Genomic, Proteomic, and
odds of Autoimmune Markers
atheroscle Alongside the established biomarker domains
rosis  in discussed above, a growing body of literature has
published examined emerging molecular markers — circulating
cohort microRNAs, structural and adhesion-molecule
data proteins, and autoantibodies directed against
oxidation-specific epitopes — that may offer

additional mechanistic specificity or earlier detection
capability, though most remain confined to research
and specialised reference laboratories pending large-
scale clinical validation and assay standardisation.
Table S. Emerging genomic, proteomic, and
autoimmune markers: structure/source,
mechanism, estimation, and reference ranges.
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followi
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IgG/Ig
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Structure
/ source

macrophag
es, smooth
muscle
cells, and
endothelial
cells
within
plaque;
also
synthesise
d in bone
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epithelial
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Circulating
immunogl
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IgM
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generated
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adaptive
immune
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oxidation-
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epitopes
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Mecha
nism of
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These emerging markers are presently best regarded as
complementary research tools rather than first-line
clinical diagnostics, given the lack of large-scale
outcome validation, standardised reference intervals,
and cost-effective assay platforms suitable for routine
clinical laboratories. Nonetheless, microRNA panels
and NET-associated markers in particular have shown
promising correlation with plaque vulnerability and
acute thrombotic events in early validation cohorts and
represent active areas for future biomarker
development.

VI. Temporal Classification: Early Versus Late
Predictive Markers

A practically important and recurring theme across the
appraised literature is that no single biomarker
performs equally well across the entire natural history
of atherosclerosis. Markers that are sensitive to the
earliest, subclinical stages of endothelial activation
and lipid retention are frequently poorly correlated
with acute plaque rupture risk, and vice versa. Table 6
summarises the consensus temporal classification of

the major biomarkers discussed, synthesised from
their underlying mechanistic stage of action as
outlined above.

Table 6. Temporal classification of atherosclerosis
biomarkers as early, intermediate, or late

predictive markers.

Temporal R.epresentatlve Rationale
category biomarkers
Early /' ApoB, non-HDL- Reflect
subclinical C, Lp(a), oxidised atherogenic
predictive LDL, MDA, 4- nparticle
markers HNE, soluble burden and
VCAM-1/ICAM-  the earliest
1, oxidised LDL oxidative
autoantibodies modification
(IgM), circulating and
microRNAs (miR- endothelial
126, miR-33) activation
events, often
detectable
before
structural
plaque is
apparent on
imaging
Intermediat hs-CRP, IL-6, Reflect
e predictive TNF-oa, TC/HDL established
markers and LDL/HDL systemic
ratios, inflammator
triglyceride/HDL y burden and
ratio, carotid = dyslipidaemi
intima-media ¢ phenotype
thickness (imaging associated
correlate) with
progressive,
established
plaque
accumulatio
n
Late ! Lp-PLA2, Reflect
plaque- myeloperoxidase,  active plaque
instability MMP-9, inflammatio
and acute- fibrinogen, NLR, n, necrotic
event PLR, SII, SIRI, core
markers sCD40L, NET- expansion,
associated markers = fibrous cap
(cfDNA, MPO- degradation,
DNA complexes), and
oxysterols (7- thrombogeni
ketocholesterol, c potential —
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Temporal Representative

category biomarkers Rationale
7B- the
hydroxycholestero = immediate
1) biochemical
substrate of
plaque

rupture  or
erosion and
acute clinical
events

It is important to note that this classification reflects
the predominant or best-supported point of
mechanistic action for each marker, and meaningful
overlap exists; several markers (notably MHR, ox-
LDL, and hs-CRP) have been reported to carry both
early discriminative value (differentiating subclinical
atherosclerosis from health) and incremental late
prognostic value (predicting recurrent events in
established disease), and should not be regarded as
confined exclusively to a single temporal category.
Correlation with vascular imaging

Carotid intima-media thickness (CIMT) measured by
B-mode ultrasonography and coronary artery calcium
(CAC) scoring by non-contrast computed tomography
remain the principal non-invasive structural correlates
against which circulating biomarkers are typically
validated. Across the appraised literature, oxidative
markers (ox-LDL) and composite inflammatory
indices (SIRI, MHR, NLR) have shown moderate-to-
strong correlation with CIMT and plaque presence on
ultrasonographic screening, while Lp-PLA2 and
myeloperoxidase correlate more specifically with
plaque echolucency and lipid-rich necrotic core
features on advanced imaging (intravascular
ultrasound, optical coherence tomography) associated
with vulnerable plaque morphology. This imaging
correlation provides an important structural validation
layer for biomarker-based risk stratification,
particularly in research settings where serial imaging
is used as the reference standard for biomarker
accuracy assessment.

Discussion

Individual versus combinatorial biomarker
performance

A consistent finding across the appraised literature is
that combinatorial biomarker panels — typically

integrating one atherogenic lipid parameter (ApoB,
non-HDL-C, or LDL-C), one inflammatory or
oxidative marker (hs-CRP, ox-LDL, or Lp-PLA2), and
increasingly one composite haematological index
(NLR, MHR, or SIRI) — consistently outperform any

single biomarker considered in isolation, with reported
areas under the receiver operating characteristic curve
in the combined-panel range of 0.75 to above 0.85,
compared with typically 0.60-0.75 for individual
markers.(5-9) This pattern is biologically coherent:
atherosclerosis is a multifactorial process spanning
particle retention, oxidative modification, and
inflammatory  amplification, and no single
biochemical axis can be expected to capture this entire
spectrum. From a clinical and translational standpoint,
this argues against the search for a single “ideal”
atherosclerosis biomarker and in favour of structured,
tiered panels matched to the specific clinical question
(population screening versus secondary prevention
risk stratification versus acute plaque-instability
assessment).11

