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Abstract
An important challenge to facing the epidemic of cardiovascular disease is the
unpredictable nature of acute coronary events. Therefore, substantial research has
been recently conducted in order to develop new methods to identify subjects at
risk or atheromatous plaque that are prone to produce sudden major coronary
events. Over the past two decades, the concept of “vulnerable plaque” has gained
attention as a paradigm to improve risk stratification and potentially lead to the
discovery of novel markers of risk to prevent cardiovascular disease.

We reviewed biochemical markers that have been investigated to date for the
identification of coronary atherosclerotic plaque composition and early detection
of their vulnerability. C-reactive protein and matrix metalloproteinases are the
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most commonly studied, but also novel biomarkers reflecting a variety of path-
ophysiologic pathways such as ischemia, inflammation, vascular dysfunction,
biomechanical stress, hemostasis, and lipid metabolism have been reported to be
potentially associated with increased risk of coronary events.

Keywords
C-reactive protein • Coronary plaque • Matrix metalloproteinases • Percutaneous
coronary intervention • Vulnerable plaque

Abbreviations
ACS Acute coronary syndrome
CRP C-reactive protein
CVD Cardiovascular disease
LDL Low-density lipoprotein
MACE Major adverse cardiovascular events
MI Myocardial infarction
MMP Matrix metalloproteinases
PCI Percutaneous coronary intervention
TCFA Thin-cap fibroatheromas
VSMC Vascular smooth muscle cells

Definitions

Acute coronary syndrome Any condition brought on by sudden, reduced blood
flow to the heart

Culprit lesion The coronary lesion involved in the initial myocardial infarction

Nonculprit lesion Any lesion in the entire coronary tree outside the culprit lesion

Thin-cap fibroatheromas Lesions with a fibrous cap <65 μm with macrophage
infiltration (>25 cells/high-magnification field) and an underlying necrotic core

Vulnerable plaque A kind of atheromatous plaque that is particularly unstable and
prone to produce sudden major coronary events

Introduction

Atherosclerosis is a chronic condition with acute cardiovascular manifestations. For
many patients, the first sign of atherosclerosis is an acute myocardial infarction (MI),
sudden cardiac death, or a disabling stroke. An important challenge to facing the
epidemic of cardiovascular disease is the unpredictable nature of its acute manifes-
tations. Therefore, substantial research has been recently conducted in order to
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develop new methods to identify subjects at risk before the occurrence of a cardio-
vascular event. Furthermore, among patients who have survived a cardiovascular
event, the risk for a subsequent event remains relatively high, despite aggressive
treatment (Cannon et al. 2004). Such recurrence rates highlight the need for novel
approaches to secondary prevention of cardiovascular disease and to the treatment of
index events.

Pathophysiology of Atherosclerotic Plaque

There has been considerable progress in the identification of the molecular and
cellular processes causing atherosclerosis and its clinical sequelae (Daugherty
et al. 2005; Libby et al. 2002). Low-density lipoprotein (LDL) cholesterol is central
to the development of the disease. In addition, it is now clearly established that
inflammation plays an important role in the initiation of lesions and is likely to be
responsible for the activation of the disease in more than a single plaque or artery
(Hansson et al. 2005; Libby 2005).

Chronic endothelial injury eventually results in endothelial dysfunction and
increased permeability and induces LDL oxidation and accumulation in the
subendothelial space of the intima as well as the expression of adhesion molecules
and chemokines that participate in platelet aggregation and lymphocyte and mono-
cyte adhesion and infiltration, thus initiating the inflammatory process (Daugherty
et al. 2005; Libby et al. 2002; Hansson et al. 2005; Libby 2005). As monocytes are
attracted to the endothelium and migrate to the subendothelial space, they mature
into macrophages and uptake oxidized LDL transforming into “foam” cells that
eventually form the lipid core of the atherosclerotic plaque after apoptosis occurs.
This inflammatory mediator cascade promotes a phenotype change of vascular
smooth muscle cells (VSMCs) from the “contractile” phenotype state to the active
“synthetic” state. VSMCs in the synthetic state can migrate and proliferate from the
media to the intima, where they produce excessive amounts of extracellular matrix
(e.g., collagen, elastin, and proteoglycans) that transforms the lesion into a fibrous
plaque (Daugherty et al. 2005; Libby et al. 2002; Hansson et al. 2005; Libby 2005).
The typical atherosclerotic plaque comprises of the lipid core and the fibrous cap and
is the most commonly classified histologically by the American Heart Association-
recommended Stary classification (Stary 2000).

