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Evaluation of Coronary Adventitial Vasa Vasorum
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Background: Coronary adventitia harbors a wide variety of components, such as inflammatory cells and vasa
vasorum (VV). Adventitial VV initiates the development of coronary artery diseases as an outside-in supply route of
inflammation. We have recently demonstrated that drug-eluting stent implantation causes the enhancement of VV
formation, with extending to the stent edges in the porcine coronary arteries, and also that optical frequency domain
imaging (OFDI) is capable of visualizing VV in humans in vivo. However, it remains to be fully validated whether
OFDI enables the precise measurement of VV formation in pigs and humans.

Methods and Results: In the pig protocol, a total of 6 bare-metal stents and 12 drug-eluting stents were implanted
into the coronary arteries, and at 1 month, the stented coronary arteries were imaged by OFDI ex vivo. OFDI data
including the measurement of VV area at the stent edge portions were compared with histological data. There was
a significant positive correlation between VV area on OFDI and that on histology (R=0.91, P<0.01). In the human
protocol, OFDI enabled the measurement of the VV area at the stent edges after coronary stent implantation in vivo.

Conclusions: These results provide the first direct evidence that OFDI enables the precise measurement of the VV
area in coronary arteries after stent implantation in pigs and humans. (Circ J 2015; 79: 1323—1331)
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such as inflammatory cells/cytokines'-S and nutrient

blood vessels of the vascular wall, which is termed
vasa vasorum (VV).%” Particularly, adventitial VV precedes
the development of coronary atherosclerotic lesions® and plays
a key role as an outside-in supply route of vascular inflamma-
tion.* We have recently demonstrated that adventitial VV for-
mation is dramatically increased in the porcine coronary arteries
after drug-eluting stent (DES) implantation with extending to
the stent edge portions, associated with coronary hyperconstrict-
ing responses.’ Thus, adventitial VV has been proposed as a
novel therapeutic target for coronary artery diseases (CAD).1-11

C oronary adventitia harbors a large variety of components

In order to better understand the pathophysiological role of
adventitial VV in patients with CAD, advanced imaging for
coronary adventitial VV is warranted. We have recently dem-
onstrated that optical frequency domain imaging (OFDI), which
has been developed as a newer-generation optical coherence
tomography (OCT) with excellent sensitivity,'>!4 is capable of
clearly visualizing adventitial VV in human coronary lesions
in vivo.'s However, it remains to be validated whether the OFDI
system enables us to accurately measure coronary adventitial
VV area in animals and humans.
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Figure 1. Study protocol. In the pig proto-
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col, bare-metal stents (BMS), sirolimus-
eluting stents (SES) and biolimus A9-eluting
stents (BES) (n=6 each) were randomly
implanted into the left porcine coronary

arteries. After euthanization at 1 month, the
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cross-sectional optical frequency domain

imaging (OFDI) at every 1mm length and
the histology of the stent edges at 3 differ-
ent cross-sections in the proximal and dis-
tal stent edges, including those adjacent to

and 5 and 10mm apart from the stent, were
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obtained. OFDI data including the adventi-
tial vasa vasorum (VV) area on OFDI were
then correlated with those in histology sec-
tions. In the human protocol, patients who

1
1
A

had undergone coronary stent implantation
were imaged by OFDI after intracoronary

\I Histological and immunohistological analysis in pigs ex vivo /I

administration of isosorbide dinitrate.

In the present study, we thus examined whether OFDI is a
useful tool for precisely measuring coronary adventitial VV
area in pigs and humans.

Methods

All animal care and experiments were performed in accor-
dance with the Guide for the Care and Use of Laboratory
Animals published by the U.S. National Institute of Health
(NIH Publication, 8th Edition, 2011), and were approved by
the Institutional Committee for Use of Laboratory Animals of
Tohoku University (2013MdA-059). All protocols using human
samples were approved by the ethics committee of Tohoku
University Graduate School of Medicine (2014-1-640).

