
Circulation Journal Vol.87, February 2023

Circulation Journal
Circ J 2023; 87: 329 – 335
doi: 10.1253/circj.CJ-22-0299

artery disease (CAD).11

Coronary intraplaque microluminal structures (MS) are 
associated with plaque vulnerability and progression.12,13 
Although optical coherence tomography (OCT) enables 
the detection of MS through high-resolution imaging 
technology,14,15 understanding of the relationships among 
local EAT, coronary intraplaque MS, and coronary plaque 
formation in humans is limited.

In the present study we investigated the relationships 
among intraplaque MS detected by OCT, coronary plaque 
characteristics assessed by integrated backscatter intravas-
cular ultrasound (IB-IVUS), and inflammatory molecule 

T he inward progression of vascular inflammation 
from the adventitia towards the media and intima 
has been reported,1–4 and the growth of atheroscle-

rotic plaque is accompanied by neovascularization from 
the vasa vasorum (VV).5–8 Adipocytokines secreted from 
perivascular adipose tissue have direct access to the adja-
cent arterial wall via diffusion or the VV.9,10 We reported 
that human coronary atherosclerosis is associated with 
inflammatory responses in epicardial adipose tissue (EAT) 
and also that the infiltration of macrophages and expres-
sion of pro- and anti-inflammatory cytokines in EAT are 
higher in patients with than in those without coronary 
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Background: Coronary intraplaque microluminal structures (MS) are associated with plaque vulnerability, and the inward progres-
sion of vascular inflammation from the adventitia towards the media and intima has also been demonstrated. Therefore, in the pres-
ent study we investigated the relationships among MS, local inflammation in adjacent epicardial adipose tissue (EAT), and coronary 
plaque characteristics.

Methods and Results: Optical coherence tomography (OCT) revealed MS in the left anterior descending coronary artery in 10 fresh 
cadaveric hearts. We sampled 30 lesions and subdivided them based on the presence of MS: MS (+) group (n=19) and MS (−) group 
(n=11). We measured inflammatory molecule levels in the adjacent EAT and percentage lipid volume assessed by integrated back-
scatter intravascular ultrasound in each lesion. The expression levels of vascular endothelial growth factor B and C-C motif chemo-
kine ligand 2 were significantly higher in the MS (+) group than in the MS (−) group (0.9±0.7 vs. 0.2±0.2 arbitrary units (AU), P=0.04 
and 1.5±0.5 vs. 0.6±0.7 AU, P=0.02, respectively). Percentage lipid volume was significantly higher in the MS (+) group than in the 
MS (−) group (38.7±16.5 vs. 23.7±10.9%, P=0.03).

Conclusions: Intraplaque MS observed on OCT were associated with lipid-rich plaques and local inflammation in the adjacent EAT. 
Collectively, these results suggest that local inflammation in the EAT is associated with coronary plaque vulnerability via MS.
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the distance from the coronary orifice or a characteristic 
side branch to the point to be examined was measured, and 
IVUS was performed at the site that was consistent with 
the distance measured on IVUS. The study protocol was 
approved by the Institutional Review Board of Tokushima 
University Hospital.

OCT Data Acquisition
Following the passage of the guidewire into the LAD, the 
2.7-Fr OCT imaging catheter (DragonflyTM OPTISTM 
Imaging Catheter, Abbott) was introduced over the wire 
and positioned as distal as possible to the LAD, and auto-
mated pullback at 18 mm/s was then performed. If neces-
sary, the position of the probe was manually established 
and detailed observations/recordings were conducted. 
While performing OCT, the intracoronary space was filled 
with physiological saline and pullback was conducted 
while manually and continuously adding a sufficient perfu-
sion pressure to maintain the MS shape and obtain favor-
able images. In the segmental analysis, the length of each 
segment was defined as 10 mm, and each segment was 
separated from the adjacent segment by at least 20 mm. 
MS was defined as a no-signal tubuloluminal structure 
with a diameter of 50–150 μm and no connection to the 
vessel lumen that was observed in ≥3 consecutive cross-
sectional OCT images.15 The total number of MS was 

measurements in the adjacent EAT in fresh cadaveric 
hearts.

