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History of the Vulnerable Plaque

1934 1970 1985

Clark, Koch, Friedman, and Constantinides Davies describes
described pathologic features of culprit plaque rupture as  introduces the concept o
lesions of thrombotic events (fissures, the cause to remodeling before lumen
superficial erosions) leading to coronary thrombosis,compromise occurs.

1987

Seymour Glagov

1844 1858

Rudolf Virchow’s analysis
of “atheroma” refers to a
dermal cyst (Grutzbalg), a
fatty mass encapsulated

within a fibrous cap.

First reported
description of
plaque rupture

at the autopsy of
the neoclassical
Danish artist and
sculptor

Bertel Thorvaldsen.

1989

James E. Muller
categorizes
hemodynamically
insignificant, albeit
dangerous, lesions as
“vulnerable plaques”.

SCD.

* Leary’s introduces the term intramural
atheromatous abcess to describe the
necrotic core in lesions from SCD

victims.

* Wartman, Patterson, Winternitz address
the role of intraplaque angiogenesis and
hemorrhage in destabilized plaques.

1994-99
* Michael Davies publishes a series of reports on the
role of inflammation in plaque disruption and healed
plaque ruptures as a mechanism of luminal narrowing.
» Z. Galis, Peter Libby, and PK Shah, publish a series
of articles on the significance of cytokines and
proteolysis as a mechanism of fibrous cap disruption.

» Laboratories of Valentin Fuster and James T.
Willerson demonstrates the significance of

platelets and blood coagulation in thrombosis.

« Separate papers by Farb and Van der Wal introduce
plaque erosion as a second cause of coronary
thrombosis in SCD.

« Burke and Virmani establish the pathologic definition
of lesion vulnerability based on a fibrous cap
thickness of <65-um.

2000

in 90% of SCD.

Herbert Stary leads
the AHA consensus
panel to develop a
lesion classification
scheme for early
and advanced
plaques.

2001-3

Virmani and colleagues Kolodgie et al. describe
introduce a modified morphology, frequency,
classification scheme based and precise location

on the AHA consensus reports’' of TCFAs.

introducing erosion and

nodular calcification as

mechanisms of thrombosis
in SCD. This report
categorizes the vulnerable
plaque as the thin-cap
fibroatheroma (TCFA).

Kolodgie and Virmani
introduce the concept
of erythrocyte-derived
cholesterol and necrotic
core expansion as a
mechanism of lesion
vulnerability.

"" Aloke V. Finn. Arteriosclerosis, Thrombosis, and Vascular Biology.
Concept of Vulnerable/Unstable Plaque, Volume: 30, Issue: 7, Pages:
1282-1292, DOI: (10.1161/ATVBAHA.108.179739)



Pathology of
Vulnerable Plaque



Causes of Coronary Thrombosis

W W

Erosion Calcified nadnle

Virmani R, et al. Arterioscler Thromb Vasc Biol 2000;20:1262



Clinical and Morphologic Difference in Plaques Associated

with Luminal Thrombi

Plaque rupture Plaque erosion Calcified Nodule

Necrotic core

e

45-55% thrombi in 35-40% thrombi in 4-7% thrombi in SCD,
SCD SCD calcified plates

M>F, Older, Ca** M=F, younger M>F, older, mid RCA
Eccentric = Usually eccentric Usually eccentric
concentric Lesser % stenosis Stenosis variable
Greater % stenosis SMC rich, Nodules of bone
Macs, T cells, HLADr || proteoglycans




Prevention/Treatment Paradigms

Plaque rupture Calcified Nodule

Plaque erosion

Necrotic core

o - S,
Primary Targets Lipids/inflammation SlpieaeteieEon), Weeling:

Abnormal shear, endothelial cell dysfunction and
Thrombosis?



Non-Progressive and Progressive
Coronary Plaques

non-progressive progressive
pathologic |
adaptive intimal Intimal intimal thin-cap
thickening xanthoma thickening fibroatheroma fibroatheroma

lipid pool | necrotic core |

early late necrosis



Plague Rupture Paradigm



Similarity of Plague Rupture and

Thin cap fibroatheroma Plague Rupture
Necrotic core Discontinuous thin fibrous cap
Thin fibrous cap (< 65 um) Macrophage, T-cell infiltration of cap
Cap infiltrated by macrophages and lymphocytes Underlying large necrotic core

Neovascularization
Expansive remodeling
Luminal thrombus

Cap composition — type 1 collagen with few or
absent smooth muscle cells



Achieving Lower LDL-C Levels Was Shown to be
Assoclated With Less Plague Rupture

[ emmer [ manue | wimmue | egmae [
plagues) (81 plaques) (117 plagques) (130 plagues)