Study Protocols

The present study consisted of the pig and human protocols.
In the pig protocol, we performed OFDI measurement of coro-
nary adventitial VV at 1 month after DES implantation ex vivo
and compared the OFDI data with histological data. In the
human protocol, we examined whether the OFDI system enables
us to evaluate adventitial VV in patients with DES implanta-
tion in vivo.

Animal Preparation

Nine Gottingen miniature pigs (male, 1 year old and weighing
25-30kg) were pre-treated orally with aspirin (200 mg/day)
and clopidogrel (225 mg/day) for 2 days before stent implanta-
tion. After sedation with medetomidine (0.1 mg/kg, IM) and
midazolam (0.2 mg/kg, IM), followed by inhaled sevoflurane
(2-5%) and heparinization (5,000U, IV), we randomly implanted
bare-metal stents (BMS) (Terumo Corporation, Tokyo, Japan),
sirolimus-eluting stents (SES) (Cypher Select; Johnson &
Johnson, New Brunswick, NJ, USA) and biolimus A9-eluting
stents (BES) (Nobori, Terumo Corporation, Tokyo, Japan)
(n=6, each) into the left anterior descending and the left cir-
cumflex coronary arteries in the same pig (n=9) for the histo-
logical validation study (Figure 1).'%17 The balloon inflation
ratio was adjusted to achieve an overstretch ratio of 1.0-1.1
under the guidance of intravascular ultrasound (View IT;
Terumo Corporation, Tokyo, Japan).!6-18 There was no signifi-
cant difference in the stent implantation procedure among the
3 groups (Table S1). A quantitative coronary angiography for
stent implantation procedures was performed by 2 indepen-
dent investigators (K.N. and H.U.). The anti-platelet therapy
with oral aspirin (100mg/day) and clopidogrel (75 mg/day)
was continued until euthanasia.
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Acquisition of OFDI in Pigs

At 1 month after stent implantation, the animals were eutha-
nized with a lethal dose of sodium pentobarbital (40 mg/kg,
IV) after deep sedation with 5% inhaled sevoflurane; the heart
was then gently removed (n=6 each) (Figure 1). Subse-
quently, saline and 10% neutral buffered formalin were imme-
diately infused into the left coronary arteries via a constant
perfusion pressure system (120cm H20).1617 The harvested
heart was then fixed with 10% neutral buffered formalin for
24 h. After the whole-heart sample preparation, we performed
the OFDI imaging (LUNAWAVE; Terumo, Tokyo, Japan).
We introduced an OFDI catheter (Fast View; Terumo, Tokyo,
Japan) into the stented left coronary artery with the introduc-
tion of an intracoronary guide-wire, and then performed serial
OFDI acquisition, with an automatic pullback rate of 40 mm/s.

Morphometric Analysis and OFDI Measurement of
Coronary Adventitial VV

Morphometric analysis on OFDI was performed independently
by 2 investigators (K.N. and H.U.). At every 1 mm length of
the cross-sectional OFDI images, morphometric parameters
were manually measured by using Image J (U.S. National
Institute of Health, Bethesda, Maryland) (Figure 1). In the stent
sites, the neointimal area was calculated by the following for-
mula: [stent area—lumen area]; and Area stenosis was calculated
as: 100x[1—(lumen area/stent area)] (Figure 2).'8 Because it was
difficult to observe the adventitial area due to attenuation of
stent struts in the stent sites, the cross-sectional OFDI images
were used for the measurement of the coronary adventitial VV
area. In the stent edges, the adventitial area was calculated by
the following formula: [Area outside the external elastic lam-
ina (EEL) within a distance of the thickness of the intima plus
media—EEL area], as previously described.!??" Adventitial VV
was defined as signal-voiding tubular structures that were
sharply identified on more than 3 consecutive cross-sectional
OFDI images, as previously described.?! The adventitial VV
area was manually traced in the adventitial area.

