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Background: Thinning of the fibrous cap of atherosclerotic plaque is a major component of
plaque vulnerability. The high resolution of optical coherence tomography (OCT) provides
an accurate measurement of fibrous-cap thickness. Endothelial dysfunction is associated with
inflammation and enhanced local expression of matrix metalloproteinases. We investigated the
association between endothelial dysfunction and OCT-derived thin-cap fibroatheroma (TCFA)
in patients with acute coronary syndromes (ACS).

Methods: Seventy-four patients with ACS, who underwent both OCT examinations of the
culprit lesion before percutaneous coronary intervention and peripheral endothelial function
assessment as assessed by logarithmic value of reactive hyperemia index (Ln_RHI), were
enrolled. Age-, sex-, hypertension-, and diabetes-matched non-coronary artery disease (non-
CAD) patients were also enrolled (n=15).

Results: Ln_RHI levels were significantly lower in ACS patients compared with non-CAD
patients (0.5610.26 vs 0.74%0.22, P=0.01). Furthermore, the Ln_RHIs of ACS patients with
TCFA (n=44) were significantly lower than those of ACS patients without TCFA (n=30)
(0.5020.24 vs 0.6520.26, P=0.01). There was a weak but significant positive correlation between
Ln_RHI and fibrous-cap thickness (Spearman’s p=0.25, P=0.03). Multivariate logistic regression
analysis identified lower Ln_RHI as an independent factor associated with TCFA in ACS patients
(OR per 0.1 increase in Ln_RHI: 0.78 [95% CI: 0.62-0.98], P=0.03).

Conclusion: Advanced endothelial dysfunction significantly correlates with a thin fibrous cap
of coronary plaques in patients with ACS.

Keywords: peripheral endothelial function, optical coherence tomography, thin-cap fibroath-
eroma, plaque vulnerability

Introduction
Endothelial dysfunction is a key component in plaque formation, progression, and
disruption.!? Past studies have reported that impaired endothelial function was associ-
ated with an increased inflammatory response and enhanced local expression of matrix
metalloproteinases.'* Reactive hyperemia-peripheral arterial tonometry (RH-PAT) is a
noninvasive, automatic, reproducible, and quantitative clinical test that can be used to
evaluate peripheral endothelial function,* and has been shown to be associated with car-
diovascular risk factors,’ coronary endothelial dysfunction,® and cardiovascular events.’
The depletion of matrix components from the fibrous cap, caused by an imbal-
ance between synthesis and breakdown, leads to cap thinning.® This predisposes the
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fibrous cap to rupture, either spontaneously or in response
to hemodynamic or other triggers. Optical coherence tomog-
raphy (OCT) is a recently developed intracoronary imaging
technique with a high resolution of 10-20 um, enabling
detailed visualization of plaque microstructure.’

It is unclear whether thin-cap fibroatheromas (TCFAs) as
assessed by OCT are accompanied by endothelial dysfunc-
tion. In this study, we examined whether endothelial dys-
function as assessed by RH-PAT is related to OCT-derived
TCFA on coronary plaque in patients with acute coronary
syndromes (ACS).

Methods

Subjects

Seventy four patients with angiographically proven ACS
(luminal stenosis of at least 50%) who underwent both OCT
examinations before balloon dilatation or coronary stent
implantation and RH-PAT examinations before discharge
were enrolled in this study from July 2010 to April 2012.
Participants were given diagnosis of unstable angina pectoris
(UA), non-ST-segment elevation acute myocardial infarc-
tion (NSTEMI), or ST-segment elevation acute myocardial
infarction (STEMI). UA was defined as typical angina at
rest, accelerated angina or new onset angina according to
Braunwald’s class I-III, with no evidence of myocardial
necrosis. Myocardial infarction was diagnosed in accordance
with the “Universal Definition of Myocardial Infarction”.!°
Myocardial necrosis was defined as elevated levels of
troponin T or I, or creatine kinase-MB fraction, according
to hospital’s reference ranges. ST-segment elevation was
defined as an elevation of =0.2 mV in =2 contiguous leads
on electrocardiography. The OCT procedure could not be
performed in patients with cardiogenic shock, clinically sig-
nificant left main trunk disease, severe tortuous or calcified
coronary artery, or renal insufficiency with a serum creatinine
level of >2.0 mg/dL.

