






were based on the nonparametric Wilcoxon rank sum test for
continuous variables and the Fisher exact test for categorical
variables. All P values are 2-sided. P values were corrected for
multiple testing using the Benjamini–Hochberg procedure.16

Adjusted P values <0.05 were considered significant unless
otherwise stated.

Results

Baseline and Angiographic Characteristics
Between February 2, 2015, and October 14, 2015, 40 STEMI
patients were recruited into the Plaque Erosion Pilot Study
(Figure 1), representing �30% of all potentially eligible
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Figure 2. Ruptured and intact fibrous cap appearance using optical coherence tomography. A, Ruptured
fibrous cap. *Rupture cavity. >Wire artifact. B, Intact fibrous cap.*Thrombus. >Wire artifact.

Table 1. Baseline Characteristics

RFC (n=23) IFC (n=15) P Value
Adjusted
P Value

Age, y 65 (59.5–75) 60 (52–64.5) 0.03 0.36

Sex (male) 16 (69.6) 10 (66.7%) 1.00 1.00

Hypertension 8 (34.8%) 3 (20%) 0.47 0.71

Hyperlipidemia 8 (34.8%) 4 (26.7%) 0.44 0.71

Smoker 12 (52.2%) 8 (53.3%0 1.00 1.00

Diabetes mellitus 0 (0%) 2 (13.3%) 0.15 0.60

Previous MI 0 (0%) 0 (0%) . . . . . .

Previous PCI 0 (0%) 0 (0%) . . . . . .

Symptom onset to lab, minutes 160 (125–207.5) 190 (145–247.5) 0.24 0.71

Door to balloon time, minutes 37 (29–61) 44 (29–46) 0.47 0.71

Call to balloon time, minutes 125 (95–147) 134 (99–142) 0.71 0.95

Killip class 0.15 0.60

Class 1 23 (100%) 13 (86.7%)

Class 2 0 (0%) 2 (13.3%)

TIMI risk score 2 (1–4) 2 (1–2) 0.46 0.71

Anemia 0 (0%) 0 (0%) 1.00 1.00

Values are median (first to third quartile) or n (%). Both unadjusted and Benjamini–Hochberg-adjusted P values are shown. IFC indicates intact fibrous cap; MI, myocardial infarction; PCI,
percutaneous coronary intervention; RFC, ruptured fibrous cap; TIMI, Thrombolysis in Myocardial Infarction.
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patients. An additional 5 patients were not enrolled in
the study because of unsuitable anatomy and inability to
obtain adequate OCT images. A fully identifiable culprit plaque
was adjudicated in 38 patients, with RFC identified in 23

(57.5%) and IFC in 15 (37.5%); 2 (5%) were undefined
(Figure 2).

There were no differences in baseline characteristics
between patients with RFC and IFC (Table 1). Both groups

Table 2. Angiographic and Procedural Characteristics

RFC (n=23) IFC (n=15) P Value
Adjusted
P Value

Number of lesions treated 1.00 1.00

1 22 (95.7%) 15 (100%)

2 1 (4.3%) 0 (0%)

Infarct related artery 0.64 0.94

LAD 7 (30.4%) 9 (60%)

LCX 4 (17.4%) 2 (13.3%)

RCA 12 (52.2%) 4 (26.7%)

Multivessel disease 9 (39.1%) 4 (26.7%) 0.5 0.88

Thrombectomy 23 (100%) 15 (100%) 1.00 1.00

Gp2b3a use 9 (39.1%) 8 (53.3%) 0.51 0.88

Radial access 23 (100%) 14 (93.3%) 0.39 0.88

Stent used 18 (78.3%) 8 (53.3%) 0.16 0.88

Total stent length, mm 27 (22–38) 23 (17–28) 0.06 0.88

Drug coated balloon angioplasty 5 (21.7%) 6 (40%) 0.28 0.88

Direct stenting 11 (47.8%) 5 (33.3%) 0.51 0.88

Maximum balloon/stent diameter, mm 4 (3.375–4) 3.5 (3.125–3.875) 0.20 0.88

Base TIMI flow 0.63 0.94

0 14 (60.9%) 10 (66.7%)

1 0 (0%) 0 (0%)

2 3 (13.3%) 3 (20%)

3 6 (26.8%) 2 (13.3%)

Final TIMI flow 0.82 1.00

0 0 (0%) 0 (0%)

1 1 (4.3%) 0 (0%)

2 0 (0%) 0 (0%)

3 22 (95.6%) 15 (100%)

Procedural success 22 (95.6%) 15 (100%)