Vulnerable atherosclerotic plaques (high-risk or unstable plaques) are associated
with an increased risk of disruption, distal embolization and vascular events. They
are histological lesions with a large lipid core and a thin fibrous cap and may contain
ulceration, intraluminal thrombosis, and intraplaque hemorrhage, as well as intense
infiltration of macrophages and other inflammatory cells (Fig. 1).

Over the past two decades, the concept of “vulnerable plaque” has gained
attention as a paradigm to improve risk stratification and potentially lead to newer
invasive and noninvasive therapeutic options to prevent and treat cardiovascular
disease (Alsheikh-Ali et al. 2010).
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The Vulnerable Plaque

The term vulnerable plaque was first used more than two decades ago in the context
of studying triggers of acute cardiovascular disease (Muller et al. 1989). Since its
introduction, the term vulnerable plaque has been used interchangeably in reference
to the concept of propensity to result in an acute cardiovascular event or to denote a
plaque with the histologic hallmarks of culprit lesions from autopsy studies. A more
broad definition was proposed in 2003 to include not only susceptibility to rupture
but also susceptibility to thrombose or rapidly progress to a culprit lesion (Fig. 2),
based on observations that rupture of plaques, although common in culprit lesions, is
not universal (Naghavi et al. 2003). Indeed, almost one third of such lesions exhibit
erosion or nodular calcification without rupture of the fibrous cap (Virmani
et al. 2000). The introduction of this concept paralleled an increase in appreciation
of the limitations of imaging arterial lumens and quantifying risk based merely on
the severity of arterial stenoses. In several prospective and retrospective serial
angiographic studies, the culprit lesion in nearly two thirds of patients with acute
coronary events was shown to have less than 70 % (often <50 %) diameter
narrowing on coronary angiography weeks or months before the index event
(Ambrose et al. 1986; Little et al. 1988; Hackett et al. 1988; Giroud et al. 1992).

Fig. 1 Schematic figure illustrating the most common type of vulnerable plaque characterized by
thin fibrous cap, extensive macrophage infiltration, paucity of smooth muscle cells, and large lipid
core, without significant luminal narrowing (Reprinted with permission from Naghavi et al. 2003)

900 L. De Luca and F. Tomai



S
m

oo
th

M
us

cl
e 

C
el

ls
P

ro
te

og
ly

ca
ns

P
la

te
le

ts

D
ys

fu
nc

tio
na

l
E

nd
ot

he
liu

m

N
on

-O
cc

lu
si

ve
M

ur
al

 T
hr

om
bu

s 
/

F
ib

rin

E
ro

si
o

n
-P

ro
n

e
V

u
ln

er
ab

le
 P

la
q

u
e

V
u

ln
er

ab
le

 P
la

q
u

e 
w

it
h

In
tr

a-
P

la
q

u
e 

H
em

o
rr

h
ag

e
E

ro
d

ed
V

u
ln

er
ab

le
 P

la
q

u
e

In
ta

ct
 C

ap

R
u

p
tu

re
d

 / 
H

ea
lin

g
V

u
ln

er
ab

le
 P

la
q

u
e

R
u

p
tu

re
-P

ro
n

e
V

u
ln

er
ab

le
 P

la
q

u
e

M
ac

ro
ph

ag
e

T
hi

n 
C

ap

N
o

rm
al

R
up

tu
re

d
C

ap

C
ol

la
ge

n

La
rg

e 
Li

pi
d

C
or

e

N
on

-O
cc

lu
si

ve
C

lo
t

C
al

ci
um

N
od

ul
e

Le
ak

in
g 

V
as

a 
V

as
or

um
 / 

A
ng

io
ge

ne
si

s

E
xt

en
si

ve
C

al
ci

fic
at

io
n

O
ld

T
hr

om
bu

s 

C
ri

ti
ca

lly
 S

te
n

o
ti

c
V

u
ln

er
ab

le
 P

la
q

u
e

A
B

C
D

E
F

G

D
if

fe
re

n
t T

yp
es

 o
f V

u
ln

er
ab

le
 P

la
q

u
e

V
u

ln
er

ab
le

 P
la

q
u

e 
w

it
h

C
al

ci
fi

ed
 N

o
d

u
le

Fi
g
.2

D
if
fe
re
nt
ty
pe
s
of

vu
ln
er
ab
le
pl
aq
ue

as
un
de
rl
yi
ng

ca
us
e
of

ac
ut
e
co
ro
na
ry

ev
en
ts
(A
C
S)

