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Abstract: Increasing evidence points to a critical role of inflammation in the development and propagation

of atherosclerotic cardiovascular disease. Pathological studies in human and animal models have elucidated

specific inflammatory mediators contributing to the progression and rupture of atherosclerotic plaque in the

artery wall. These observations not only outline the importance of inflammation in atheroma progression

but also the potential of anti-inflammatory therapeutic approaches to prevent and stabilize atherosclerotic

disease. Intravascular ultrasonography enables direct atheroma visualization iz vive. Additionally, refinements

in ultrasound technology permitting radiofrequency backscatter analysis enhance plaque characterization

associated with disease instability. These imaging modalities will continue to provide opportunities for

evaluating novel inflammatory mechanisms and anti-inflammatory therapies.
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Introduction

A substantial body of evidence indicates that inflammatory
pathway activation is important in the initiation and
progression of atherosclerosis. The inflammatory cascade
has been implicated during all stages of atheroma evolution,
from the early development of endothelial dysfunction,
through to formation of the mature atheroma and its
subsequent rupture or erosion (1). These findings are
supported by observations that elevated circulating
biomarkers of inflammation, independently predict
the likelihood of adverse cardiovascular outcomes in
patients across a broad range of risk (2,3). As a result,
there is an ongoing search to elucidate the factors that
coordinate this complex cascade. The therapeutic approach
specifically targeting inflammatory mediators involved in
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atherosclerosis could have significant clinical benefit.
Recent advancement in arterial wall imaging has
expanded our ability to visualize the full extent of
atheroma. Intravascular ultrasound (IVUS) enables
high-resolution imaging of the arterial wall within the
coronary vasculature. Increasing use of IVUS in clinical
practice has enabled not only a more precise evaluation
of percutaneous coronary intervention but also the serial
evaluation of factors implicated in coronary atheroma
progression and the efficacy of novel therapies on
atherosclerotic plaques (7zble 1). Other IVUS systems
such as radiofrequency backscatter IVUS enables plaque
composition analysis (Tzble 1). These modalities have
provided important information with regard to the natural
history of atherosclerosis, factors influencing plaque
changes and the efficacy of anti-atherosclerotic medical
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Table 1 Intravascular ultrasound imaging modalities

281

Imaging . Resolution Luminal Plaque Plaque o
. Imaging method ] . Limitation
modality (Mm) stenosis area composition
Grayscale Reflection analysis of high- 150-250 o A A suboptimal characterization of
IVUS frequency sound plague composition
VH-IVUS Radio frequency analysis 200-250 o o Only R wave gated images, no
algorithm for thrombus
i-MAP Radio frequency analysis 200-250 o o No algorithm for thrombus
IB-IVUS Transformation of backscatter 150 o o Difficult to assess tissue around
signals calcification due to its attenuation
effect
Palpography Mechanical strain analysis of 250 X o Only assess the surface of plaque
arterial wall (surface)  still unknown its relevance

o, applicable; A, possible but limited; X, non-evaluable; IVUS, Intravascular ultrasound.

therapies. IVUS has also helped elucidate the contribution
of inflammation to atherosclerosis iz vivo. The present
review provides evidences illustrating the relationship of
inflammation with atherosclerotic plaque.

Inflammatory mediators and atherosclerotic
plaques

IVUS imaging studies have reported the effect of inflammatory
mediators on atherosclerotic plaques (7uble 2).