During the same period, patients matched for age, sex,
and the occurrence of hypertension and diabetes mellitus,
who were hospitalized to undergo surgery for osteoarthritis
and had never received diagnosis of coronary artery disease
(CAD) were enrolled as non-CAD patients (n=15). We used
the group matching method to select non-CAD patients.
Only noninvasive assessments were performed in non-CAD
patients, including coronary risk factors and RH-PAT.

This study was conducted in accordance with the Decla-
ration of Helsinki and was approved by the Yokohama City
University Institutional Review Board and was conducted
in accordance with the guidelines of the ethics committee of

our institution. Written informed consent was obtained from
each patient before enrollment. This study is registered at
ClinicalTrials.gov protocol registration system (identifica-
tion # NCT01578616).

Diagnostic coronary angiography

Coronary angiography was performed using a 4-6 French
(Fr) Judkins catheter via a radial or femoral artery approach.
CAD was defined as the presence of >50% stenosis in at
least one major coronary artery. The culprit lesion for each
patient was identified on the basis of coronary angiography,
electrocardiography, transthoracic echocardiography, and
OCT by at least two experienced cardiologists.

OCT image acquisition

OCT studies were performed using a 6-Fr guiding catheter to
observe the culprit lesion before percutaneous coronary inter-
vention (PCI), and the technique was described previously.!!
Briefly, a 0.016-inch OCT image wire (ImageWire, LightLab
Imaging, Westford, MA, USA) was positioned at the distal
end of the culprit lesion through a 3-Fr occlusion balloon
catheter (Helios, Goodman, Nagoya, Japan). The occlusion
balloon catheter was inflated to 0.4-0.6 atmospheres at a
proximal site of the culprit lesion, and lactated Ringer’s
solution was infused into the coronary artery from the
distal tip of the occlusion balloon catheter. The solution
was infused at a rate of 2.5-4.5 mL/s with the use of an
injector pump. To observe the proximal lesion, we used a
non-occlusive technique.'?

OCT image analysis

Acquired images were analyzed by two experienced investi-
gators who were blinded to all clinical information. In case
of disagreement, the image was reviewed by a third inves-
tigator. Plaque disruption, calcification, and thrombus
were noted. Calcification was defined as a signal-poor or
heterogeneous region with sharply delineated borders.
Intracoronary thrombus was identified as a mass protrud-
ing into the lumen from the vessel wall. The OCT images
were analyzed using previously validated criteria for plaque
characterization, and fibrous-cap thickness was determined
as previously described.” Intra- and inter-observer differ-
ences for the measurements of fibrous-cap thickness were
low (6120 and 11£22 um), and the correlation coefficients
were high for repeated measurements by the same observer
(R=0.97, P<<0.001), as well as for measurements by two
different observers (R=0.90, P<<0.001). TCFA was defined
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as the presence of a thin fibrous cap (<70 um) overlying a
lipid-rich plaque (a lipid arc >90°).

RH-PAT examinations

RH-PAT studies were performed in the fasting state early
in the morning before receiving any medications. Therefore,
endothelial function was not assessed before coronary plaque
assessment, but after. Reactive hyperemic changes in finger
pulse volume were recorded using an Endo-PAT2000 device
(Itamar Medical, Caesarea, Israel) before discharge. The
principle of PAT has been described previously.' Briefly, the
PAT signals were recorded by tonometry probes placed on
one finger of each hand. The cuff was inflated to 60 mmHg
above the systolic pressure or 200 mmHg for 5 minutes.
After a 5-minute equilibration period, the cuff was deflated
to induce RH.

The RH-PAT data were automatically analyzed online in an
operator-independent manner (Endo-PAT2000 software, ver-
sion 3.0.4). Logarithmic transformation of reactive hyperemia
index (Ln_RHI) was used in analyses, as previously reported.>'?