an
d
su
dd

en
ca
rd
ia
c
de
at
h
(S
C
D
).
(a
)R

up
tu
re
-p
ro
ne

pl
aq
ue

w
ith

la
rg
e
lip

id
co
re

an
d
th
in

fi
br
ou

s
ca
p
in
fi
ltr
at
ed

by
m
ac
ro
ph

ag
es
.
(b
)
R
up

tu
re
d
pl
aq
ue

w
ith

su
bo

cc
lu
si
ve

th
ro
m
bu

s
an
d
ea
rl
y
or
ga
ni
za
tio

n.
(c
)
E
ro
si
on

-p
ro
ne

pl
aq
ue

w
ith

pr
ot
eo
gl
yc
an

m
at
ri
x
in

a
sm

oo
th

m
us
cl
e
ce
ll-
ri
ch

pl
aq
ue
.(
d
)
E
ro
de
d
pl
aq
ue

w
ith

su
bo

cc
lu
si
ve

th
ro
m
bu

s.
(e
)
In
tr
ap
la
qu

e
he
m
or
rh
ag
e
se
co
nd

ar
y
to

le
ak
in
g
va
sa

va
so
ru
m
.(
f)
C
al
ci
fi
c
no

du
le
pr
ot
ru
di
ng

in
to
th
e
ve
ss
el
lu
m
en
.(
g)

C
hr
on

ic
al
ly
st
en
ot
ic
pl
aq
ue

w
ith

se
ve
re
ca
lc
ifi
ca
tio

n,
ol
d
th
ro
m
bu

s,
an
d
ec
ce
nt
ri
c

lu
m
en

(R
ep
ri
nt
ed

w
ith

pe
rm

is
si
on

fr
om

N
ag
ha
vi

et
al
.2

00
3)

38 Biomarkers of Coronary Plaque Composition and Vulnerability 901



In retrospective autopsy studies, three histologic features were more commonly
observed in plaques thought to be responsible for most acute coronary events
compared with stable plaques: a larger lipid core (>40 % of total lesion area), a
thinner fibrous cap (<65 μ), and more inflammatory cells (about 26 % macrophage
infiltration of fibrous cap compared with 3 % in stable plaques) (Kolodgie
et al. 2004; Virmani et al. 2006). The major criteria to define a vulnerable plaque
included active inflammation; a thin cap (<100 μ) with a large lipid core (>40 % of
the plaque’s total volume); endothelial denudation with superficial platelet aggrega-
tion; fissured cap, which may indicate a recent rupture; or severe stenosis, which
would make the plaque more prone to shear stress or may be a marker of other less
stenotic but vulnerable plaques (Naghavi et al. 2003). According to this proposal, the
presence of at least one of these major criteria may indicate a higher risk for plaque
complication. The minor criteria for plaque vulnerability included the presence of
superficial calcified nodules; yellow color, which may indicate a larger lipid core;
intraplaque hemorrhage; endothelial dysfunction (impaired endothelial vasodilator
function); and expansive (positive) remodeling, which refers to compensatory out-
ward enlargement of the vessel wall without luminal compromise (Naghavi
et al. 2003). Notably, several investigators have noted the presence of more than
one vulnerable plaque in patients at risk of cardiovascular events (Libby et al. 2002;
Libby 2005; Eriksson 2004; Arbab-Zadeh 2015) underlying the importance of going
beyond a vulnerable plaque and called for evaluating the total arterial tree as a whole.
In addition, evidence suggests that systemic factors may play a role in plaque
instability, including the presence of a systemic inflammatory state (Naghavi
et al. 2003). This provides the rationale to studying serum biomarkers that may
identify patients with high-risk lesions (vulnerable blood), which, along with vul-
nerable myocardium, form the triad of vulnerability that defines the vulnerable
patient (Naghavi et al. 2003). Indeed, there is no conclusive evidence that individual
plaque assessment better predicts acute coronary event risk than established risk
factors, such as the extent and severity of coronary artery disease (Arbab-Zadeh
2015; Fig. 3). Current data suggest that rather than focusing on individual coronary
arterial lesions, we need a comprehensive, integrative approach for identifying and
managing patients at risk of adverse cardiovascular events (Arbab-Zadeh 2015).