Preparations of Histological Sections

Following coronary artery interrogation with OFDI, the prox-
imal and distal stent edge portions of the stented vessels were
isolated for histological and immunohistological analyses. At
3 different cross-sections in the proximal and distal stent edges,
including adjacent to and 5 and 10 mm apart from the stent,
coronary arteries with perivascular tissues were gently sepa-
rated for the paraffin sections, and were cut into a 3 ym-thick
slices (Figure 1). All sections of the stent edges were stained
with Masson’s trichrome, rabbit anti-human von Willebrand
factor (VWF) antibody (1:3) (N1505; Dako, Copenhagen,
Denmark) for VV, mouse anti-human smooth muscle actin clone
1A4 (a-SMA) antibody (1:200) (ab7817; Abcam, Cambridge,
UK) for smooth muscle actin and appropriate non-immune IgG.
A total of 48 sections were excluded for the basis of cutting
artifacts, co-registration difficulty and large branch. Finally,
morphometric parameters of 60 histological sections of the
stent edges were correlated with the OFDI images.

Histomorphometric Analysis and Measurement of Coronary
Adventitial VV

Histomorphometric analysis was performed independently by
2 investigators (K.N. and H.U.). In the sections of the stent
edges, histomorphometric parameters were manually measured
by using Axio Vision (Carl Zeiss, Oberkochen, Germany). The
adventitial area was defined as the area outside the EEL within
a distance of the thickness of intima plus media, as previously

Pig
OFDI in the Stent Implantation Site

Porcine coronary artery
at 1 month after BES implantation

Human

OFDI in the Stent Implantation Site

Stent struts

Human coronary artery
at 9 months after BES implantation

Figure 2. Optical frequency domain imaging images of the
stent site of the coronary artery in a pig and a patient. Repre-
sentative cross-sectional OFDI images of the stent site of the
coronary artery in a pig (A,B) and a patient (C,D) after bioli-
mus A9-eluting stents (BES) implantation. The green solid line
indicates vessel lumen, the red dashed line indicates stent
area, and the red bold lines indicates external elastic lamina
(B,D). Stent strut coverage was satisfactory in both a pig and
a patient (B,D). The extent of neointimal formation in a pig

appeared to be equal to that in a human (B,D).

described.!??" The vWF-positive luminal area (adventitial VV
area) was manually traced in the adventitial area.

Histology/OFDI Coregistration in the Measurement of
Coronary Adventitial VV

In the proximal and distal stent edges, the cross-sectional
OFDI images were selected by using the pullback speed and
frame numbers to match the pre-selected histology from 3 dif-
ferent cross-sections, including adjacent to, and 5 and 10 mm
apart from the stent (Figure 1). A total of 60 cross-sections
were finally matched, in which correlations between the mor-
phometric parameters, including the adventitial VV area and
those on OFDI, were analyzed.
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Table 1. Morphometric Analysis of the Stent Sites With OFDI in Pigs
Lumen diameter  Stent diameter Neointimal Lumen area Stent area % area stenosis
(mm) (mm) thickness (mm) (mm?) (mm?) (%)

OFDI (n=264) 1.86+0.01 2.19+0.01 0.19+0.01 2.60+0.04 3.80+0.03 31.6+0.9
BMS (n=90) 1.69+0.03 2.17+0.02 0.22+0.02 2.25+0.08 3.57+0.05 36.8+2.1
SES (n=84) 1.90+0.02 2.25+0.02 0.15+0.01 2.95+0.05 4.09+0.05 27.9+1.0
BES (n=90) 1.81+0.02 2.16+0.02 0.18+0.01 2.63+0.06 3.76+0.06 29.9+1.2
P value <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
BMS vs. SES <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
BMS vs. BES <0.01 0.95 0.07 <0.01 <0.05 <0.01
SES vs. BES <0.05 <0.01 0.23 <0.01 <0.01 0.64

Results are expressed as mean+SEM. Percent area stenosis was calculated by using the following formula: 100x[1—(lumen area/stent area)].
OFDI, optical frequency domain imaging.