C-reactive protein (CRP)

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. Recent imaging studies using gray scale IVUS
have elucidated the relationship between CRP and plaque
progression. The REVERSAL (reversal of atherosclerosis
with aggressive lipid lowering) study has demonstrated less
plaque progression was observed in patients who achieved
lower low-density lipoprotein cholesterol (LDL-C) level
with atorvastatin [change in percent atheroma volume;
0.2% (95% CI, 0.3 to 0.5) vs. 1.6% (95% CI, 1.2-2.2),
P<0.001] (4). Further analysis has elucidated the decrease in
CRP levels was independently and significantly correlated
with the rate of progression (change in percent atheroma
volume; B coefficient 0.09, P=0.04 after adjusted) (4). The
SATURN (study of coronary atheroma by IVUS: effect
if rosuvastatin versus atorvastatin) trial compared the
effects of 80 mg atorvastatin and 40 mg rosuvastatin on
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plaque progression (26). In this study, both therapeutic
regimens achieved very low LDL-C levels (70.2+1.0 vs.
62.6£1.0 mg/dL, P<0.001) and were associated with marked
regression of coronary atherosclerosis [change in percent
atheroma volume; -0.99 (95% CI, -1.19 to 0.63) vs. -1.22
(95% CI, -1.52 to -0.90, P=0.17)]. A post-hoc analysis
of SATURN investigated the impact of CRP control on
plaque progression and cardiovascular outcomes under
maximally intensive statin therapy (5). Despite achieving
very low LDL-C level under potent statin therapy, 37%
of study subjects experienced rising on-treatment CRP
levels. Decreasing CRP level was independently associated
with greater percent atheroma volume regression (P=0.01).
In addition, on-treatment CRP level was independently
associated with major adverse cardiovascular events (hazard
ratio, 1.29; 95% CI, 1.05-1.58, P=0.01) (Figure I). These
findings suggest that systemic inflammation reflected by
CRP level may contribute to ongoing cardiovascular risk in
patients receiving high-intensity statin therapy.

Recently, virtual histology-IVUS (VH-IVUS) has
been used to analyze the relationship of CRP with plaque
composition. VH-IVUS imaging analysis in SATURN
has demonstrated that volumetric changes in necrotic core
tissue correlated with on-treatment CRP (r=0.25, P=0.03)
and high-density lipoprotein cholesterol (r=-0.27, P=0.03)
levels during potent statin therapy (8). The PROSPECT
(Providing Regional Observations to Study Predictors
of Events in the Coronary Tree) study investigated the
predictive ability of VH-IVUS derived plaque features
for cardiovascular events in patients with acute coronary

syndrome (ACS) (27). The sub-analysis of the PROSPECT
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Log-rank test P value =0.07 for on-treatment CRP quartile 4 vs. lower quartiles
Log-rank test P value =0.06 for on-treatment CRP quatrtile 4 vs. quartile 1

On-treatment CRP quartile 1 -
On-treatment CRP quartile 2 Bl |
------ On-treatment CRP quartile 3 e

—-= = On-treatment CRP quartile 4 J— |

Cumulative incidence of MACE (%)

0 3 6 9 12 15 18 21 24

No. patients at risk

On-treatment CRP quartile 1 315 308 306 303 299 294 290 284 272
On-treatment CRP quartile2 316 312 309 304 299 293 290 278 270
On-treatment CRP quartile 3 316 309 305 295 295 282 277 272 265
On-treatment CRP quartile4 316 303 290 282 277 269 253 253 235

Figure 1 Kaplan-Meier survival curve of quartiles of on-treatment
CRP levels and MACE. A total of 9.5% of patients with the highest
quartile of on-treatment CRP had MACE, whereas MACE was
observed in 5.9% of those having the lowest quartile level. CRP,

c-reactive protein; MACE, major adverse cardiovascular event.

study revealed that non-culprit lesions were more likely to
cause cardiovascular events if patients have an elevated CRP
level (>3 mg/L) at 6 months (thin-cap fibroatheroma, 13.8%
vs. 1.9%, P=0.0003; minimal lumen area <4.0 mm?; 15.6%
vs. 2.2%, P<0.0001) (11). As such, grayscale and VH-IVUS
imaging studies indicate a critical role of CRP in identifying
the presence of plaque progression and vulnerability.