Methods
Cadavers and Study Design
Fresh cadavers (n=10) stored at −20°C were returned to a 
natural, fresh cadaveric state by thawing fresh-frozen 
cadavers for ≥24 h. The hearts were removed and cleaned 
with normal saline. A 0.014-inch guidewire was introduced 
into the left anterior descending coronary artery (LAD) for 
evaluation with a frequency-domain OCT system (OPTISTM 

Mobile System; Abbott, Santa Clara, CA, USA). The LAD 
was divided into 3 equal parts distal to proximal and lesions 
with prominent MS in each of the parts were sampled; 
lesions without MS were sampled as controls. All sampling 
points were limited to sites with ≥25% plaque burden eval-
uated on IB-IVUS. Lesions were classified into 2 groups 
based on the number of MS identified by OCT: MS (+) 
group (≥1 MS) and MS (−) group. We also measured local 
inflammatory molecule levels in the adjacent EAT and 
assessed percentage lipid volume by IB-IVUS in each lesion 
(Figure 1). In the cadaveric hearts, the OCT probe light could 
be seen on the surface. The OCT pullback system was used 
manually, so the site to be observed was accurately identified, 
enabling precise sampling of adjacent EAT. Furthermore, 

Figure 1.  (A) Study design and representative OCT and IB-IVUS images of coronary artery plaques. MS are indicated by white 
arrows. Inflammatory molecules were measured in adjacent epicardial adipose tissue (EAT). (B) The 30 lesions were divided the 
MS (+) and MS (−) groups. IB-IVUS, integrated backscatter intravascular ultrasound; MS, microluminal structures; OCT, optical 
coherence tomography.
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tin [ADIPOQ], and glycerol-3-phosphate dehydrogenase 
[G3PDH]) were measured in each sample of EAT. Total 
RNA was extracted using the Illustra RNAspin RNA 
Isolation Kit (GE Healthcare). cDNA was synthesized 
from 100 ng of total RNA extracted from tissues and cells 
using the QuantiTect Reverse Transcription Kit (Qiagen). 
A real-time quantitative polymerase chain reaction (qPCR) 
was performed using Mx3000P (Agilent Technologies) and 
Power SYBR Green PCR Master Mix (Applied Biosystems). 
The primer sequences used were as follows: VEGFA, 
5’-AAGGAGGAGGGCAGAATCAT-3’ (sense) and 
5’-ATCTGCATGGTGATG TTGGA-3’ (antisense); 
VEGFB, 5’-GGCTTAGAGCTCAACCCAGA-3’ (sense) 
and 5’-GAC AAGGGATGGCAGAAGAG-3’ (antisense); 
VEGFC, 5’-AAAGAACCTGCCCCAGAAAT-3’ (sense) 
and 5’-GAAAATCCTGGCTCACAAGC-3’ (antisense); 
CCL2, 5’-CCCCAGTCACCT GCGTTAT-3’ (sense) and 
5’-AGATCTCCTTGGCCACAATG-3’ (antisense); 
ADIPOQ, 5’-GTGATGGCAGAGATGGCAC-3’ (sense) 

identified. OCT measurements were performed by 2 inde-
pendent physicians who were blinded to the clinical data 
for the cadavers.

IVUS Data Acquisition and IB-IVUS Parameters
Following the passage of the guidewire into the LAD, after 
OCT, the IVUS catheter (40 MHz; ViewIT, Terumo) was 
introduced over the wire and each lesion assessed by OCT 
was observed. Saline was infused into the LAD with a 
constant manual perfusion pressure to obtain clear images. 
Data were collected at an auto pullback rate of 0.5 mm/s 
and analyzed using IVUS imaging system (VISIWAVE, 
Terumo). For each lesion, 10 IB-IVUS images (10 mm in 
length) were captured at 1-mm intervals using a motorized 
pullback system. The cross-sectional lumen area, cross-
sectional vessel area within the external elastic membrane, 
and plaque area (the external elastic membrane area minus 
the lumen area) were calculated using software attached to 
the IVUS system. Regarding plaque assessment, IVUS 
appears be more useful than OCT because the entire plaque 
can be quantitatively evaluated. We have reported plaque 
properties using IB-IVUS,16–18 so we also used it for plaque 
assessments in this study. The IB values for each histo-
logical category were defined by comparisons with histo-
logical images from a previous study.19 Plaque properties 
were classified into 4 types based on a combination of the 
spectral parameters of the posterior scattering signals of 
IVUS: lipid pool, fibrosis, dense fibrosis, or calcification. 
Percentage lipid volume was calculated using integration. 
IB-IVUS measurements were performed by 2 independent 
physicians who were blinded to the clinical data for the 
cadavers.