Old versus new biomarkers: complementary
rather than competing

Traditional lipid markers remain indispensable owing
to their near-universal availability, low cost, extensive
standardisation, and decades of outcome-validated
risk algorithms. However, their principal limitation —
capturing lipid quantity rather than lipid biological
activity — is precisely the gap addressed by oxidative
markers and inflammatory markers.10,12,13,14
Rather than positioning newer biomarkers as
replacements for traditional lipid testing, the weight of
evidence supports a layered approach: lipid markers
for population-level risk stratification and treatment
target-setting, oxidative and inflammatory markers for
refining risk in intermediate-risk individuals or those
with risk-factor-discordant presentations (e.g., normal
LDL-C with established or premature disease), and
plaque-specific late markers (Lp-PLA2, MPO, MMP-
9) for acute-setting assessment of plaque instability in
patients with known or suspected unstable coronary or
cerebrovascular disease.17,19,23

The particular value of composite haematological
ratios

Composite ratios derived from the routine complete
blood count (NLR, PLR, MHR, SII, SIRI) merit
particular discussion given their exceptionally
favourable cost-to-information ratio: they require no
additional blood draw, no specialised assay, and no
incremental laboratory cost beyond a standard CBC
and lipid panel already routinely ordered in clinical
practice. The consistent finding that these indices,
particularly when combined with one or two lipid
parameters, achieve diagnostic accuracy approaching
that of considerably more expensive specialised assays
(Lp-PLA2 mass assay, ox-LDL ELISA) positions
them as an especially attractive option for resource-
limited healthcare settings and large-scale population
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screening, pending further prospective validation in
diverse populations and against hard clinical endpoints
rather  than  surrogate  imaging  outcomes
alone.11,15,16,20

Methodological heterogeneity and standardisation
challenges

A substantial barrier to the clinical translation of
several biomarkers discussed in this review,
particularly within the oxidative modification domain
and the emerging molecular domain, is the lack of
standardised, harmonised assay methodology and
universally accepted reference ranges. Ox-LDL,
MDA, and 4-HNE in particular are measured using a
range of platforms (ELISA with varying monoclonal
antibody clones, TBARS colorimetric assay, and LC-
MS/MS) that yield results not directly comparable
across studies or laboratories, complicating meta-
analytic pooling and the establishment of clinically
actionable cut-off values. Future research priorities
should include inter-laboratory standardisation
initiatives, harmonisation of assay calibrators, and
large prospective multi-ethnic  cohort studies
establishing population-specific reference ranges and
validated risk thresholds, analogous to the
standardisation pathway previously achieved for hs-
CRP.21,22

Limitations of the review

This review is subject to several limitations inherent to
its  narrative-systematic  design. The marked
heterogeneity in study populations, assay platforms,
outcome definitions, and follow-up duration across the
appraised literature precluded formal quantitative
meta-analysis, and reported diagnostic accuracy
figures should therefore be interpreted as indicative
ranges drawn from heterogeneous source studies
rather than pooled, weighted estimates. Publication
bias favouring positive biomarker associations cannot
be excluded, particularly for emerging markers
discussed with a comparatively limited evidence base.
Finally, this review focused predominantly on
circulating (blood-based) biomarkers and did not
comprehensively address tissue-based, urinary, or
genetic/polygenic risk score approaches, which
represent important complementary avenues for future

synthesis.

Conclusion

Atherosclerosis is a biologically multifactorial disease
spanning lipoprotein retention, oxidative

modification, chronic vascular and systemic
inflammation, and ultimately plaque destabilisation
and rupture, and no single circulating biomarker
comprehensively captures this entire spectrum.
Traditional lipid and lipoprotein markers remain the

indispensable foundation of risk assessment and
treatment target-setting, but the molecular products of
oxidative LDL modification — lipid hydroperoxides,

reactive aldehydes (malondialdehyde, 4-
hydroxynonenal, acrolein), oxysterols, and
structurally modified apoB-100 — together with

inflammatory mediators (hs-CRP, IL-6, Lp-PLA2,
myeloperoxidase) and inexpensive composite
haematological ratios (NLR, MHR, SII, SIRI), provide
complementary and often incremental diagnostic and
prognostic  value, particularly for capturing
biologically active disease in individuals whose
conventional lipid profile alone would underestimate
true risk.
The synthesis of evidence presented in this review
supports a tiered, combinatorial biomarker strategy
rather than reliance on any single test:
early/subclinical risk assessment is best served by
atherogenic particle markers (ApoB, non-HDL-C,
Lp(a)) supplemented where available by oxidative
markers; intermediate risk refinement benefits from
systemic inflammatory markers and composite ratios;
and assessment of acute plaque instability in
established or suspected unstable disease is best
informed by plaque-specific late markers such as Lp-
PLA2, myeloperoxidase, and MMP-9. This staged
approach aligns biomarker selection with the specific
underlying pathophysiological question being asked,
rather than treating the available biomarker
armamentarium as interchangeable.
Future research should prioritise the standardisation of
oxidative and emerging molecular marker assays
across laboratories, the establishment of population-
and ethnicity-specific reference ranges, and large
prospective outcome studies validating composite
biomarker panels — particularly the low-cost
haematological ratios — against hard cardiovascular
endpoints rather than surrogate imaging measures
alone. Such efforts would meaningfully advance the
translation of the oxidative modification hypothesis
and inflammatory paradigm of atherosclerosis from
mechanistic understanding into routine, cost-effective
clinical risk stratification.
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