Myeloperoxidase (MPO)

MPO is a pro-oxidant enzyme released from granules
of activated neutrophils, monocytes, and certain tissue
macrophages (28). MPO promotes oxidation of low-
density lipoprotein, and apolipoprotein A-I in high-
density lipoproteins, imparing its ability to promote reverse
cholesterol transport. This combination of detrimental effects
suggests MPO as an active mediator of atherogenesis. We
recently reported the relationship between serum MPO level
and plaque progression in 881 patients with coronary artery
disease (CAD) (12). There was no relationship between
MPO level and plaque progression in non-diabetic patients
(P=0.43). In contrast, a higher level of serum MPO was
significantly associated with plaque progression in diabetic
patients (P=0.02) (Figure 2). Interestingly, lowering LDL-C

levels and the use of potent statin therapy were beneficial

© Cardiovascular Diagnosis and Therapy. All rights reserved.
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A Non-diabetic patients B Diabetic patients
P=0.43 for trend

(%) (%) (%))

P=0.02 for trend
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Figure 2 Atheroma progression and MPO level in non-diabetic
and diabetic patients. (A) Change in percent atheroma volume in
non-diabetic patients stratified according to the quartiles of baseline
MPO levels; (B) change in percent atheroma volume in diabetic
patients stratified according to the quartiles of baseline MPO levels.
MPO, myeloperoxidase.

only in diabetic patients with lower MPO level but not with
higher MPO level (Figure 3). These findings may indicate
the importance of MPO pathways in diabetic cardiovascular
disease. Modifying systemic MPO activity within diabetic
patients may be a viable pharmacologic strategy, and a
targeted reduction of MPO activity, particularly within
diabetics, may become feasible in the future.

Lipoprotein-associated phospholipase A2 (Lp-PLA2)

Lp-PLA2 is an enzyme belonging to the A2 phospholipase
superfamily, which associates with atherosclerosis. Gray scale
IVUS imaging studies identified the relationship between
Lp-PLA2 and coronary atherosclerosis. In one study, authors
conducted IVUS imaging and collected plasma samples from
the left main coronary artery and coronary sinus to measure
net production of Lp-PLA2 in 15 patients with and without
coronary atherosclerosis (13). Lp-PLA2 net production was
significantly higher in patients with coronary atherosclerosis
(P=0.001). In addition, this parameter was significantly
associated with percent atheroma volume (r=0.37, P=0.04).
Observational data showing the contribution of
Lp-PLA2 to atherosclerosis has emerged, supporting
the concept that Lp-PLA2 inhibition might favourably
modulate atherosclerotic plaques, potentially leading to the
prevention of cardiovascular events. Serruys et 4/. investigated
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Figure 3 LDL-C control, high-dose statin therapy and atheroma
progression in diabetic patients according to the level of MPO
changes in percent atheroma volume in diabetic patients with
baseline low or high MPO level. (A) Stratified according to on-
treatment levels of LDL-C < or >80 mg/dL; (B) stratified according
to low or high dose statin use at follow up. LDL-C, low-density

lipoprotein cholesterol; MPO, myeloperoxidase.

the efficacy of the direct Lp-PLA2 inhibitor, darapladib
on coronary atherosclerotic plaque in 330 patients with
CAD (15). After a 12-months therapeutic period, Lp-PLA2
activity was inhibited by 59% with darapladib (P<0.001 vs.
placebo). Serial gray scale IVUS imaging did not find any
significant difference with regard to change in atheroma
volume (-5.0£28.0 vs. -4.9+32.7 mm’, P=0.95). However,
VH-IVUS analysis showed that necrotic core volume
increased significantly in the placebo group (4.5£17.9 mm’,
P=0.009), remaining stable in the darapladib group
(-0.5+13.9 mm’, P=0.71), resulting in a significant treatment
difference of -5.2 mm’ (P=0.01). This finding suggested
the potential of darapladib to reduce cardiovascular
events by stabilizing plaques. However, a recent large-
scale prospective double-blind randomized trial failed to
demonstrate a reduction in major adverse cardiovascular
events in patients with stable CAD disease (hazard ratio in
the darapladib group, 0.94; 95% CI, 0.85-1.03; P=0.20) (29).