Inflammatory Molecule Measurements
After performing OCT, the vessels and adjacent EAT of 
each lesion were trimmed from the LAD for measurement 
of the expression levels of inflammatory molecules (vascu-
lar endothelial growth factor A [VEGFA], VEGFB, 
VEGFC, C-C motif chemokine ligand 2 [CCL2], adiponec-

Table 1. Baseline Characteristics of the Cadavers 

Cadaver  
no. Age, sex Cause of death*

 1 70, F Muscular dystrophy

 2 80, F Caducity

 3 96, F Pneumonia

 4 70, M Amyloidosis

 5 77, M Respiratory failure

 6 95, F Caducity

 7 69, F Multiple organ failure

 8 74, F Brain cancer

 9 93, M Chronic obstructive pulmonary 
disease

10 87, F Caducity

*From death certificate.

Figure 2.  Classification according to the 
number and localization of microluminal 
structures (MS) identified by optical coher-
ence tomography. 
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Lesion Classification
The 30 lesions were divided into the MS (+) group (n=19) 
and MS (−) group (n=11) (Figure 2) based on the number 
of MS identified by OCT. The number of MS was higher 
in proximal lesions than in other lesions (Figure 2). 

Inflammatory Molecule Expressions
The expression levels of VEGFB and CCL2 in the adjacent 
EAT were higher in the MS (+) group than in the MS (−) 
group (0.9±0.7 vs. 0.2±0.2 AU, P=0.04 and 1.5±0.5 vs. 
0.6±0.7 AU, P=0.02, respectively). No significant differ-
ences were observed in the expression levels of VEGFA, 
VEGFC, or ADIPOQ between groups (Figure 3).

IB-IVUS Measurements 
Conventional IVUS and IB-IVUS parameters are shown 
in Table 2. Percentage dense fibrous volume was signifi-
cantly higher in the MS (−) group than in the MS (+) 
group (15.2±9.3 vs. 7.7±4.2%, P=0.04), whereas percentage 
lipid volume was significantly higher in the MS (+) group 
than in the MS (−) group (38.7±16.5 vs. 23.7±10.9%, 
P=0.03) (Figure 4).

Discussion
Recent studies suggest that adipokines and inflammatory 
molecules secreted from EAT significantly affect the myo-

and 5’-ACACTGAATGCTGAGCGGTA-3’ (antisense); 
and G3PDH, 5’-TGGGTGTGAACCATGAGAAG-3’ 
(sense) and 5’-GCTAAGCAGTTGGTGGTGC-3’ (anti-
sense). Expression levels were normalized against that of 
G3PDH and quantified in arbitrary units (AU).

Statistical Analysis
All data are expressed as the mean ± SD. An unpaired 
Student’s t-test was used to test the significance of differ-
ences in each parameter between the MS (+) and MS (−) 
groups. Significance was indicated by P<0.05. All statisti-
cal analyses were performed using EZR (Saitama Medical 
Center, Jichi Medical University, Saitama, Japan), which 
is a graphical user interface for R (The R Foundation for 
Statistical Computing, Vienna, Austria). Specifically, it is 
a modified version of the R commander that was designed 
to add statistical functions that are frequently used in bio-
statistics.20

Results
Cadaveric Characteristics
The characteristics of the 10 fresh-frozen cadavers are sum-
marized in Table 1. The mean age was 81.1 years (range, 
69–96 years) and only the following characteristics were 
identified: age, sex, and cause of death; none had died of 
cardiovascular disease.

Figure 3.  (A–E) Comparison of the expression of inflammatory molecules in adjacent epicardial adipose tissue between the 
groups with presence [MS (+)] and absence [MS (−)] of microluminal structures. ADIPOQ, adipocyte-specific protein; CCL2, C-C 
motif chemokine ligand 2; VEGFA, -B, -C, vascular endothelial growth factor A, B, C. 
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that inflammation in the focal adjacent EAT is associated 
with the development of MS. Conversely, ADIPOQ 
expression levels were slightly lower in the MS (+) group. 
Previous studies demonstrated the cardioprotective effects 
of AdipoQ in vascular endothelial cells, smooth muscle 
cells, and cardiac myocytes.34–36 Our results suggest similar 
effects of AdipoQ on the progression of MS.

