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Objective : The extensive vasa vasorum network functions as a conduit for the entry of inflammatory cells or factors that
promote the progression of angiogenesis and plaque formation. Therefore, we investigated the correlation between the carotid
vasa vasorum activities and carotid plaque vulnerability using indocyanine green video angiography (ICG-VA) during carotid
endarterectomy (CEA).

Methods : Sixty-nine patients who underwent CEA were enrolled prospectively from September 2015 to December 2017.
During CEA, a bolus of ICG was injected intravenously before and after resecting the atheroma. Additionally, we performed
immunohistochemistry using CD68 (a surface marker of macrophages), CD117 (a surface marker of mast cells), and CD4 and CD8
(surface markers of T-cells) antibodies to analyze the resected plaque specimens.

Results : The density of active vasa vasorum was observed in all patients using ICG-VA. The vasa vasorum externa (VVE) and interna
(VVI) were seen in 11 (16%) and 57 patients (82.6%), respectively. Macroscopically, the VVE-type patterns were strongly associated
with preoperative angiographic instability (81.8%, p=0.005) and carotid plaque vulnerability (90.9%, p=0.017). In contrast, the
VVI-type patterns were weakly associated with angiographic instability (31.6%) and plaque vulnerability (49.1%). CD68-stained
macrophages and CD117-stained mast cells were observed more frequently in unstable plaques than in stable plaques (p<0.0001,
p=0.002, respectively).

Conclusion : The early appearance of VVE, along with the presence of many microvessel channels that provided nutrients to
the developing and expanding atheroma during ICG-VA, was strongly associated with unstable carotid plaques. The degree of
infiltration of macrophages and mast cells is possibly related to the formation of unstable plaques.
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INTRODUCTION

Indocyanine green video angiography (ICG-VA) is com-
monly used during intracranial aneurysm surgery, bypass
surgery, and carotid endarterectomy (CEA) to determine vas-
cular patency and to obtain real-time lesional status. We re-
cently published our experience of using ICG-VA during a va-
riety of cerebrovascular surgeries, including CEA*?. However,
ICG-VA has been used mainly during CEA to identify the lo-
cation and extent of carotid stenosis, which is caused by

217 Extensive evaluation of the

plaque in the carotid artery
atherosclerotic plaque specimens collected during CEA con-
sistently demonstrated that plaque composition is a major fac-
tor determining the risk of cerebral ischemia®®. The transfor-
mation from a stable to an unstable atheroma is a consequence
of complex molecular and cellular pathophysiological mecha-
nisms. Vulnerable plaque is prone to rupture, because it has a
large lipid necrotic core and a thin fibrous capsule?*.

Carotid atherosclerosis is a lipid-driven, systemic inflam-
matory disease that affects large and medium-sized arteries.
Atherosclerotic plaque develops because of the build-up of ex-
cess cholesterol, followed by its modification and subsequent
plaque inflammation. Cells of the innate and adaptive im-
mune systems respond to the lipid components within the
plaque; the recruited cells of corresponding systems subse-
quently infiltrate the plaque. Because of cell interactions and
subsequent activation, atherosclerotic plaques progress to-
wards rupture or severe stenosis'***.,

In the present study, we focused on delineating the vasa va-
sorum of the carotid artery using ICG-VA. Furthermore, we
investigated the relationships between preoperative radiologi-

cal and pathological characteristics of carotid plaque.

MATERIALS AND METHODS

Study design

In this study, the records of 69 patients with symptomatic
carotid artery stenosis =50% or asymptomatic carotid artery
stenosis =70% who consecutively underwent CEA between
September 2015 and December 2017 and were prospectively
examined at our institution were retrospectively reviewed.
Surgery was indicated for the treatment of carotid stenosis ad-

hering to the criteria of the North American Symptomatic
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Carotid Endarterectomy Trial® and the Asymptomatic Ca-
rotid Atherosclerosis Study*”. All patients received detailed
information about the following : 1) CEA, 2) carotid artery
stenting, and 3) the best medical treatment and its specific ad-
vantages and potential complications.