Blood tests

Venous blood samples were obtained at admission for mea-
surement of hemoglobin Alc, high-density lipoprotein cho-
lesterol, low-density lipoprotein cholesterol, triglycerides,
creatinine, and high-sensitivity C-reactive protein levels. The
estimated glomerular filtration rate was determined using
the prediction equation proposed by the Japanese Society of
Nephrology and was based on that described in the Modifica-
tion of Diet in Renal Disease Study.'®

Statistical analyses

All analyses were performed using PASW 18 software for
Windows (SPSS Inc., Tokyo, Japan). Baseline characteris-
tics were compared after stratification according to TCFA.
Patients with Ln_RHI =0.510 (median) were classified as
the low Ln_RHI group. This cut-off point is equal to the
historical threshold, which was reported by Bonetti et al, and
we defined endothelial dysfunction as Ln_RHI =0.510.° Con-
tinuous variables are expressed as means = SD or medians
(IQR). Categorical variables are presented as frequencies and
percentages. Student’s #-test or the Mann—Whitney test was
used to compare continuous variables, as appropriate. Com-
parisons between categorical variables were evaluated using
the chi-squared test or Fisher’s exact test. Spearman cor-
relation was used to evaluate possible associations between
Ln_RHI and fibrous-cap thickness.

Multivariate logistic regression analysis was used to
evaluate the independent association between endothelial
function and TCFA, and the Hosmer-Lemeshow goodness-
of-fit statistic was calculated. A two-tailed P-value of <0.05
was considered to indicate statistical significance.

Results

Baseline characteristics

Baseline characteristics of the study population are presented
in Table 1. Mean age was 67.0£10.6 years, and 75.7% of
ACS patients was male. Sixteen patients presented with
UA, 29 NSTEMI, and 29 STEMI. TCFA was observed in
44 patients. There were no significant differences in baseline
characteristics between ACS patients with and without TCFA
(Table 1). RHI value was not affected by time between onset
and RH-PAT examination or time between OCT measure-
ment and RH-PAT examination (data not shown).

OCT findings in high and low Ln_RHI
groups

The high and low Ln_RHI groups did not differ with respect
to the percentages of patients with thrombus, plaque rupture,
and calcification (Table 2). The frequency of STEMI was
numerically higher in the low Ln_RHI group compared with
the high Ln_RHI group, but did not reach statistical sig-
nificance. Importantly, the fibrous-cap thickness in patients
with low Ln_RHI was significantly lower than those with
high Ln_RHI (63.0 [57.0-68.5], 70.0 [55.0-103.5], P=0.04).
In addition, the frequency of TCFA was about 1.8-fold higher
in the low Ln_RHI group (P=0.009).

Association between Ln_RHI level and

fibrous-cap thickness

Ln_RHI was significantly lower in ACS patients than in non-
CAD patients (0.5620.26, 0.74+0.22, P=0.01) (Figure 1A).
Ln_RHI levels in ACS patients without TCFA were interme-
diate between those of non-CAD patients and ACS patients
with TCFA, and the difference in Ln_RHI levels between
ACS patients with TCFA and without TCFA was statisti-
cally significant (0.50+0.24, 0.65+0.26, P=0.01) (Figure 1B).
Although the number of patients in each group was very
small, the relation of Ln_RHI with the presence of TCFA
seemed to be similar to that with UA, NSTEMI, and STEMI
(UA without TCFA 0.70£0.30, UA with TCFA 0.49+0.22,
NSTEMI without TCFA 0.60£0.27, NSTEMI with TCFA
0.50£0.26, STEMI without TCFA 0.67+0.22, and STEMI
with TCFA 0.50+0.25).
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Table | Baseline clinical characteristics

Characteristics Non-CAD All ACS P-value* ACS patients P-value®
patients Thin-cap fibroatheroma
No Yes
n=15 n=74 n=30 n=44

Age, years 68.3£12.0 67.0£10.6 0.68 64.9+£10.4 68.5£10.5 0.16
Male 10 (66.7%) 56 (75.7%) 0.52 25 (83.3%) 31 (70.5%) 0.27
Body mass index, kg/m? 25.8+6.3 23.8+3.2 0.07 24.6+2.7 23.34£3.5 0.09
Current smoking 3 (20.0%) 33 (44.6%) 0.09 14 (46.7%) 19 (43.2%) 0.82
Hypertension 10 (66.7%) 51 (68.9%) >0.99 23 (76.7%) 28 (63.6%) 0.31
Diabetes mellitus 5(33.3%) 25 (33.8%) >0.99 10 (33.3%) 15 (34.1%) >0.99
Dyslipidemia 8 (53.3%) 57 (78.6%) 0.10 22 (73.3%) 35 (79.5%) 0.58
Clinical diagnosis 0.26