Pentraxin 3 (PTX3)

PTX3 is a member of the pentraxin superfamily, which are
multifunctional pattern-recognition proteins characterized
by a cyclic multimeric structure. Immunohistochemical
staining of advanced atherosclerotic lesions has revealed a
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strong expression of PTX3 on the lumen surface as well as
within the atherosclerotic plaque in animal models and in
humans (30).

Recent imaging studies described the association between
PTX3 and atherosclerotic plaques in patients with CAD.
Koga et al., reported that the level of PTX3 correlated
significantly with the remodeling index of culprit lesions in
75 patients with CAD (r=0.25, P=0.03) (16). In addition, a
higher PTX3 level was the most powerful predictor of thin-
cap fibroatheroma imaged by optical coherence tomography
(odds ratio, 3.26; 95% CI, 1.75-6.05, P<0.001). Another
study using IB-IVUS imaging demonstrated that the level
of PTX3 was positively correlated with the percentage of
lipid volume and negatively correlated with the percentage
of fibrous volume in statin naive patients with stable angina
pectoris (17). These observations suggest the important role
of PTX3 in atherosclerosis and cardiovascular outcomes.

Monocyte chemoattractant protein-1 (MCP-1)

MCP-1, the first and prototypic chemokine, induced the
intensive infiltration of macrophages into plaques with active
inflammation. In one imaging study using VH-IVUS (18),
higher levels of MCP-1 were associated with increased
calcium (r=0.47, P=0.004), necrotic core (r=0.38, P=0.02)
but less fibrous tissue components (r=-0.34, P=0.03). Based
on findings showing a reduction of MCP-1 under folic
acid supplementation, a randomized, prospective study was
designed to evaluate the effect of folic acid supplementation
on plaque vulnerability in 102 patients with stable angina
pectoris (19). Despite 1-year folic acid supplementation
schedule, there was no significant difference in MCP-1
levels between treatment and placebo groups (79.95+1.49
vs. 86.00+1.43 pg/mL, P=0.34). Moreover, the prevalence
of VH-IVUS derived thin-cap fibroatheroma was similar in
the groups (P=0.47). However, a post-hoc analysis identified
a higher level of MCP-1 to associate with the presence of
VH-IVUS derived thin-cap fibroatheroma (P=0.0006).
Also, MCP-1 levels predicted the occurrence of myocardial
infarction in a Cox proportional hazard model (P=0.02).

Tumor necrosis factor-o. (TNF-a)

TNF-a is a pro-inflammatory cytokine linked to a higher
incidence of a variety of diseases including coronary
atherosclerosis. The ATHEROREMO-IVUS (the European
Collaborative Project on Inflammation and Vascular Wall
Remodeling in Atherosclerosis-Intravascular Ultrasound) study
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sought to investigate the association of atherogenic cytokines
with the extent and composition of coronary atherosclerosis by
using gray scale and VH-IVUS (20). In 261 patients with stable
angina pectoris, TNF-a levels were positively associated with
plaque burden (B coefficient, 4.45; 95% CI, 0.99-7.91, P=0.01)
and the presence of VH-IVUS derived thin-cap fibroatheroma
(odds ratio, 2.30; 95% CI, 1.17-4.52, P=0.01).

Leukocyte count

Tani e al. evaluated the association between circulating
leukocyte count with coronary atherosclerosis in 50
patients treated with pravastatin. After 6-month therapy,
plaque volume analyzed by serial gray scale IVUS imaging
significantly reduced by 14% (P<0.001 vs. baseline) (23).
A corresponding decrease of the leukocyte count (8.9%,
P<0.01 vs. baseline) was observed. Multivariate regression
analysis demonstrated that the decrease in the leukocyte
count independently predicted plaque regression (B
coefficient, 0.26; 95% CI, 0.01-0.41, P=0.04). Another
study investigated the effect of leukocyte telomere length, a
marker of leukocyte senescence on plaque phenotype (22).
In 170 stable patients who underwent 3-vessel VH-IVUS
imaging, leukocyte telomere length was associated with
calcified thin-cap fibroatheroma (odds ratio, 1.24; 95% CI,
1.01-1.53, P=0.03) and total fibroatheroma number (odds
ratio, 1.19; 95% CI, 1.02-1.39, P=0.02).