Patients who had experienced a transient or permanent ip-
silateral ocular or cerebral ischemic event within the past 6
months because of carotid artery stenosis were considered
symptomatic. Exclusion criteria for the study were as follows :
1) an unstable neurological condition, 2) progressive stroke,
3) stenosis caused by dissection, or 4) a manifested infection
such as pneumonia or a urinary tract infection.

Vasa vasorum were classified into three categories on the

3033 Vasa vasorum externa (VVE) in-

basis of previous studies
cludes small arteries arising from major branches of adjacent
arteries, and vasa vasorum interna (VVTI) includes small arter-
ies originating from the main lumen of arteries. Both VVE
and VVI enter the vascular wall. Vasa vasorum venosum
drain a network of capillaries/venules laid down around outer
media to veins***. ICG-VA was used to identify these pat-
terns.

Preoperative angiographic instability of a carotid stenosis
was defined by the presence of luminal irregularities (i.e., ul-
cerations and gravel road shape), and it was reviewed by two
experienced neurosurgeons who were not involved in surgery
and were blinded to the patient data.

Plaque vulnerability was defined on the basis of the follow-
ing intraoperative plaque characteristics : 1) a large lipid core,
2) thin fibrous cap, 3) inflammatory changes at the shoulder
of the fibrous cap, and 4) decreased number of smooth muscle
cells within the fibrous cap'®3?.

This study design was approved by the Institutional Review
Board of Chonnam National University Hospital (CNUH-
2014-010), and all the participants provided informed consent.

Indocyanine green fluorescent angiography
ICG-VA was performed to visualize the cervical carotid artery
stenosis, and the contrast filling patterns were analyzed. Intra-
operative ICG-VA was performed using an OPMI®Pentero™
surgical microscope (Carl Zeiss, Jena, Germany). The recom-
mended dose of ICG dye for VA is 0.2—0.5 mg/kg, and the maxi-
mum daily dose is 5 mg/kg. The unit was positioned at a
distance of 30—40 cm from the area of interest to carry out the

measurements. Care was taken to ensure uniform illumination
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of the area of interest by the laser light source. When requested
by a surgeon, ICG was administered intravenously at the time of
angiography by an anesthesiologist, before carotid arteriotomy.
A half-dose bolus (0.2-0.3 mg/kg) was used (a standard dose of
25 mg dissolved in 5 mL water). Two patients who underwent
ICG-VA of cervical vessels during high-flow bypass of a rup-

tured cerebral aneurysm acted as controls.

Immunohistochemistry

The carotid plaques were analyzed by immunohistochemis-
try. Paraformaldehyde-fixed sections of the specimens were
embedded in paraffin. Serial sections were prepared on silane-
coated glass slides, and they were immunostained with CD68
(1:20, mouse monoclonal, Clone JC70 A; DAKO, Glostrup,
Denmark), CD117 (1:20, mouse monoclonal, Clone KPI;
DAKO), CD4, and CD8 antibodies using a BOND-MAX au-
tostainer (Leica Microsystems, Buffalo Grove, IL, USA). Im-
ages were acquired using a Keyence BZ-9000 microscope
(Keyence Co., Osaka, Japan). Image J software (National Insti-
tutes of Health, Bethesda, MD, USA) was used for the semi-
quantitative analysis of the percentages of CD68-, CD117-,
CD4-, and CD8-stained cells on the basis of the stained area.
Histopathological analysis was performed by an experienced
pathologist who was blinded to the patient characteristics and

imaging findings.

Statistical analysis

All data are expressed as meantstandard deviation. Nomi-
nal variables are expressed as numbers and percentages. The
statistical analysis for the stained positive areas was performed
with analysis of variance, followed by the Newman-Keuls
post-hoc test or Dunnett’s test using GraphPad Prism soft-
ware (GraphPad Inc., San Diego, CA, USA). Categorical data
were compared using two-tailed chi-square statistic with the
Yates's correction or Fisher’s exact test. The statistical signifi-

cance threshold was set at p<0.05.