Unstable angina pectoris 16 (21.6%) 9 (30.0%) 7 (15.9%)

NSTEMI 29 (39.2%) 12 (40.0%) 17 (38.6%)

STEMI 29 (39.2%) 9 (30.0%) 20 (45.5%)
Culprit coronary artery 0.24

Left anterior descending 41 (55.4%) 20 (66.7%) 21 (47.7%)

Left circumflex 14 (18.9%) 5 (16.7%) 9 (20.5%)

Right 19 (25.7%) 5(16.7%) 14 (31.8%)
Stent 0.82

Any drug-eluting stent 43 (58.1%) 18 (60.0%) 25 (56.8%)

Only bare-metal stent 31 (41.9%) 12 (40.0%) 19 (43.2%)
Left ventricular ejection fraction, % 59.7+104 57.3+13.4 60.7+7.3 0.18
eGFR, mL/min/1.73 m? 70.6+18.7 68.71+21.1 0.74 72.9+28.9 65.8+13.0 0.16
HMG-CoA Rls before admission 16 (21.6%) 7 (23.3%) 9 (20.5%) 0.78
Medication at Endo-PAT examination

HMG-CoA Rls 4 (26.7%) 73 (98.6%) <0.001 29 (96.7%) 44 (100%) 0.41

Beta blocker 3 (20.0%) 48 (64.9%) 0.003 19 (63.3%) 29 (65.9%) >0.99

ACE-| or ARB 9 (60.0%) 56 (75.7%) 0.22 24 (80.0%) 32 (72.7%) 0.59
LDL cholesterol, mg/dL 103.1£32.0 129.0+38.2 0.02 121.8+28.4 133.9+43.3 0.18
HDL cholesterol, mg/dL 57.5+14.3 52.7+16.4 0.29 52.7£19.2 52.7+14.4 0.99
Triglycerides, mg/dL 97 (79-158) 127 (83-173) 0.20 106 (69-187) 134 (97-171) 0.14
Hemoglobin Alc, % 6.0£1.0 6.2+0.7 0.19 6.310.8 6.21+0.6 0.54
High-sensitivity CRP, mg/L I.11 (0.46-1.70) | 1.45 (0.70-2.90) | 0.30 1.13 (0.49-2.72) | 1.56 (0.73-3.02) | 0.34

Notes: Data are means  SD, median values (25th—75th percentile range) or n (%). *P-value represent comparisons of ACS patients and control, and "P-value represent
comparisons of ACS patients with TCFA vs ACS patients without TCFA and were calculated by the unpaired t-test, Mann—Whitney U test, or Fisher’s exact test.

Abbreviations: ACE-I, angiotensin-converting enzyme inhibitors; ACS, acute coronary syndromes; ARB, angiotensin Il receptor blockers; CAD, coronary artery disease;
CRP, C-reactive protein; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein; HMG-CoA Rls, hydroxymethylglutaryl-CoA reductase inhibitors;
LDL, low-density lipoprotein; NSTEMI, non-ST-segment elevation acute myocardial infarction; STEMI, ST-segment elevation acute myocardial infarction; TCFA, thin-cap

fibroatheroma.

Ln_RHI is an independent factor
associated with TCFA

Simple logistic regression analysis demonstrated that
Ln_RHI was significantly associated with the presence of
TCFA (Table 3), and even after adjustment for traditional
risk factors and clinical diagnosis of STEMI, Ln_RHI was
independently related to TCFA (OR per 0.1 increase in
Ln_RHI: 0.78 [95% CI: 0.62—0.98], P=0.03) (Table 3).