Table 2. Comparison of Morphometric Data of the Stent Edges Between Histology and OFDI in Pigs
Lumen diameter Intimal/medial Lumen area EEL area Adventitial area
(mm) thickness (mm) (mm?) (mm2) (mm?)
Histology (n=60) 1.32+0.05 0.16+0.01 1.44+0.10 2.25+0.14 0.91+0.07
BMS (n=18) 1.14+0.05 0.17+0.02 1.04+0.10 1.76+0.19 0.77+0.09
SES (n=20) 1.34+0.09 0.17+0.02 1.55+0.17 2.47+0.28 0.98+0.13
BES (n=22) 1.45+0.09 0.15+0.01 1.65+0.19 2.45+0.24 0.97+0.11
P value <0.05 0.62 <0.05 0.07 0.34
BMS vs. SES 0.22 0.98 0.09 0.10 0.39
BMS vs. BES <0.05 0.63 0.03 0.11 0.41
SES vs. BES 0.57 0.74 0.90 1.00 1.00
OFDI (n=60) 1.24+0.04 0.22+0.01 1.83+0.11 2.32+0.15 1.29+0.08
BMS (n=18) 1.11+0.06 0.19+0.01 1.12+0.12 1.96+0.19 1.12+0.17
SES (n=20) 1.23+0.07 0.23+0.01 1.26+0.14 2.33+0.25 1.41£0.12
BES (n=22) 1.35+0.08 0.22+0.02 1.57+0.23 2.60+0.28 1.32+0.11
P value 0.07 0.18 0.20 0.22 0.32
BMS vs. SES 0.52 0.17 0.98 0.58 0.30
BMS vs. BES 0.06 0.41 0.19 0.19 0.55
SES vs. BES 0.43 0.81 0.24 0.72 0.87
Correlations
R 0.77 0.67 0.75 0.81 0.68
P value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Results are expressed as mean +SEM. The adventitial area was calculated by using the following formula: [area outside EEL within a distance
of the thickness of intima plus media—EEL area]. EEL, external elastic lamina.

Table 3. Morphometric Analysis of the Stent Sites With OFDI in Humans

Lumen diameter Stent diameter Neointimal Lumen area Stent area % area stenosis
(mm) (mm) thickness (mm) (mm?2) (mm?) (%)

OFDI (n=337) 2.96+0.04 3.05+0.03 0.13+0.01 6.69+0.11 8.15+0.12 17.9+0.6
EES (n=183) 2.59+0.03 2.87+0.03 0.13+0.01 6.95+0.13 7.56+0.16 18.7+0.6
BES (n=154) 3.39+0.08 3.28+0.03 0.14+0.02 7.39+0.17 8.90+0.15 16.9+£1.2
P value <0.0001 <0.0001 0.49 <0.0001 <0.0001 0.15

Results are expressed as mean+SEM. Percent area stenosis was calculated by using the following formula: 100x[1-(lumen area/stent area)].

OFDI Acquisition in Patients In Vivo

At 9-10 months after stent implantation, OFDI images of
stented left coronary arteries were obtained in 12 patients with-
out angiographic restenosis who had underwent stent implan-
tation with an everolimus-eluting stent (EES) (Xience V; Abbot
Vascular, Santa Clara, CA, USA; Promus, Boston Scietific,
Marlborough, MA, USA) and BES (n=6 each) (Figure 1).

Circulation Journal

Patient characteristics are described in Table S2. Initially, an
intracoronary guidewire was introduced into the stented vessel
followed by an OFDI catheter through a 6 Fr guiding catheter
after intracoronary administration of isosorbide dinitrate
(1-2mg). Serial OFDI acquisition was then performed with an
automatic pullback speed (40 mm/s) during an intracoronary
injection of contrast medium mixed with an equivalent vol-
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Figure 3. Histological validation for optical frequency domain imaging (OFDI) measurement of coronary adventitial vasa vasorum
in pigs. Representative Masson’s trichrome and von Willebrand factor (vWF) stainings (A) and cross-sectional OFDI image (B) of
the stent edges of a porcine coronary artery after sirolimus-eluting stent (SES) implantation. The red arrows indicate microlumen
structures in the coronary adventitia, which are positive for VWF, thus representing adventitial vasa vasorum (VV) (A). In the OFDI
images, signal-voiding tubular structures in the coronary adventitia, indicated by red arrows, accurately correspond to adventitial
VV in histology (A,B). The adventitial VV area manually traced in VWF staining and that on the OFDI image are shown by the red
area (A,B). There is a significant positive correlation between adventitial VV area on OFDI and that in histology (C). The result of
Bland-Altman analysis confirmed good agreements of the measurement of the adventitial VV area on OFDI with a marginal range
of limits of agreement on OFDI (D).