Natural History of the Vulnerable Plaque

There are few longitudinal studies that investigated the natural history of plaque
features that could be indicative of vulnerability or instability. Such studies involved
a baseline imaging evaluation of the morphology of coronary (Motoyama
et al. 2009; Kim et al. 2009; Bayturan et al. 2009; Ohtani et al. 2006; Lee
et al. 2004) plaques and analyzed the occurrence of clinical events, imaging end
points, or both in patients at follow-up. One of the largest studies to date (Motoyama
et al. 2009) involved 1,059 patients with suspected or known disease who had
computed tomography angiographic examinations and were followed for 27 months
for the development of acute coronary syndrome (ACS). The coronary lesions were
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analyzed for the presence of two features of vulnerability: positive remodeling
(>10 % diameter at the plaque site compared with the reference segment) and low
attenuation plaques (non-calcified plaque with at low density). An ACS developed in
10 of 45 (22 %) patients that showed plaques with both vulnerability features,
compared with 4 of 820 (0.5 %) patients that showed plaques without these features.
None of the 167 patients with normal angiography results developed ACS. The
presence of 1- or 2-feature positive plaques was the only significant independent
predictor of ACS (hazard ratio, 22.8 [95 % CI, 6.9–75.2]) (Motoyama et al. 2009).

The PROSPECT (Providing Regional Observations to Study Predictors of Events
in the Coronary Tree) was the first prospective, multicenter study of the natural
history of coronary atherosclerosis, using multimodality intravascular imaging to
identify the clinical and lesion-related factors that place patients at risk for adverse
cardiac events (Stone et al. 2011). In this study, 697 patients with ACS underwent
three-vessel coronary angiography and grayscale and radiofrequency intravascular
ultrasonographic imaging after percutaneous coronary intervention (PCI). Subse-
quent major adverse cardiovascular events (MACE) were adjudicated to be related to
either originally treated (culprit) lesions or untreated (nonculprit) lesions (Stone
et al. 2011). The 3-year cumulative rate of major adverse cardiovascular events
was 20.4 %. Events were adjudicated to be related to culprit lesions in 12.9 % of
patients and to nonculprit lesions in 11.6 %. Although the nonculprit lesions that led
to major adverse cardiovascular events were frequently mild on angiographic
assessment, most were characterized by a large plaque burden, a small luminal

Fig. 3 Annualized risk (percent) of myocardial infarction (MI) or cardiovascular (CV) death in
3,242 patients followed for a median of 3.6 years after baseline computed tomographic coronary
angiography, according to the extent and severity of coronary artery disease. Risk is low in patients
with nonobstructive disease (<50 % stenosis) involving four or fewer coronary artery segments
(limited disease). Conversely, risk is similarly high in patients with nonobstructive disease if more
than four segments are affected (extensive disease) compared with patients with obstructive disease
(�50 % stenosis) (Modified from Arbab-Zadeh et al. 2015)
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area, or both, as seen on grayscale intravascular ultrasonography but not on angiog-
raphy; no major adverse cardiovascular events arose from untreated segments with a
plaque burden resulting in less than 40 % loss of cross-sectional luminal area (Stone
et al. 2011). The prospective identification of nonculprit lesions associated with
major adverse cardiovascular events was further enhanced by the use of
radiofrequency intravascular ultrasonography to characterize the morphologic fea-
tures of plaques, with thin-cap fibroatheromas (TCFAs) representing the highest-risk
phenotype, a finding that is consistent with the established concept of vulnerable
plaque. Conversely, major adverse cardiovascular events related to nonculprit
lesions rarely developed from non-fibroatheromas, regardless of the plaque burden
or minimal luminal area (Stone et al. 2011; Fig. 4).

Vulnerable Plaque Formation

Studies in genetically engineered mice deficient in apolipoprotein E, which develop
advanced plaques similar to those in patients, have increased our understanding of
certain clinical observations. An increase in T-helper type 1–like lymphocytes
promoted TCFAs occurrence, indicating a possible role of the T-helper switch in
the formation of these presumably vulnerable plaques.