RESULTS

We retrospectively reviewed the records of 69 patients who
consecutively underwent elective CEA with intraoperative
ICG-VA between September 2015 and December 2017 from

our prospectively archived database. The patient population
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Table 1. Clinical characteristics of patients who underwent carotid
endarterectomy

Characteristic Value
Age in years at operation (years) 68.5 (47-82)
Sex

Male 55(79.7)

Female 14 (20.3)
Location

Right 46 (66.7)

Left 23(333)
ICA stenosis ( NASCET grade™)

>60% 1(1.4)

>70% 33 (47.8)

>80% 17 (24.6)

>90% 18 (26.2)
Risk factor

Hypertension 47 (68.1)

Diabetes 25(36.2)

None 16 (23.1)
Angiographic instability

Stable 41 (594)

Unstable 28 (40.6)
Vasa vasorum

Vasa vasorum interna 57 (82.6)

Vasa vasorum externa 11(16)

Vasa vasorum venosum 1(14)
|CG stagnation

Yes 42 (60.9)

No 27 (39.1)
Plague vulnerability

Stable 30 (43.5)

Unstable 39 (56.5)
Postoperative complication 5(7.2)

Hyperperfusion 1(1.4)

Infraction 2(29)

Medical complication 229
Outcome

Good recovery 67 (97.1)

Moderate disability 2(29)

Vasa vasorum externa 2 (100.0)
Vasa vasorum interna 0

Values are presented as mean (range) or number (%). ICA : internal carotid
artery, NASCET : North American Symptomatic Carotid Endarterectomy,
ICG :indocyanine green



consisted of 51 male (79.7%) and 14 female (20.3%) partici-
pants. The patients” age ranged from 47 years to 82 years
(mean age, 68.512.5 years). Clinical baseline characteristics of
the patient are detailed in Table 1.

In control patients undergoing ICG-VA, the vascular lumen
was first filled with ICG; consequently, the arterial component
of the vasa vasorum slowly appeared, followed by the appear-
ance of the venous component; finally, uniform filling of the

arterial wall observed. However, no dominant flow enhance-

Vasa vasorum
venosum (VVV)

i\

Vasa vasorum Vasa vasorum
externa (VVE) interna (VVI)

Arterial
lumen

Wall

Fig. 1. lllustration showing the three vasa vasorum patterns based on
surface anatomy or indocyanine green-video angiography (ICG-VA)
appearance. Modified according to Schoenenberger and Mueller™. | :
intima, M : media, A : adventia.
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ment in the carotid artery was detected during observations
(Supplementary Fig. 1, Supplementary Video 1).

The density of active vasa vasorum was observed in all the
cases (n=69) during the ICA-VA series. Three different vasa
vasorum patterns were observed, which are schematically rep-
resented in Fig. 1. We categorized the three depiction patterns
as follows : 1) VVE, the vasa vasorum of the carotid adventitia
was depicted first, followed by augmentation of ICG in the
wall and partially in the inner wall (n=11, 16.0%; Fig. 2, Sup-
plementary Video 2); 2) VVI, augmentation of ICG in the wall
and inner wall was depicted prior to or simultaneously with
the depiction of vasa vasorum of the carotid adventitia (n=57,
82.6%; Fig. 3, Supplementary Video 3); and 3) vasa vasorum
venosum (VVYV), early appearance of ICG in the carotid lu-
men and inner wall was depicted prior to or simultaneously
with the depiction of vasa vasorum of the carotid adventitia
(n=1, 1.4%; Fig. 4, Supplementary Video 4).