ume of dextran. Detailed morphometric analysis was performed Statistical Analysis

independently by 2 investigators (H.U. and K.O.). In the stent Results are expressed as meanz*standard error of the mean
edges, in order to avoid the influence of vessel size, the adven- (SEM). Throughout the text and figures, n represents the num-
titial VV area was calculated by the following formula: [VV ber of sections. All histology and OFDI measurements were
area/adventitial area], as previously described." performed independently by 2 investigators. A comparison of

Circulation Journal Vol.79, June 2015
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Human coronary artery at 9 months after BES implantation

disease. Representative cross-sectional OFDI images of the stent

implantation in a 68-year-old male patient with angina pectoris (

shows that adventitial VV area density was significantly greater at
mean+SEM.
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Figure 4. Coronary adventitial vasa vasorum (VV) on optical frequency domain imaging (OFDI) in patients with coronary artery
eluting stent (EES) implantation in a 65-year-old male patient with angina pectoris (A-C) and biolimus A9-eluting stents (BES)

tubular structures in the coronary adventitia (A,B,D,E). The adventitial VV area on the OFDI image is shown by the red area, indi-
cating that the OFDI system enables us to precisely measure coronary adventitial VV area in a human in vivo (C,F). The bar graph

edges of human coronary arteries at 9 months after everolimus-

D-F). The red arrows indicate adventitial VV as signal-voiding

the EES site compared with the BES site (G). Error bar indicates

the morphometric data was performed by one-way analysis of
variance with the post-hoc Turkey-Kramer test in the pig pro-
tocol and by an unpaired, 2-sided Student’s t-test or Mann-
Whitney U-test in the human protocol. A correlation between
continuous variables was analyzed using a linear regression
model. Linear regression analyses were also performed for

Circulation Journal

examining intra- and inter-observer variabilities in the present
OFDI measurement, as previously described,?* confirming the
high reproducibility of the measurements (Tables S3,5S4). The
agreement of measurements was assessed by Bland-Altman
analysis.?? Statistical analysis was performed with IBM SPSS
Statistics 20 software (IBM, New York, NY, USA). A P value
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Table 4. Morphometric Analysis of the Stent Edges With OFDI in Humans

Vasa vasorum Lumen diameter Intimal/medial Lumen area EEL area Adventitial area
area (mm?) (mm) thickness (mm) (mm?) (mm?) (mm?)
OFDI (n=183) 0.28+0.01 2.18+0.06 0.42+0.01 4.44+0.24 8.11+0.42 4.47+0.25
EES (n=108) 0.33+0.02 2.16+0.09 0.45+0.02 4.32+0.27 8.48+0.63 5.12+0.39
BES (n=75) 0.21+0.01 2.21+0.08 0.37+0.01 4.53+0.35 7.57+0.47 3.53+0.22
P value <0.0001 0.65 <0.005 0.65 0.28 <0.005

Results are expressed as mean+SEM. Adventitial area was calculated by using the following formula: [area outside EEL within a distance of

the thickness of intima plus media—EEL area].

less than 0.05 was considered to be statistically significant.