MS Localization in Coronary Arteries
In the present study, the distribution of MS was slightly 
higher in the proximal LAD. Previous studies showed that 
plaques in the proximal part of the LAD had significantly 
higher lipid and lower fiber components than those in the 
distal part of the LAD.37,38 We revealed a relationship 
between MS and local inflammation in EAT, suggesting a 
relationship between MS-mediated inflammation and 
plaque characteristics.

We previously reported that adventitial VV density was 
higher in lipid-rich lesions than in lipid-poor lesions.33 In 
this study, MS also correlated with lipid-rich plaques, 
which taken together suggests a relationship between EAT 
inflammation and plaque vulnerability mediated via the 
VV and MS.

cardium and coronary arteries.21 The quality of EAT, 
including its inflammatory status, has been shown to affect 
cardiac and coronary vascular functions.22 Several adipo-
kines and inflammatory molecules secreted from EAT dif-
fuse through the interstitial fluid across the adventitia, 
media, and intima and may interact with the VV, endothe-
lial cells, and vascular smooth muscle cells of the coronary 
vasculature, which may in turn result in inflammation, 
endothelial and smooth muscle cell proliferation, athero-
genesis, and atherosclerotic plaque destabilization.9,10 
However, limited information is currently available on the 
relationship between local inflammation in EAT and MS 
growth in coronary plaques in vivo. Our results from 
cadaveric hearts revealed that inflammatory molecules in 
the adjacent EAT were associated with the progression of 
MS in coronary plaques.

Fresh-Frozen Cadaveric Study
We used fresh cadaveric hearts without formaldehyde fixa-
tion, which enabled the expression of inflammatory mole-
cules to be measured under the same conditions as in living 
tissues. To evaluate pericardial fat inflammation, we quan-
tified mRNA in this tissue using the qPCR method. RNA 
is generally very unstable, and fixation in formalin causes 
nucleic acid disorders; therefore, frozen samples are con-
sidered to be more appropriate than formalin-fixed sam-
ples for quantitative assessment.23 Formaldehyde is toxic 
and carcinogenic and causes mucosal irritation and respi-
ratory damage, so the method we used prevents the adverse 
effects of formaldehyde on researchers. Cadavers were 
safely and accurately examined in the laboratory.

Inflammation in the Adjacent EAT
VEGF induces the migration and proliferation of endothelial 
cells, increases vascular permeability, and plays a role in 
tumor growth, adipose tissue expansion, age-related macu-
lar degeneration, and diabetic retinopathy.24 CCL2 is pri-
marily expressed by inflammatory and endothelial cells,25 
and is upregulated by pro-inflammatory stimuli and tissue 
injury, which are associated with atherosclerotic lesions.26,27 
A recent study reported that blood CCL2 concentrations 
were higher in patients with vulnerable coronary plaques.28 
McLaughlin et al reported that the expression levels of 
inflammatory cytokines in pericardial fat adjacent to arte-
riosclerotic plaques were higher than in pericardial fat adja-
cent to the myocardial bridge.29 Those findings are consistent 
with our results. We previously reported a relationship 
between CAD and EAT,10,11,30–33 and in the present study, 
the expression levels of VEGF and CCL2 in the focal adja-
cent EAT were elevated in the MS (+) group, suggesting 

Table 2. Conventional IVUS and IB-IVUS Parameters

MS (+) group  
(n=19)

MS (−) group  
(n=11) P value

Mean vessel area (mm2) 8.6±2.6 7.2±4.1 0.3　　
Mean lumen area (mm2) 4.0±1.1 3.5±1.7 0.4　　
Plaque volume (mm3) 20.3±6.7　　 16.1±10.4 0.2　　
Fibrous volume (%) 52.0±12.2 58.7±4.8　　 0.1　　
Lipid volume (%) 38.7±16.5 23.7±10.9 0.03

Dense fibrous volume (%) 7.7±4.2 15.2±9.3　　 0.04

Calcified volume (%) 1.5±1.3 2.5±2.2 0.3　　

IB-IVUS, integrated backscatter intravascular ultrasound; MS, microluminal structure.

Figure 4.  Relationship between the presence [MS (+)] or 
absence [MS (−)] of microluminal structures and percentage 
lipid volume. 
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inflammation in the adjacent EAT and lipid-rich plaques 
in fresh cadaveric hearts, which suggested that local inflam-
mation in the EAT is associated with coronary plaque 
vulnerability mediated via MS.
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