We analyzed the correlations of the different vasa vasorum
descriptions with preoperative angiographic findings and
postoperative plaque characteristics. The VVE-type patterns
were strongly associated with preoperative angiographic insta-
bility (81.8%, p=0.005) and carotid plaque vulnerability
(90.9%, p=0.017) during the operation. In contrast, the VVI-

Fig. 2. Representative case of vasa vasorum externa. A 67-year-old woman presented with repeated episodes of left-sided motor weakness and
dysarthria. A : Diffusion-weighted magnetic resonance image showing an acute infarction on the insular cortex. B : Carotid artery angiogram showing
the unstable plaque (arrows). C : Indocyanine green video angiography image demonstrating an early depiction of the vasa vasorum externa (arrows).
D : Intraoperative findings indicating unstable plaque—a necrotic core within the atheroma.
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type patterns were weakly associated with angiographic insta-
bility (31.6%) and plaque vulnerability (49.1%). Nonetheless,
preoperative angiographic instability was consistent with in-
traoperative plaque vulnerability (Supplementary Table 1, per-
cent agreement=80.6%, K score=0.62).

Resected plaque stained with CD68 was significantly more

frequently observed in the unstable plaque (p<0.0001); addi-
tionally, the CD117-positive areas were significantly more
prominent in unstable plaque (p=0.0002; Supplementary Figs.

2 and 3). However, no significant differences were observed in
the frequencies of CD4 or CD8 T-cells between stable and un-
stable plaques (p=0.18 and p=0.20, respectively; Fig. 5).

Fig. 3. Representative case of vasa vasorum interna (VVI). A 65-year-old man presented with dysarthria and left hemiparesis grade II/IV and NIHSS 3. A :
Diffusion-weighted magnetic resonance image showing a multifocal acute infarction on the right hemisphere. B : Carotid artery angiogram showing a
carotid stenosis with a stable plaque (arrowheads). C : ICG-VA image demonstrating a delayed depiction of the VVI with abundant vascular channels
(arrowheads). Postoperative ICG-VA image showing disappearance of the vasa vasorum vascular networks (bottom). D: Intraoperative findings
indicating stable plaque—a smooth luminal surface (circle). NIHSS : National Institutes of Health Stroke Scale, ICG-VA : indocyanine green video

angiography.
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Fig. 4. Representative case of vasa vasorum venosum (VVV). A 64-year-
man presented with a recurrent a transient ischemic attack on the left side
with a history of smoking. A : Carotid artery angiogram showing carotid
stenosis (60%, the North American Symptomatic Carotid Endarterectomy

Trial). B : Indocyanine green-video angiography image demonstrating

delayed depiction of the VVV (arrowheads) along with the carotid bulb. C:
Intraoperative findings indicating stable plaque—smooth outer and inner
surfaces.



DISCUSSION

The aim of our study was to investigate the relationship be-
tween vasa vasorum activity and carotid plaque vulnerability
during CEA. We found that ICG-VA presented different pat-
terns on the basis of the depiction of the carotid wall and the
cases reviewed. The early depiction of adventitial vasa vaso-
rum was consistently associated with highly unstable plaque,
which was likely to hemorrhage or produce a migrating em-
bolus intraoperatively***”),

Three types of vasa vasorum were proposed in 1960 on the
basis of bovine aortic studies*. Microvessels arising from the

vasa vasorum, under normal conditions, are limited to the ad-
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ventitia and outer media, and they do not go beyond the inti-
ma?.
Several modalities, such as contrast-enhanced ultra-

4 and fluorescein so-

sound">*), magnetic resonance imaging
dium VA, are useful for imaging the vasa vasorum®. A few
studies have reported the status of the vasa vasorum using ICG-
VA during CEA'>". Many surgeons have recommended the
use of ICG-VA to make intraoperative assessments, because
this technique helps acquire real-time high-resolution images

316172630 [ntra-

that depict blood flow in large and small vessels
operative ICG-VA is a simple noninvasive technique that is used
to identify surrogate markers of vulnerable carotid plaques. The

accuracy of intraoperative ICG-VA in visualizing newly formed

Mast cell
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Fig. 5. Depiction of inflammatory cell (macrophages and mast cells) activities in a resected plaque by immunohistochemistry studies. CD68-stained
macrophages and CD117-stained mast cells were more frequently observed in unstable plaque, than in stable plaque (p<0.0002, p<0.0001,
respectively). However, no significant differences in the frequencies of occurrence of CD4 or CD8 T-cells were observed between stable and unstable

plaques.
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vasa vasorum has been confirmed by histological studies on
CEA specimens'?. We recently published our experience of us-

20 and

ing ICG-VA during a variety of cerebrovascular surgeries
we have extended our understandings of CEA.