QCA at baseline

Reference vessel diameter, mm 3.28 (2.81–3.62) 3.17 (2.73–3.33) 0.44 0.88

Minimal luminal diameter, mm 0 (0–0.97) 0 (0–0.84) 0.96 1.00

Diameter stenosis (%) 100 (75.6–100) 100 (75.2–100) 0.88 1.00

QCA after thrombectomy

Reference vessel diameter, mm 3.38 (2.85–3.76) 3.22 (2.58–3.49) 0.39 0.88

Minimal luminal diameter 1.1 (0.88–1.45) 0.94 (0.7–1.2) 0.40 0.88

Diameter stenosis 66.5 (46.4–77.3) 68.8 (62.3–73.6) 0.75 1.00

Values are median (first to third quartile) or n (%). Both unadjusted and Benjamini–Hochberg-adjusted P values are shown. Gp2b3a indicates glycoproteinIIbIIIa; IFC, intact fibrous cap; LAD,
left anterior descending; LCX, left circumflex; QCA, quantitative coronary angiography; RCA, right coronary artery; RFC, ruptured fibrous cap; TIMI, Thrombolysis in Myocardial Infarction.
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had very similar ischemic times and angiographic findings.
Although there was lower use of stents in the IFC group, this
result was nonsignificant (78.3% RFC versus 53.3% IFC,
adjusted P=0.88) (Table 2).

Optical Coherence Tomography Data
Cap thickness was significantly lower in the RFC group
(minimum cap thickness: RFC 40 lm [range 30–40 lm]
versus IFC 80 lm [range 70–95 lm], adjusted P=0.006: mean
cap thickness RFC 52 lm [range 40–59 lm] versus IFC 100
lm [range 99–134 lm], adjusted P=0.006) (Table 3). There
were no significant differences in other plaque parameters,
although there was a trend toward a more fibrous phenotype
in IFC. The residual thrombus burden after thrombectomy and
thrombus types were similar between groups, with white
thrombus and mixed thrombus predominating (Table 3).

Clinical Outcomes
At 12 months, 1 death occurred in the RFC group and 1
transient ischemic attack in the IFC group, with no statistical
differences between the 2 groups.

Cytokine Analysis
Just under 40.2% (41 of 102) of cytokines were more highly
expressed on average in patients with IFC than RFC for both
coronary and peripheral samples. By contrast, 47.1% (48 of
102) were more highly expressed on average in RFC patients
than in IFC patients for both coronary and peripheral samples

(Figure 3A and 3B). For the remaining cytokines (12.7%, 13 of
102), preferential expression was discordant between coro-
nary and peripheral samples (Figure 3A and 3B). Despite this,
the preferential expressions of cytokines (higher in either RFC
or IFC) were, for the most part, consistent between coronary
and peripheral samples (odds ratio 46.03, 95% CI 13.33–
198.59, P<0.001) (Figure 3B).

EGF and TSP-1 were the only molecules with significantly
higher expression in IFC patients than in RFC patients in
both coronary and peripheral samples (adjusted P<0.05)
(Figure 3C). The average log2 fold change in expression was
>1.75 for both (Figure 3C). By contrast, 10 molecules
demonstrated significant preferential expression in patients
with RFC for both coronary and peripheral samples,
including monokine induced by c-interferon, I-TAC, matrix
metalloproteinase-9 (MMP-9), aggrecan, lipocalin 2, inter-
leukin 18 binding protein, trefoil factor 3, complement
factor D, RANTES, and adiponectin (adjusted P<0.05)
(Figure 3C).

ELISA Validation
For each lesion group, we selected 2 cytokines with
significant differential expression in both coronary and
peripheral data sets and an average log2 fold change of at
least 1.5 (Figure 3C). Therefore, we sought to orthogonally
validate higher expressions of EGF and TSP-1 among IFC
cases and monokine induced by c-interferon and I-TAC among
rupture cases using ELISA. ELISA for myeloperoxidase was
also undertaken, given the potential relevance to plaque
erosion.