Some authors (Sluijter et al. 2006) studied matrix metalloproteinases, which can
degrade cap constituents, and an extracellular matrix metalloproteinase inducer in
carotid endarterectomy specimens. Increased activity of matrix metalloproteinases
8 and 9 was associated with an inflammatory plaque phenotype, and different
glycosylation forms of extracellular matrix metalloproteinase inducer were

Fig. 4 Event rates in the PROSPECT trial for lesions that were and those that were not thin-cap
fibroatheromas, at a median follow-up of 3.4 years (Reprinted with permission from Stone
et al. 2011)
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associated with varying degrees of matrix metalloproteinase activity. It was con-
cluded that extracellular matrix metalloproteinase inducer glycosylation may play a
role in plaque destabilization.

Vascular and hemodynamic forces are also likely to play a role in the formation
and rupture of TCFAs. Several studies (Stone et al. 2003; Slager et al. 2005; Waxman
et al. 2006) demonstrated that areas of low shear stress predispose to the formation of
advanced plaques, presumably by creating conditions that favor transmigration of
lipids and inflammatory cells into the vessel wall. High shear stress, on the other
hand, can promote plaque rupture and platelet aggregability, leading to an occlusive
thrombotic event (Stone et al. 2003; Slager et al. 2005; Waxman et al. 2006).

Biomarkers of Vulnerability and Their Potential Application
to Prognosis

Increased understanding of the processes causing atherosclerosis has facilitated
efforts to identify novel markers of risk that may be circulating in plasma and readily
available for sampling.

To date, several biochemical markers have been investigated (Alsheikh-Ali
et al. 2010; Seifarth et al. 2014; Battes et al. 2014; Ellims et al. 2014; Puri
et al. 2013; Fuchs et al. 2012; Deftereos et al. 2012; Kubo et al. 2009; Hong
et al. 2009; Rodriguez-Granillo et al. 2005; Van Mieghem et al. 2005; Drakopoulou
et al. 2009; Table 1), C-reactive protein (CRP) and matrix metalloproteinases
(MMPs) being the most commonly studied, and their concentrations were most
commonly compared with imaging findings of plaques.

C-Reactive Protein

CRP is an acute-phase reactant and nonspecific marker of inflammation, produced
predominantly in hepatocytes as a pentamer of identical subunits in response to
several cytokines (Norata et al. 2009). Interleukin (IL)-6, one of the most potent
drivers of CRP production, is released from activated leukocytes in response to
infection or trauma and from vascular smooth muscle cells in response to athero-
sclerosis. CRP directly binds highly atherogenic oxidized LDL cholesterol and is
present within lipid-laden plaques (Libby 2002).

The possible mechanistic role of CRP in plaque deposition is highly complex,
exerting pro-atherogenic effects in many cells involved in atherosclerosis (Zhang
et al. 1999). CRP may facilitate monocyte adhesion and transmigration into the
vessel wall – a critical early step in the atherosclerotic process (Libby et al. 2008).
Furthermore, M1 macrophage polarization, catalyzed by CRP, is a proinflammatory
trigger in plaque deposition, leading to macrophage infiltration of both adipose tissue
and atherosclerotic lesions (Kones 2011). Beyond its role in triggering immunity in
plaque deposition, in vitro studies have also shown an association among CRP,
inhibition of endothelial nitric oxide synthase, and impaired vasoreactivity 15 and
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16. An isoform of CRP, monomeric CRP, is stimulated by platelet activation and has
prothrombotic and inflammatory properties of its own (Eisenhardt et al. 2009).
Monomeric CRP has also been found in plaques, particularly in regions of
monocyte-mediated inflammatory activity, and within lipid microdomains of endo-
thelial cells (Ji et al. 2009).

An association of CRP with risk for cardiovascular disease (CVD) has been
described in many studies (Musunuru et al. 2008). The Multiple Risk Factor
Intervention Trial (MRFIT) was the first of many primary prevention, prospective
epidemiological studies to show a strong relationship between levels of CRP and
mortality from CVD in high-risk middle-aged men (Kuller et al. 1996). A similar
association between increasing CRP levels and subsequent rate of MI and stroke was
found in an analysis of apparently healthy men (Ridker et al. 1997).