Inflammation, vulnerable plaques and atheroma
progression

Inflammation has been reported to play a key role in
promoting plaque vulnerability via thinning fibrous caps,
enhancing the influx of lipids and expanding the lipid core,
and stimulating neoangiogenesis (31). Patho-histological
studies have characterized vulnerable plaques as a presence
of large lipid core, thin fibrous cap, macrophage infiltration,
spotty calcification and neovascularization (32). Of these
features, spotty calcification has been demonstrated to
represent a dynamic process associated with inflammatory
activity (33). Serial gray scale IVUS imaging elucidated
that spotty calcification was associated with an accelerated
plaque progression, reflected by a greater change in percent
atheroma volume (0.68%+0.12% vs. 0.05%+0.17%,
P=0.002) (34).

Based on patho-histological findings about the
morphology of vulnerable plaques, we defined gray scale
IVUS derived high-risk plaque as a presence of spotty
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Figure 4 Statin therapy and plaque progression of percent atheroma
volume, stratified according to the presence or absence of high-risk

plaques and the use of statin.

calcification, large plaque burden and positive remodeling,
and evaluated this with regard to plaque progression in
4,477 stable CAD patients (35). In this analysis, substantial
plaque progression was observed in patients having high-
risk plaques who did not receive a statin (change in percent
atheroma volume: 1.87+0.68). However, these subjects
exhibited plaque regression under a statin (change in
percent atheroma volume: -0.83%+0.53%) (Figure 4).
These observations might also support the association of
inflamed burden with its progression. Given that the rate
of progression in serial observations were associated with
a greater likelihood of death, myocardial infarction and
coronary revascularization (36), these findings may suggest
the need to modify atherosclerotic plaques containing
vulnerable features associated with inflammation to prevent
future cardiovascular events.

Another inflamed high-risk plaque, the thin-cap
fibroatheroma has been investigated in recent studies using
VH-IVUS. The PROSPECT study conducted 3-vessel
VH-IVUS imaging in 697 patients with ACS and evaluated
the relationship between plaque features and major adverse
cardiovascular events during 3-year follow up (27). Non-
culprit lesions causing events were more likely to exhibit a
larger plaque burden >70% (hazard ratio, 5.03; 95% CI,
2.51-10.11, P<0.001), a minimal luminal area <4.0 mm’
(hazard ratio, 3.21; 95% CI, 1.61-6.42, P=0.001), or VH-
IVUS derived thin-cap fibroatheroma (hazard ratio, 3.35;
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95% CI, 1.77-6.36, P<0.001). The VIVA (VH-IVUS in
Vulnerable Atherosclerosis) study also reported similar
findings showing the relationship of VH-IVUS derived
TCFA (hazard ratio, 8.16; 95% CI, 1.78-37.32, P=0.007),
plaque burden >70% (hazard ratio, 7.48; 95% CI, 2.50-
22.31, P<0.001) and minimum luminal area <4.0 mm’
(hazard ratio, 2.91; 95% CI, 1.07-7.91, P=0.03) with major

adverse cardiovascular events (37).

Summary

Recent imaging studies have affirmed the contribution
of inflammation to plaque development, progression
and vulnerability. Also, the presence of plaques with
inflammatory components associates with a greater
likelihood of future cardiovascular events. These
observations outline the potential benefits of therapies
targeting inflammation in the arterial wall. With ongoing
technical advances, IVUS imaging will continue to play a
critical role in the evaluation of novel compounds designed
to modulate inflammation.
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