Table 3. OCT Analysis

RFC (n=23) IFC (n=15) P Value
Adjusted
P Value

Minimum cap thickness, lm 40 (30–40) 80 (70–95) <0.001 0.006

Mean cap thickness, lm 52 (40–59) 100 (99–134) <0.001 0.006

Length of lesion, mm 11.3 (9.75–12.55) 11.4 (9.9–15.1) 0.82 1

Plaque characteristics 0.93 1

Fibrocalcific 1 (4.34%) 1 (4.34%)

Fibrous 2 (8.7%) 6 (40%)

Lipid-rich 20 (86.7%) 8 (53.3%)

Area stenosis (%) 79.0 (52.5–83.1) 74.3 (70.4–77.1) 0.16 0.64

Residual thrombus characteristics 0.54 1

Red 1 (4) 1 (7)

White 12 (52) 5 (33)

Mixed 9 (39) 5 (33)

None 1 (4) 4 (27)

Values are median (first to third quartile) or n (%). Both unadjusted and Benjamini–Hochberg-adjusted P values are shown. IFC indicates intact fibrous cap; RFC, ruptured fibrous cap.
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EGF expression was significantly higher in both coronary
and peripheral IFC samples compared with RFC samples
(P<0.05) (Figure 4). By contrast, TSP-1 was significantly
higher only in IFC coronary samples (P=0.0041), and I-TAC
was significantly higher only in RFC coronary samples
(P=0.042) (Figure 4). No significant differences were
observed for monokine induced by c-interferon or myeloper-
oxidase expression between IFC and RFC cases for coronary
or peripheral samples (P>0.05).

Thrombectomy Quantitative Real-Time
Polymerase Chain Reaction Analysis
Thrombectomy yielded an analyzable sample in 18 RFC and
13 IFC cases. Expression of I-TAC mRNA was significantly

increased in RFC samples compared with IFC (P=0.0007),
whereas the opposite was true of EGF expression (P=0.0264).
There were no differences in the expression of TSP-1 or
myeloperoxidase between groups (P>0.05) (Figure 5).

Discussion
We detected multiple differences in the inflammatory profiles
of IFC and RFC in patients with STEMI, using cytokine arrays.
We confirmed elevated EGF and TSP-1 in IFC and elevated
I-TAC in RFC using ELISAs. Most of these differences were
demonstrable only in coronary plasma samples. In addition,
we demonstrated that these findings were replicated, with the
exception of TSP-1, in analysis of mRNA in thrombectomy
samples. These observations are new and support the
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Figure 3. Differential expression analysis of cytokines. A, Heat maps of the cytokines differentially expressed between the 2 plaque
pathologies. The coronary samples are shown in the left heat map and peripheral samples on the right heat map. Samples (columns) are sorted
from left to right in ascending order within the IFC (left-hand panels) and RFC (right-hand panels) groups. The cytokines (rows) are ordered from
top to bottom by descending average fold change within the IFC-assigned cytokine group (top panels), the RFC-assigned group (middle panels),
and discordantly assigned group (bottom panels). Heat map colors represent log2 expression values standardized across the data set. A legend
that maps color to standardized expression value is shown to the side of the heat maps. The golden bars on the side of each heat map indicate
significant hits. B, Bar plots of concordance between preferential expression assignments for coronary samples and peripheral samples. For
peripheral samples, cytokines are stratified by bar: IFC-high cytokines in the left bar and RFC-high cytokines in the right bar. For coronary
samples, cytokines are stratified by color: IFC-high cytokines in orange and RFC-high cytokines in blue. Odds ratio, 95% CI, and P value are
reported for Fisher exact test. C, Volcano plots of the log2 fold change of expression for all cytokines against the significance analysis of
microarrays differential expression score for the coronary (left plot) and peripheral (right plot) samples. Positive differential expression scores
indicate an association to the group more highly expressed in RFC cases than in IFC cases, whereas negative D-scores represent an association
to the group more highly expressed in IFC cases. Cytokines that were significantly associated with either plaque type (adjusted P<0.05;
significance analysis of microarrays) are colored in gold, whereas nonsignificant associations are in grey. BDNF indicates brain-derived
neurotrophic factor; EGF, epidermal growth factor; HGF, hepatocyte growth factor; IFC, intact fibrous cap; I-TAC, interferon-inducible T cell alpha
chemoattractant; MIG, monokine induced by c-interferon; MIP-3a, macrophage inflammatory protein 3a; MMP-9, matrix metalloprotein 9; MPO,
myeloperoxidase; RFC, ruptured fibrous cap; TNFa, tumor necrosis factor a; TSP-1, thrombospondin 1.
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concept that different atherosclerotic pathologies may be
associated with distinct intracoronary inflammatory profiles.

Previous comparative studies of inflammation in plaque
erosion and rupture have yielded conflicting results. Some
reports suggest significant elevation of myeloperoxidase in
erosion,9,10 and elevated high-sensitivity C-reactive protein
and matrix metalloproteinase 9 in rupture.10 In contrast other
studies have not found any difference in the levels of
myeloperoxidase, thromboxane B2, eosinophilic cationic pro-
tein,11 or high-sensitivity C-reactive protein.2,11,18 Our study is
unique in that we sampled both coronary and peripheral
arterial plasma, screened a much larger range of inflammatory

molecules, and enrolled only patients with short ischemic
times presenting with STEMI.