Results

Morphometric Analysis on OFDI and in Histology in Pigs

The cross-sectional OFDI image of the BES site showed that
stent strut was covered by the neointima, which was similar to
the cross-sectional OFDI image of the BES site at 9 months in
a patient (Figure 2). In the cross-sectional OFDI images of the
stent sites, the % area stenosis in the BMS sites was signifi-
cantly greater as compared with the SES and the BES sites
(Table 1). In the cross-sectional OFDI images of the stent
edges that corresponded to histological sections, morphomet-
ric parameters on OFDI were all comparable among the 3
stent sites (Table 2). Furthermore, there were significant pos-
itive correlations between OFDI and histology data (Table 2).
In the human protocol, the morphometric analysis showed that
the lumen and stent size of the BES site were significantly
greater compared with the EES site, whereas the % area ste-
nosis was comparable between the 2 stent sites (Table 3).

Histological Validation of the OFDI Measurement of
Coronary Adventitial VV in Pigs

In the pig protocol, adventitial vessels positive for VWF (=VV)
were partially negative for a-SMA staining, indicating that
VV in histology consists of both arterial and venous vessels
(Figures 3A,S1). The cross-sectional OFDI image at the SES
site clearly visualized coronary adventitial VV as signal-voiding
tubular structures (Figures 3A,B). Furthermore, the adventi-
tial VV area manually traced on OFDI corresponded to that in
the immunostaining for VV (Figures 3A,B). Adventitial VV
formation was significantly diminished at the distal stent
edges, Smm apart from the stents, as compared with the stent
adjacent edge portions (Figure S2). Notably, there was a sig-
nificant positive correlation between adventitial VV area on
OFDI and that in histology (Figure 3C). Bland-Altman analy-
sis confirmed good agreements of the measurement of adven-
titial VV area on OFDI, with a marginal range of limits of
agreement on OFDI ([95% confidence interval (CI): —0.03 to
0.03um?) (Figure 3D). Similarly, in all cross-sectional OFDI
images examined in the pig protocol, the adventitial VV area
was significantly augmented in the SES site as compared with
the BMS and BES sites (Table S5).

OFDI Measurement of Coronary Adventitial VV in Humans

In the human protocol, the cross-sectional OFDI image of the
EES and BES sites accurately visualized coronary adventitial
VV (Figures 4A,D), as was the case in the cross-sectional
OFDI image in a pig (Figure 3B). Intriguingly, the magnified
OFDI image of the stent edge showed feasibility for manually
tracing the adventitial VV area in a patient in vivo (Figure 4A—F).
The morphometric analysis showed that the adventitial VV

area was significantly greater in the EES site compared with
the BES site (Table 4), even after the correction with the adven-
titial area (calculated as VV area density) (Figure 4G).

Discussion

The major findings of the present study were that: (1) there was
a significant positive correlation between adventitial VV area
on OFDI and that in histology in the porcine coronary arteries
after stent implantation; and (2) OFDI enables us to precisely
measure coronary VV area at the stent edge in humans in vivo
after stent implantation.

OFDI Measurement of Coronary Adventitial VV

We have recently reported a histological validation demon-
strating that adventitial VV on the OFDI images of the human
coronary artery accurately correspond to the adventitial VV in
histology at human autopsy, and that OFDI is feasible for
adventitial VV visualization in the mild coronary lesions in
humans in vivo.'s Although ex vivo micro-computed tomog-
raphy?* has been suggested for the volumetric measurement of
coronary adventitial VV in pigs, current imaging techniques
are still limited to precisely measure coronary adventitial VV
area in humans.

Enhanced formation of adventitial VV after coronary stent
implantation in pigs® and rabbits?¢ has been previously dem-
onstrated. Furthermore, we have recently demonstrated that
VV neovascularization is prone to extend to the stent edges in
the porcine coronary arteries after DES implantation, supply-
ing inflammatory cells/cytokines.” In the present study, we
thus focused on coronary adventitial VV formation at the stent
edges in pigs, demonstrating for the first time that the adven-
titial VV area at the stent edges on OFDI accurately corresponds
to that in histology. The OFDI system has been developed as
a new generation of OCT with better image acquisition by
removing the depth degeneracy.?’” The minimum area of VV
in histology was approximately 500um?, and the minimum
diameter was 20 ym, which are similar to the minimum VV
size, as previously reported.?®-3" The resolution of OFDI is at
least 20 um.'? Thus, it is conceivable that the OFDI system can
detect the minimal VV detected in histology in the present his-
tological validation study. Such a property of the OFDI tech-
nology enables us to precisely measure the signal-voiding tubular
structures indicating VV in the coronary adventitia.