We continuously observed the delineation of the external
appearance of the carotid wall under a microscope during the
ICG-VA of the patients while they were undergoing CEA. In
general, the vasa vasorum was filled with ICG in a virtually
radiating conformation along with the long axis of the carotid
artery, which is mainly around the area of carotid bifurcation.
After the intraoperative filling of the carotid lumen, the arte-
rial component of the vasa vasorum was quickly filled with
ICG, because a non-homogenous vascular network was
formed by the branches of the vasa vasorum in the area corre-
sponding to the atheromatous plaque. Subsequently, the ve-
nous component was filled, and finally, the entire carotid wall
was filled with ICG in a patchy fashion'?. Generally, the ca-
rotid lumen was filled with ICG, followed by the delayed
phase of filling the carotid wall vasa vasorum. The time inter-
val between the depiction of the carotid wall/lumen and that
of the delayed phase of the vasa vasorum was slightly longer
when there was an unstable plaque than when there was a sta-
ble plaque. ICG-VA uniquely permits direct, real-time visual-
ization of the neovasculature of carotid atherosclerotic plaque
and associated adventitial vasa vasorum. Thus, we hypothe-
sized that the normal activity of the carotid artery vasa vaso-
rum had transformed and that the transformed activity facili-
tates nutrient supply during the development of carotid
atherosclerosis.

Schoenenberger and Mueller first described three types of
vasa vasorum, that is, the VVE, VVI, and VVV, which—in an
animal experiment—resembled a tree-like structure in the ar-
terial wall*. According to them, the VVE arises from the ma-
jor branches of adjacent arteries, and the VVI from the main
lumen of arteries. The adventitial, medial, and intimal athero-
sclerotic plaques of the carotid artery have their own nutri-
tional supply such as the vasa vasorum, which is a network of
small microvessels. The vasa vasorum increases when athero-
sclerosis develops, and it includes plaque neovascularization,
which plays an important role in the progression of athero-
sclerosis. The extensive vasa vasorum network functions as a
conduit for the entry of inflammatory cells or the factors that
promote the progression of angiogenesis and plaque forma-

tion®”. Fleiner et al.” reported a close relationship between a
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dense vasa vasorum vascular network and a strong inflamma-
tory reaction within the vascular wall and symptomatic ath-
erosclerosis. Furthermore, Moreno et al.?” reported that the
vessel wall and plaque microvessels increase in ruptured ath-
erosclerotic plaques, suggesting a link between microvessels
and plaque instability. Therefore, we hypothesized that a
plaque with an early and dense depiction of adventitial vasa
vasorum by ICG-VA (e.g., VVE) would be vulnerable and
fragile, because the microvascular network plays an important
role as a nutritional conduit. It is well known that intraplaque
hemorrhage is derived mainly from adventitial vasa vasorum
in the coronary arteries'>*". Furthermore, in the current study,
the VVE was depicted first and the carotid wall/lumen was
depicted second in the most unstable carotid plaque. Neovas-
cularization of plaque and formation of the VVE are the most
important predictors of carotid plaque vulnerability. Develop-
ment of the adventitial vasa vasorum, which finally envelopes
the atheroma, facilitates additional nutritional supply for
plaque growth in the later stages. Feinstein was the first re-
searcher to identify the adventitial vasa vasorum and neovas-
cularization in carotid atherosclerotic plaque in vivo®.