Plague location
LAD, n (%) 40 (46.1) 40 (49.3) 68 (58.1) 67 (51.5) 0.48
LCX, n (%) 23 (26.4) 25 (30.9) 29 (24.7) 43 (33.1) 0.50
RCA, n (%) 24 (27.5) 16 (19.8) 20 (17.2) 20 (15.4) 0.89
Characteristics of plaques
Fibrous Plaque, n (%) 45 (51.7) 35 (43.2) 26 (22.2) 16 (12.3) 0.01
Lipid plagues, n (%) 42 (48.2) 46 (56.7) 91 (77.7) 114 (87.6) 0.01
Lipid content at lipid plaques (n = 293)
Averaged lipid Arc (°) 173 £ 76 175 + 88 196 + 102 234 £ 85 0.01
Lipid length (mm) 59+6.1 58+7.0 6.2 +5.8 6.7 £ 6.8 0.12
Plague microstructures at lipid plagues (n = 293)
Fibrous cap thickness (um) 139.9 + 93.9 103.1 + 66.4 92.5 + 485 92.1 +47.8 0.001
TCFA, n (%) 2/42 (4.7) 4/46 (8.6) 15/91 (16.4) 29/114 (25.4) 0.01
Microchannel, n (%) 3/42 (7.1) 7146 (15.2) 15/91 (16.4) 24/114 (21.1) 0.14
Plaque rupture, n (%) 1/42 (2.3) 2/46 (4.3) 7/91 (7.6) 12/114 (10.5) 0.17

Thrombus, n (%) 0/42 (0.0) 1/46 (2.1) 2/91 (2.1) 3/114 (2.6) 0.18

FD-OCT = frequency-domain optical coherence tomography, LAD = left anterior descending artery, LCX = left circumflex artery, LDL-C = low-density lipoprotein cholesterol, RCA = right coronary artery,
TCFA = thin-cap fibroatheroma.

Kataoka Y, et al. Atherosclerosis. 2015;242:490-495.




There Is a Linear Correlation Between LDL-C Lowering
and Lowering Risk of CV Events in Statin Trials'2

CTTC Meta-analysis of major lipid secondary prevention statin trials conducted in 2010:
Median follow-up ~ 5 years, N = 169,138
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Characteristics of non-culprit plagues which went on
to cause events

B Present [ Absent
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LRP TCFA LRP + TCFA
(lipid arc >180°) (FCT <65um)

0. of plaques 567 1342 163 1746 83 1826
o.of ACS 60 12 31 41 27 45

HR (95%Cl) 12.67 (6.82-23.57) 10.41 (6.48-16.73) 19.14 (11.74-31.20)
<0.001 <0.001

: 9% 4%
Kubo T, Ino Y, Mintz GS, et al. Optical coherence tomography detection of vulnerable plaques at high risk of developing acute
coronary syndrome. Eur Heart J Cardiovasc Imaging. 2021. 10.1093/ehjci/jeab028; PMID: 33619524




B Present [l Absent
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Rate of Major Adverse Cardiovascular
Events (%)
)
|

TCFA (a||) TCFA+MLA <4 mm?2 TCFA+PB =70% TCFA+PB =270%+
MLA <4 mm?

Lesion hazard ratio (95% Cl) 3.90 (2.25-6.76) 6.55 (3.43-12.51) 10.83 (5.55-21.10) 11.05 (4.39-27.82)
P value <0.001 <0.001 <0.001 <0.001
Prevalence (%) 46.7 15.9 10.1 4.2

TCFA+PB>70%+MLA<4md conferred a hazard ratio of 11.05

yet 88.2 percent of patients with similar plagues did not have a MACE events
Most of these events were for angina not MI- and in the vast majority of so
called high risk plaque there was no events at all!

Event rate in plaques without these features was also not insubstantial




Mechanisms contributing to the rapid plaque
progression before Plague Rupture

000090

Positive remodeling

ﬁ’laque reaches the limit of outward growth (positive
remodeling) and starts to rapidly grow inwardly

Inﬂamme . 1: Coronary artery lumen

2: Fibrous part of plaque

3: Necrotic Core

4. Intra plaque neovascularization
(incompetent vessels)

5: Red blood cell leakage from

. incompetent intra-plaque vessels
. - 8 6: Intra-plaque hemorrhage
7: Subclinical Plague Rupture

Neov:a'scularization 8: Thrombus formation
Contributing factors of

Luminal Stenosis

L —] — o

£ Intraplaque

E Macrophages plag 1)Healed ruptures

s hemorrhage

S rupture &

o healing

g

5

E Months to years prior to Ml “seemingly” non-progressive Factors that may help explain the conversion of a TCFA (vulnerable
@l Mild plaque that continues to grow outwardly plaque) to PR

Modified from Ahmadi et al. Circ Res. 2015:;117:99-104



Plague Erosion



Plaque Erosion: 30-35% of thrombi in SCD

Plaque erosion in a 33 year-old female complaining of
chest pain for two-weeks and discharged from the emergency
room with a diagnoses of anxiety.