Table 1 Novel biomarkers for the identification of vulnerable plaque (Modified from Stary
(2000))

Biomarker
Diagnosis
of ACS Prognosis

Clinical
implication

Fatty acid-binding
protein

Ischemia + ++

Growth differential
factor-15

Ischemia/reperfusion ++ ++ +

C-reactive protein Inflammation: nonspecific
marker

++ +++

Pregnancy-
associated plasma
protein-A

Inflammation: matrix
metalloproteinase-9/plaque
instability

+

Myeloperoxidase Inflammation: neutrophil
activation, reactive oxygen
species

+ ++

ST2 Inflammation: regulatory
protein in times of myocardial
stress

+ +

Lysosomal
phospholipase A2

Cholesterol trafficking + ++ +

Copeptin Stress: vasopressin
prohormone

+ +

Soluble CD40
ligand

Platelet activation + +

Fibrinogen Thrombosis + ++

Plasminogen
activator inhibitor-1

Endogenous fibrinolytic
system

+

D-dimer Thrombosis + +

Metabolite profile Early signs of metabolic
dysregulation

+

ACS acute coronary syndrome, MI myocardial infarction, + limited or contradictory evidence, ++
compelling but not conclusive evidence, +++ strong/validated evidence for use
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CRP has been evaluated extensively also in the setting of stable coronary artery
disease (Tomai et al. 2005; Versaci et al. 2000; Gaspardone et al. 1998) and ACS
(Morrow et al. 2007; Liuzzo et al. 1994; Biasucci et al. 1999). Elevated levels of
CRP at the time of admission have been shown in multiple studies to be associated
with poor outcomes in patients with ACS (Morrow et al. 2007; Liuzzo et al. 1994;
Biasucci et al. 1999). The strength of that relationship varies depending of the degree
of myocardial necrosis, the cut point applied, the timing of measurement, and the
patient population (Morrow et al. 2007). Notably, elevated CRP concentrations are
independently associated with enhanced vasoreactivity of the culprit lesion, but not
in uninvolved epicardial coronary segments (Tomai et al. 2001; Fig. 5), supporting
the concept that the increased vasoreactivity is a local plaque-related phenomenon
(Tomai 2004). Assessing levels of CRP several weeks after ACS, when the acute
inflammatory phase has subsided, may be more useful than in the acute setting.
Patients with a CRP level >2 mg/L 1 month after admission for ACS were at
significantly greater risk of death and heart failure (Scirica et al. 2009) compared
with those with low levels of CRP.

Recently, the interaction of high-risk nonculprit lesions with CRP levels, which
were measured at presentation, 1 month, and 6 months, then categorized at each time
as normal (<3 mg/L), elevated (3–10 mg/L), or very elevated (>10 mg/L), has been
examined among patients enrolled in the PROSPECT study (Kelly et al. 2014).
Patients with elevated CRP levels at any time did not have more high-risk nonculprit
lesions; however, untreated high-risk nonculprit lesions were more likely to cause
subsequent MACE in patients with very elevated compared with normal 6-month
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(Reprinted with permission from Tomai et al. 2001)
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CRP levels (for thin-cap fibroatheromas, 13.8 % vs. 1.9 %, p = 0.0003; for lesions
with minimal luminal area �4.0 mm2, 15.6 % vs. 2.2 %, p < 0.0001). As expected,
patients with very elevated 6-month CRP levels had higher rates of subsequent
nonculprit lesion-related MACE (19.0 % vs. 7.2 %, p = 0.039) (Kelly et al. 2014).

Notably, wide variability of CRP levels exists among individuals (Yousuf
et al. 2013). The interplay of CRP genetic polymorphisms, influence of genetic
loci mediating CRP response, and lifestyle factors contributes to individual, ethnic,
and sex-related variation in CRP concentration (Yousuf et al. 2013). A uniform cut
point for CRP based on a single value should not be applied universally among all
individuals. Body mass index, metabolic syndrome, diabetes mellitus, hypertension,
oral contraceptive use, physical exercise, moderate alcohol consumption, periodon-
tal disease, dietary patterns, environmental pollutant burden, and smoking cause
significant baseline variation (Yousuf et al. 2013; Kones 2010).

Matrix Metalloproteinases

The MMPs comprise a family of at least 23 active proteinases. MMPs and other
proteinases can provoke net destruction of the vascular extracellular matrix in late-
stage atherosclerosis, leading to plaque rupture (Galis et al. 1994). Importantly, loss
of collagen in the shoulder regions of thin-cap fibroatheromas could reduce tensile
strength and precipitate plaque rupture, leading to MI or strokes (Libby 2013). A
broad spectrum of MMP inhibitors has been tested in preclinical studies without
producing a net effect on atherosclerosis progression or histological features of
instability, most likely because of the opposing roles of different MMPs. By contrast,
two studies with selective MMP inhibitors showed favorable effects on plaque
stability in apolipoprotein E-knockout mice models (Johnson et al. 2011; Quillard
et al. 2011). However, translating this data into clinically useful therapies is ham-
pered by the sheer numbers of MMPs and the conflicting results obtained in other
animal models (Newby 2015).