Discussion

Our study demonstrated that endothelial function as evalu-
ated by Ln_RHI was significantly impaired in ACS patients,
especially in those with TCFA. Ln_RHI positively correlated
with fibrous-cap thickness and was significantly associated
with the presence of vulnerable plaques with thin fibrous caps
in ACS patients. This is the first study to evaluate the asso-
ciation between fibrous-cap thickness as measured by OCT
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Table 2 Results of optical coherence tomography

Endothelial function P-value

High Low

n=37 n=37
STEMI 12 (41.4%) 17 (58.6%) 0.34
Plaque rupture | 17 (45.9%) 13 (35.1%) 0.48
Thrombus 21 (56.8%) 24 (64.9%) 0.63
Calcification 8 (21.6%) 9 (24.3%) >0.99
Fibrous-cap 70.0 (55.0-103.5) 63.0 (57.0-68.5) | 0.036
thickness, um
Thin-cap 16 (43.2%) 28 (75.7%) 0.009
fibroatheroma

Notes: Data are median values (25th—75th percentile range) or n (%). Significance
was assessed by the unpaired t-test, the Mann—Whitney U test or Fisher’s exact
test. Patients were divided by clinical diagnosis and median value of Ln_RHI (0.510).
Abbreviations: Ln_RHI, logarithmic value of reactive hyperemia index; STEMI, ST-
segment elevation acute myocardial infarction.

and endothelial function assessed by RH-PAT in patients
with ACS. These findings suggest that RH-PAT might be a
clinically useful means in identifying high-risk patients with
advanced endothelial dysfunction and TCFA.

An atherosclerotic plaque prone to thrombosis and which
can cause complications leading to coronary occlusion is
termed a vulnerable plaque.'” For the purpose of predicting
plaques which are at risk for precipitating thrombosis, the
identification of vulnerable plaque has received considerable
attention. In the last few years, OCT imaging has become
available as a high-resolution, light-based imaging technique
that can identify microstructures in atherosclerotic plaques.'
Using OCT, we can accurately measure fibrous-cap thick-
ness in vivo. OCT provides a more precise delineation of

A P=0.01

1 0.74+0.22 0.56+0.26

Non-CAD

ACS

Figure | Clinical presentation, plaque vulnerability, and Ln_RHI.

thin fibrous caps than gray-scale intravascular ultrasound
(IVUS)."®

The pathological features of the most common type of vul-
nerable plaque include a large lipid pool inside the plaque, a
thin fibrous cap, and increased macrophage infiltration within
the cap, which results in the expression of proteolytic enzymes
that weaken the fibrous cap and ultimately promote plaque
disruption.'®?' The composition and vulnerability of plaque
rather than the severity of associated stenosis are considered
the most important determinants of thrombus-mediated
ACS.2 Although the identification of vulnerable coronary
plaques by integrated backscatter IVUS or virtual histology
IVUS is clinically useful for predicting future cardiovascular
events,” % a previous three-vessel IVUS study reported that
the rate of complications, including coronary dissection and
perforation was 1.6%.% Therefore, clinical techniques that
can noninvasively evaluate plaque vulnerability are desired.

The vascular endothelium plays a critical role in vascular
homeostasis. Several studies have reported that endothelial
dysfunction is a significant risk factor for future cardiovas-
cular events.”?*?” Endothelial cells regulate vascular tone,
platelet activity, coagulation factors, vascular inflammation,
and cell migration and proliferation.' Impaired endothelial
function is associated with an increased inflammatory
response,' thrombogenicity,? and enhanced local expression
of matrix metalloproteinases.’ Thus, it is suggested that endo-
thelial function is an integrated parameter of all atherogenic
and atheroprotective factors.

Digital RH-PAT is a simple noninvasive method for
the assessment of peripheral endothelial function,*>!4?°

B P=0.009

1A 0.66+0.27 0.49+0.24

TCFA (=)

TCFA (+)
ACS patients

Notes: The bars represent mean Ln_RHI in each group. The T-bars indicate standard deviation. Ln_RHI was significantly decreased in patients with ACS (A), especially in

those with TCFA (B).