- T-cells




I

Women
with Severe

Coronary
Atherosclerosis

Burke et al. Circulation 1999

B Plague Rupture
& Plague Erosion

Age

Erosion (%)

L

> 50 yrs Smokers  Hin BMI

21 Women

30s 40s 50s &0s
Decade



Disturbed Flow

(A) Resting (B) Activated | (€) Sloughed (D) Resting Platedet (E) Activated Platelet ' (F) Platedet Rich

Endothelial Cell ; Endothelial Cell l Endothelial Cell | and Granulocyte and Granulocyte Thrombus, NETs

3 L e dhan. : Undergoing NETosis |

7

Peter Libby. Circulation Research. Reassessing the Mechanisms of
Acute Coronary Syndromes, Volume: 124, Issue: 1, Pages: 150-160,

DOI: (10.1161/CIRCRESAHA.118.311098)
© 2018 American Heart Association, Inc.




Calcified nodules
2-7% of thrombi in SCD



(n)

Coronary distribution of calcified nodule lesions

26 lesions from 25 individuals

=

*k
RCA LMT bifurcation LAD LCX

= proximal mmid = bifurcation

*+5mm from bifurcated site of left coronary artery



A 79-
year-old
woman
with a
past
medical
history of
hypertens
jon,
diabetes,
coronary
artery
disease,
and
congestiv
e heart
failure,
who died
suddenly




Degree of circumferential sheet calcification
In proximal, culprit, and distal section of
calcified nodule

o :21 h
(") 360 P<0.0001 P<0.0001 A

Proximal Culprit Distal

212° 89° 240°
(157-268) (54-177) (148-332)
Heart without consecutive vessel section (n=4), or post stent implantation (n=1) were
excluded.
Proximal and distal sections are taken from the maximum value within 1 cm (1-3 sections) from the culprit site
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CENTRAL ILLUSTRATION: Proposed Mechanism of the Occurrence of
Calcified Nodule

1. Fibrocalcific Plaque

@

2. Calcified Nodule

Necrotic core
2 calcification

Necrotic core
Sheet Ca in between
sheet Caat
hinge point 3. Fibrocalcific Plaque

Collagen 7= Fibrin ©®4 Angiogenesis

5™ Necrotic core calcification holesterol clefts

@ Hemosiderin Y55 o Platelets O Collagen calcification

Torii, S. et al. J Am Coll Cardiol. 2021;77(13):1599-611.
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Polygenic Risk Scores and
Cardiovascular Diseases

Risk Score Risk Score
Distribution Predictive Ability

High PRS

Controls

—29 0.0 2.5
Standardised PRS

Polygenic Risk Scores (PRS)...

* summarize the estimated effect of a number of genetic variants on an
iIndividual's phenotype

» typically calculated as a weighted sum of trait-associated alleles
 generated from genome-wide association study (GWAS) data



Assoclations
with Thin-Cap
Fibroatheroma
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New Insights into Plague Vulnerability

Plaque rupture, Plaque erosion, and Calcified Nodule are all causes of intracoronary thrombosis

Vulnerable plaques (TCFA) is a likely precursor lesions of rupture. Lipid Metabolism and
inflammation play an important role in plaque progression towards rupture.

Intraplaque hemorrhages are responsible for enlargement of necrotic core, plaque progression
and may be an important target for imaging.

The risk factors for plaque erosion remain poorly understood but the pathophysiology of this
disease involves shear induced alternations in endothelial function leading to endothelial
damage and thrombus formation

Calcified nodule is a poorly understood entity. Our data suggests that fibrous cap disruption in
calcified nodule and overlying thrombosis is initiated through the fragmentation of calcified
necrotic cores which is flanked between areas of hard circumferential sheet calcification in highly
tortuous coronary arteries.

Genetic Risk Scores will play an important role in primary prevention in the future and may help
to decrease the incidence of vulnerable plaques prone to plaque rupture through early access to
medical therapies