Implications of the Present Study

Adventitial inflammation,'-5 including adventitial VV, plays
an important role in the pathogenesis of coronary plaque pro-
gression®% 1011 and rupture.” Particularly, VV is considered to
serve as an outside-in supply route of vascular inflammation.*
Indeed, it was demonstrated that number of intraplaque micro-
channels (a part of VV) on OCT is associated with early
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manifestation of coronary atherosclerosis in humans in vivo.*!
However, in order to elucidate more precise pathophysiologi-
cal roles of adventitial VV in humans in vivo, volumetric mea-
surements of adventitial VV area is warranted. In the present
study, we were able to measure the adventitial VV area at the
stent edges of patients who had undergone coronary stent
implantation in vivo. The OFDI system thus should be a prom-
ising modality for evaluating coronary adventitial VV. Indeed,
in the present study, BES with bioabsorbable polymers was
associated with less formation of adventitial VV in the stent
edges compared with EES with durable polymers in humans
in vivo, suggesting that the OFDI technique is useful to assess
the biocompatibility of coronary stents. We have previously
demonstrated that chronic adventitial inflammation induces
coronary vasospastic activity without impairment of endothe-
lial function in pigs in vivo.'=3 Further studies with OFDI are
needed to examine the involvement of adventitial inflammation
and VV formation in the pathogenesis of vasospastic angina.

Interestingly, it was previously demonstrated that prominent
VV neovascularization in the coronary adventitia precedes the
initiation of coronary lesion formation in hypercholesterol-
emic pigs.® Thus, the inhibition of VV formation by statins'’
and plasminogen activator inhibitor-1,"! could be a novel ther-
apeutic strategy for CAD. When extrapolating those preclini-
cal findings into the clinical settings, the OFDI system should
be useful for examining the effect of anti-angiogenic agents in
patients with CAD.

Study Limitations

Several limitations should be mentioned for the present study.
First, in the present study, we examined the OFDI images of
non-diseased porcine coronary arteries after stent implantation.
Thus, it remains to be examined whether OFDI is feasible for
adventitial VV measurement in advanced coronary lesions. In
such lesions, adventitial VV is likely to develop into the lipid
pool, causing an intra-plaque hemorrhage due to its incompe-
tence.” In contrast, it has been reported that light sources of
OCT are prone to be attenuated at thick atherosclerotic
lesions.?! Second, due to the unavailability of the OFDI sys-
tem for in vivo experiment with pigs, we performed ex vivo
histological validation studies after removal of the porcine heart
and subsequent perfusion with saline. Third, it was difficult
for us to obtain a clear image of immunohistochemistry for
vWF in the resin-embedded stent sections of porcine coronary
arteries. In addition, light sources of OFDI are prone to be
attenuated at the stent struts. We were thus unable to precisely
evaluate adventitial VV area at the stent implantation site.
Fourth, because OFDI images were not obtained before stent
implantation procedures in pigs or humans in vivo, it remains
to be elucidated whether adventitial VV formation is further
enhanced after stent implantation in the atherosclerotic plaque
with developed VV formation. Finally, it remains to be eluci-
dated whether OFDI is able to identify the nature (arteries vs.
veins), the direction (outside-in or inside-out) and functional
flow of adventitial VV, all of which are potentially important
for fully understanding the roles of adventitial VV in the patho-
genesis of CAD.

Conclusions

The present study demonstrates for the first time the accuracy
of OFDI for the measurement of coronary adventitial VV in
pigs ex vivo and humans in vivo. Thus, the OFDI system is
useful to elucidate the roles of coronary adventitial VV in the
pathogenesis of CAD in humans.
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