Abbreviations: ACS, acute coronary syndromes; CAD, coronary artery disease; Ln_RHI, logarithmic value of reactive hyperemia index; TCFA, thin-cap fibroatheroma.
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Table 3 Logistic regression analysis of factors related to thin-cap
fibroatheroma in patients with acute coronary syndromes

|oR | 95%cCI

| P-value

Univariate
Ln_RHI (per 0.1) lo79 [o065-096 0017

Multivariate model with age, gender, hypertension, diabetes, LDL and
HDL cholesterol, smoking, and STEMI

Ln_RHI (per 0.1) lo7s |o062-098  |0029

Notes: Hosmer—Lemeshow test goodness-of-fit; chi-squared and P are 10.4 and
0.24, respectively.

Abbreviations: HDL, high-density lipoprotein; LDL, low-density lipoprotein;
Ln_RHI, logarithmic value of reactive hyperemia index; STEMI, ST-segment elevation
acute myocardial infarction.

and can be used to predict coronary endothelial function.®
The Framingham Heart Study reported that RHI levels are
related to various cardiovascular risk factors, particularly
diabetes mellitus, body mass index, hypercholesterolemia,
and smoking.’ Rubinshtein et al demonstrated that assess-
ment of peripheral endothelial function on the basis of RHI in
addition to the Framingham risk score more accurately pre-
dicts cardiovascular events than the Framingham risk score
alone.*® In the present study, we demonstrated that Ln_RHI
was significantly associated with vulnerable coronary plaques
possessing a thin fibrous cap independently of coronary risk
factors. Although OCT has several advantages, including
high resolution of the order of few microns (10-15 pum), it
cannot be widely applied due to the invasive nature. On the
other hand, Endo-PAT is a noninvasive method to evaluate
peripheral endothelial function, and thus, it can be clinically
useful in the risk classification. Our results support the inde-
pendent prognostic utility of RHI for cardiovascular events.

Our study had several limitations. First, this was a pre-
liminary study of a small group of subjects, reducing the
power of the statistical analyses. Our results could be derived
from the type I error. Although we used the cut-off value of
Ln_RHI 0.510, the relevant cut-off value for “endothelial
dysfunction” may be different in another setting. Second,
only culprit lesions were evaluated by OCT, not all three
coronary arteries. Third, thrombus may affect the analysis
of the plaque behind it, in particular making it difficult to
detect the ruptured site. In the current study, patients with
low Ln_RHI had high frequency of thrombus and low
frequency of ruptured plaque. Plaque rupture might be
underestimated by thrombus. Fourth, RH-PAT examinations
in this study were performed after PCI. Further studies are
needed to determine the predictive value of RHI for TCFA
detected on three-vessel OCT. Fifth, the long-term prog-
nostic values of RHI and TCFA were not assessed. Sixth,
in this study, medications, including statins, beta-blockers,

angiotensin-converting enzyme inhibitors, and angiotensin
I receptor blockers were more frequently prescribed in ACS
patients than in the control group. In general, these drugs
are effective to improve endothelial function. Seventh, in
this study, we enrolled matched patients without CAD who
underwent surgery for osteoarthritis as non-CAD patients.
As we previously reported,' even if subjects who undergo
coronary angiography do not have epicardial CAD, they
frequently have non-obstructive CAD. Endothelial function
is similarly attenuated in those with non-obstructive CAD
compared with those with obstructive CADs. If we routinely
perform detailed and complicated examinations during coro-
nary angiography to evaluate coronary spasm and coronary
microvascular function in all subjects, we could choose a
relevant control group, which consists of subjects without any
CADs. As we recently reported,® RHI 2.10 (Ln_RHI 0.742),
which is equal to the mean level of Ln_RHI in the non-CAD
patients of the current study, is considered as the cut-off value
for normal endothelial function and thus, our control group
could be relevant. Eighth, all patients who were enrolled
in this study had normal or almost normal renal function.
Renal dysfunction can decrease endothelial function, thus,
in patients with advanced renal dysfunction, results might
be different.

Conclusion

Our results showed that advanced endothelial dysfunction,
which was assessed after OCT examination, was significantly
associated with the presence of TCFA in ACS patients. How-
ever, further prospective studies with large-scale subjects are
needed to establish the predictive value of RHI for vulnerable
plaques with TCFA.

Data sharing statement
The data sets used and analyzed during this study are avail-
able from the corresponding author on request.
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