Interestingly, we found that plaques associated with a de-
layed depiction of the adventitial vasa vasorum by ICG-VA
(e.g., VVI) showed a higher number of and denser microves-
sels than the plaques associated with an early depiction of the
adventitial vasa vasorum (e.g., VVE), suggesting that they may
also be vulnerable and fragile. Contrary to our expectation,
no correlation was observed between the density of microves-
sels and vulnerability of plaque (31/57, 54.39%). However, a
significant correlation was detected between the density of
microvascularity and >70% carotid stenosis (56/57 98.2%).
This result may have been a consequence of the small sample
size; thus, further studies are needed.

Several studies on resected carotid atheroma have reported
the presence of intraplaque neovessels and subsequent hemor-
rhage in the symptomatic period from the long-lasting as-
ymptomatic stages of carotid artery stenosis'*”. During the
past decade, most clinicians have considered atherosclerosis as
a bland lesion. However, we have come to appreciate a promi-
nent role played by inflammation in atherosclerosis and asso-
ciated complications?”. Although luminal narrowing due to
atheroma bulk was focused on previously, the current under-
standing highlights the biological attributes of atheroma for-

mation as inflammatory and immune responses.



Macrophages are innate immune effectors and are abun-
dant in ruptured atherosclerotic plaques. Moreover, an athero-
sclerotic plaque contains a characteristic inflammatory infil-
trate that includes monocytes, numerous monocyte-derived
macrophages, modified lipid-laden macrophages (foam cells),
and T-lymphocytes'®*”. Thus, macrophages are critical to ath-
erosclerotic inflammation®-*2.

With regard to immune cells in atherosclerotic lesions, al-
though macrophages are the most abundant cells, T-lympho-
cytes constitute up to 20% of the cells?”. Plaque T-lympho-
cytes have an interesting immunophenotypic pattern. Many
plaque T-lymphocyte are a mixture of CD4-positive helper T

cells and CD8-positive cytotoxic T cells

). Interestingly, neu-
trophils and B-lymphocytes are rarely found in atherosclerotic
plaques; however, they are usually found during chronic in-
flammation'”. The pivotal role of vascular inflammation in
the progression of carotid plaques has been well documented.
Vulnerable atherosclerotic plaques increase inflammation?-%,
They usually have a large and soft lipid core (necrotic core)
with a thin fibrous cap, and they have more macrophages than
unruptured atherosclerotic plaques do**?.

Many investigators have considered the detection of neovas-
cularization as a histological validation of plaque inflamma-
tion. The frequency of occurrence of microvessels stained
with CD31 (endothelial marker) is observed to be significantly
higher in unstable neovascularized plaque'®**. CD68 (macro-
phage marker), CD34 (endothelial marker), and CD66 (neu-
trophils) inflammatory cells are also, reportedly, associated
with intraplaque neovascularization®.

In summary, the presence of these cells indicates that the
innate and adaptive immune responses may be involved in
plaque formation and progression, as well as plaque vulnera-
bility.

Study limitations

This study has limitations that should be addressed. First,
the main limitation of this study is the small sample size. Fur-
ther studies with larger sample sizes are warranted to elucidate
the reliability of correlation between ICG-VA findings and
plaque vulnerability. Second, the analysis of the vasa vasorum
pattern based on ICG-VA may not be quantitative. Therefore,
the atheroma thickness and calcification may have affected
the interpretation. Third, we classified all plaques, as stable

and unstable plaques, angiographically and pathologically. It
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would be interesting to evaluate if there was a difference be-
tween the vasa vasorum patterns in symptomatic and asymp-

tomatic patients.

CONCLUSION

The early appearance of the VVE, along with the presence
of numerous microvessel channels that provide nutrients to
the developing and expanding intima, during ICG-VA was
strongly associated with the carotid plaque being unstable;
these ICG-VA characteristics potentially indicate an unstable
hemorrhagic environment prone to rupture. Macrophages
and mast cells are involved in the formation of microvessels in
an atherogenic plaque, and they accelerate plaque progression,
leading to the formation of an unstable plaque. T lymphocytes
are unlikely to be involved in this process. A further under-
standing of how these inflammatory cells are regulated is
needed to design specific immunomodulatory therapies for

carotid atherosclerosis.
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