Novel Biomarkers

There are several biomarkers reflecting a variety of pathophysiologic pathways that
have been reported to be elevated in patients with ACS and potentially associated
with increased risk. These include markers of ischemia and inflammation (ischemia-
modified albumin, heart fatty acid-binding protein, myeloperoxidase), vascular
dysfunction (pregnancy-associated plasma protein A0), biomechanical stress
(copeptin, ST2, growth differentiation factor [GDF]-15), hemostasis (fibrinogen,
plasminogen activator inhibitor-1), and lipid metabolism (lipoprotein-associated
phospholipase A2) (Scirica 2010; Ferrante et al. 2010). Few of the novel biomarkers
have been shown to consistently improve on established markers, and many lack
confirmation in varied cohorts. In a study of 664 patients admitted with suspected
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ACS, for example, none of the more than ten novel markers tested approached the
sensitivity of cardiac troponin in diagnosing MI (McCann et al. 2008).

Several authors have proposed analytical and clinical criteria that novel bio-
markers must successfully meet before they can be fully integrated into clinical
care (Jaffe et al. 2006). Of the novel markers, GDF-15, a member of the transforming
growth factor family that is released by myocytes during ischemia and reperfusion, is
one of the most promising. In several cohorts (Eggers et al. 2008; Wollert
et al. 2007), elevated levels of GDF-15 are associated with increased risk of death
and MI, independent of ECG changes, troponin level, or NP level. In one study, there
was an interaction between randomization to an invasive strategy and elevated levels
of GDF-15, which suggests that an invasive strategy may be preferential in patients
with an increased concentration (Wollert et al. 2007), although prospective confir-
matory studies are needed.

Proteomics, Metabolomics, Genomics, and Pharmacogenomics

Advances in proteomic, metabolic, and genomic profiling with high-throughput
screening technology combined with advanced bioinformatic and statistical tech-
niques may dramatically expand the number of novel markers of cardiac metabolism
and pathology. For example, a study of serial blood samples from patients undergo-
ing alcohol septal ablation, in other words a “planned MI,” revealed a specific profile
of metabolites in pyrimidine metabolism, the tricarboxylic acid cycle, and the
pentose phosphate pathway that were present within 10 min of the induced
MI. The pattern was also present in patients with ACS undergoing PCI but not in
patients with stable CAD undergoing PCI (Lewis et al. 2008). Genome-wide asso-
ciation studies, which evaluate hundreds of thousands of single nucleotide poly-
morphisms, have identified several potential variants such as those at chromosome
9p21 that are associated with an increased risk of incident CVD (Samani et al. 2007).
Further studies are needed to determine whether individuals with single nucleotide
polymorphisms at chromosome 9p21 are also at increased risk of secondary events
after ACS.

Conclusions

In the quest for individualized medicine, biomarkers have emerged as a tool for
improved risk prediction.

An ideal biomarker should demonstrate quantitative differences in patients with
and without disease. Further, it should have predictive value in prospective studies
and incremental benefit over standard clinical risk markers. The goal of measuring a
biomarker should not only be risk assessment but rather ascertaining information
that would alter the threshold of the pretest risk to change clinical management in a
cost-effective manner. The ideal risk marker should demonstrate these features with
rigorous evidence and independence (Hlatky et al. 2009).
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During the last two decades, a number of biomarkers have been considered in the
assessment of coronary plaque composition identifying the risk for primary and
secondary prevention of cardiovascular diseases. However, further research is
needed to undoubtedly determining a candidate that materially adds to established
models of risk assessment and modification.

Summary Points

• Substantial research has been recently conducted in order to develop new
methods to identify subjects at risk before the occurrence of a cardiovascular
event.

• The concept of “vulnerable plaque” has gained attention as a paradigm to improve
risk stratification and potentially lead to the discovery of novel markers of risk to
prevent cardiovascular disease.

• Biochemical markers have been investigated for the identification of coronary
atherosclerotic plaque composition and early detection of their vulnerability.

• C-reactive protein andmatrixmetalloproteinases are themost commonly studied, but
also novel biomarkers reflecting a variety of pathophysiologic pathways have been
reported to be potentially associated with increased risk of coronary events.
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