To put our results in context, the levels of EGF, TSP-1, and
I-TAC in IFC are �14-, 4.8-, and 1.6-fold higher, respectively,
compared with median values in healthy volunteers reported
in other studies.19–21 The respective values for RFC are �8-,
1.4- and 2.4-fold higher.

The significance of elevated EGF and TSP-1 in IFC
compared with RFC is unclear. Both EGF and TSP-1 are
stored in platelet granules,22 and elevated plasma levels may
simply reflect differences in thrombus composition and
platelet activation.3,10,23 This possibility is supported by the
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Figure 4. Plasma ELISA analysis. Plasma titers according to plaque pathology and sample site. Horizontal lines indicate median log2 values
and interquartile ranges. EGF indicates epidermal growth factor; IFC, intact fibrous cap; I-TAC, interferon-inducible T cell alpha chemoattractant;
MIG, monokine induced by c-interferon; TSP-1, thrombospondin 1; RFC, ruptured fibrous cap.
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concordance of EGF expression in plasma and thrombectomy
samples. It is also possible that differences in thrombus type
are not responsible for these findings. We did not observe
significant differences in thrombus type on OCT, nor did the
array analysis identify differences in other platelet-related
molecules such as platelet factor 4 or platelet-derived growth
factor (unpublished data). The discordance between TSP-1
expression in plasma and thrombectomy samples may reflect
local expression of TSP-1 within the coronary artery.

TSP-1 has complex biological effects that may be relevant
to plaque erosion. It is a matricellular glycoprotein that is
expressed in platelets, vascular smooth muscle cells,
endothelial cells, and vascular fibroblasts and is present in
the extracellular matrix of vessels.24 It impairs endothelial cell
adhesion, motility, growth, and survival25–27 and stabilizes
thrombi.28 Interestingly a polymorphism of the gene encoding
TSP-2 has been associated with plaque erosion in a cohort of
patients with sudden death.29 Studies of TSP-1 and TSP-2
expression in autopsy specimens might clarify whether TSPs
are relevant to plaque erosion.

Array analysis confirmed that multiple molecules thought
to be important in plaque rupture were preferentially
expressed in the RFC group, including matrix metallopro-
teinase 9, lipocalin 2, and RANTES.30–32 We also confirmed

significantly increased I-TAC/CXCL11 in coronary plasma
samples in RFC, which is a new finding. I-TAC plays a key
role in the recruitment and retention of activated T lympho-
cytes at sites of inflammation during atherogenesis and is
known to be expressed by neovascular endothelial cells and
macrophages in the shoulder regions of advanced atheroscle-
rotic lesions.33 We do not know whether increased I-TAC
mRNA in thrombectomy specimens reflects expression by
inflammatory cells trapped in thrombus or aspirated
atherosclerotic material.

Implications
We demonstrated the feasibility of studying different plaque
pathologies using intracoronary blood sampling, OCT, and
multiplex arrays to screen for molecular differences. The
cytokines identified have been shown to be involved in
mechanisms that make them plausible candidates for driving
or facilitating plaque destabilization. This supports the validity
of our approach to studying potential triggers of plaque
erosion and rupture. Larger studies might refine the identi-
fication of novel biomarkers for such lesions and facilitate the
customization of treatment according to the underlying
pathology.5
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Figure 5. Quantitative real-time polymerase chain reaction analysis of thrombectomy specimens. Relative
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TSP-1, thrombospondin 1; RFC, ruptured fibrous cap.
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Study Limitations
This is a single-center study, and larger studies are required to
confirm our findings. To minimize disruption to the normal
primary percutaneous coronary intervention procedure,
peripheral and coronary arterial blood samples were not
taken simultaneously. We were able to validate only a small
number of the array findings with ELISAs because of limited
plasma samples. In common with other studies,3,10,34 predi-
latation was permitted before OCT and could have led to
misclassification of pathology. We have used IFC as an OCT
surrogate for plaque erosion, but direct histological confirma-
tion is not possible.12

Conclusions
We demonstrated significant differences in the inflammatory
profiles of RFC and IFC in patients with STEMI, using cytokine
arrays. Novel findings include elevated intracoronary EGF and
TSP-1 with IFC and elevated intracoronary I-TAC with RFC.
Some of the differences are also reflected in mRNA analysis of
thrombectomy samples. These results may help to further
understand the pathophysiology of plaque erosion and to
potentially tailor future treatment strategies.
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