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Intracranial atherosclerosis is one of the leading causes of ischemic stroke and occurs more
commonly in patients of Asian, African or Hispanic origin than in Caucasians. Although the
histopathology of intracranial atherosclerotic disease resembles extracranial atherosclerosis, there
are some notable differences in the onset and severity of atherosclerosis. Current understanding of
intracranial atherosclerotic disease has been advanced by the high-resolution magnetic resonance
imaging (HRMRI), a novel emerging imaging technique that can directly visualize the vessel wall
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pathology. However, the pathological validation of HRMRI signal characteristics remains a key step

to depict the plague components and vulnerability in intracranial atherosclerotic lesions. The
purpose of this review is to describe the histological features of intracranial atherosclerosis and to
state current evidences regarding the validation of MR vessel wall imaging with histopathology.
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Introduction

Intracranial atherosclerosis (ICAS) is a major cause of stroke
worldwide, accounting for 30-50% and 10% of ischemic
cerebrovascular events in Asians and Whites, respectively.'™
Over the last decades, there has been significant progress in
the diagnosis and aggressive medical therapy of ICAS. Nev-
ertheless, the histopathology of ICAS has not been well stud-
ied as extracranial atherosclerosis (ECAS), probably due to the
infrequency of ICAS in Caucasians and the relative inaccessibil-
ity of intracranial arteries.

The only few large autopsy studies were performed during
the 1960s and 1970s, exploring the distribution and natural
history of large artery atherosclerosis in patients with all
causes of death from fetuses to adults. They assessed the ex-
tent and severity of atherosclerosis in the aorta, coronary, ca-
rotid, and cerebral arteries, demonstrating that the cerebral ar-
teries were free from atherosclerosis up to the fourth decade,

almost 20 to 30 years later than extracranial arteries like coro-
nary and carotid artery.”” Not only started later in life, ICAS
was much slighter in the amount and extent than aorta and
coronary artery atherosclerosis for all decades.® The altera-
tions observed in middle cerebral artery (MCA) in the 6th de-
cade were similar to those in the radial artery in 4th decade
and that in the coronary artery in 2-3th decades.’

In spite of the identification of less severe patterns of ICAS
than ECAS in most autopsy studies, some racial differences
were noted when comparing cerebral artery specimens from
western and eastern populations.”" Compared to the late on-
set of intracranial atherosclerotic lesions in Caucasians, various
degrees of ICAS were detected in patients with younger age in
Asians.'*"® While Caucasians tend to have more ECAS, blacks
and Asians tend to have more common and more severe pat-
terns of ICAS."*" A post-mortem study recruiting 114 Hong
Kong Chinese autopsy cases demonstrated that the percent in-
cidence of extreme atherosclerotic narrowing (>75% luminal
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narrowing) is much higher in the intracranial vessels than ex-
tracranial vessels.” The prevalence and patterns of ICAS shown
by autopsy studies are consistent with the data detected with
different modalities in population-based or hospital-based
studies demonstrating the predominant occurrence of ICAS in
Asians and blacks.”" Unfortunately, the early macroscopic ex-
amination only described the prevalence and severity of ICAS
by characterizing the surface involvement of fatty streak,
plaque, ulcerated lesion, and calcification changes, failing to
provide the detailed features of individual intracranial athero-
sclerotic lesions.

Currently, the conventional lumenography-based neuroim-
aging modalities, such as magnetic resonance angiography
(MRA), computed tomography angiography (CTA), and digital
subtraction angiography (DSA), are commonly used in the rou-
tine clinical practice to detect ICAS. However, evidences
showed that luminal stenosis was insufficient in characterizing
intracranial atherosclerotic lesions and accessing clinical risk.
Till recently, high-resolution magnetic resonance imaging
(HRMRI) emerges as a novel imaging modality to depict the
pathologic changes in the vessel wall of minute arteries like
intracranial arteries.”?® The interpretation of signal intensity
changes on HRMRI motivated researchers to explore the de-
tailed histopathological elements within intracranial athero-
sclerotic lesions. Considering that intracranial artery specimens
could not be acquired through clinical interventions as extra-
cranial carotid specimens from carotid endarterectomy, col-
lecting post-mortem cerebral vessel specimens is the most di-
rect method to investigate the pathological characteristics of
ICAS in human.

In this review, we will discuss the histopathological evidenc-
es of ICAS and its adoption in interpreting the signal changes
detected on vessel wall imaging (VWI), which may benefit de-
veloping HRMRI to be a well-validated imaging technology for
stroke patients.

Histopathological evidence from human
cadavers

Basic structure

Atherosclerosis is a systemic and generalized disease involving
intracranial and extracranial arteries. Patients with simple aor-
tic plaques are frequently found to have concomitant ICAS**
suggesting that patients with ICAS may share some common
risk factors similar to those with aortic disease. Till now, our
knowledge about the pathology of atherosclerosis is mostly
acquired from studies on coronary artery disease, which illus-

trates that both luminal stenosis and plaque components indi-
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cating plaque vulnerability play an important role in leading to
ischemic events.?® However, the correlation of coronary athero-
sclerosis with ICAS was found to be less close than that with
extracranial carotid atherosclerosis, regardless of the classic
risk factors for atherosclerosis.”’ The different features of ICAS
from ECAS may be attributable to the unique basic structures
of intracranial cerebral arteries.

The basic organization of intracranial arteries is similar to
extracranial arteries that consist three concentric layers: an in-
ner layer (intima), a middle layer (media), and an outer layer
(adventitia). But intracranial arteries exhibit some unique his-
tological features that are quite different from those of com-
paratively sized vessels elsewhere in the body: a denser internal
elastic lamina (IEL), a thinner media with slight development of
elastic fibers, and a less abundant adventitia with decreased
elastic fibers and without external elastic lamina (Figure 1).¢
But how do the structure features peculiar to intracranial ar-
teries account for the discrepancy in the formation and evolu-
tion of ICAS with ECAS? A previous post-mortem study com-
pared the aging of MCA with that of other arteries of the same
size, showing that the IEL was largely destroyed or even disap-
pearing in the coronary artery while no marked splitting or de-
hiscence was observed in MCA.° Though the exact mechanisms
remain elusive, we speculate that the great prominence of the
IEL may account for its less pronounced alterations in MCA,
which, thus, protect the cerebral arteries from atheroma pro-
gressing outward. Although atherosclerosis is generally consid-
ered as a disease of the intima, the media and adventitia are
also suggested to be related with the generation of the disease.
Evidences showed that the smooth muscle cells within the me-
dia of different arterial beds have different embryonic origins,
which may respond differently to the stimuli that facilitate the
formation of atherosclerotic lesions. Besides, the matrix mole-
cules surrounding smooth muscle cells, such as fibrillar colla-
gen, may also considerably affect the inflammatory and fibrop-
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roliferative response, thus influencing the progression of ath-
erosclerosis.?® Given that the intracranial arteries, different
from the extracranial arteries being elastic arteries, are muscu-
lar arteries with little elastic fibers, the different embryonic
derivation of smooth muscle cells and distinct composition of
matrix within the intracranial arteries may explain the relative
benign nature of ICAS.

In addition, some researchers argue that the thinner media
and adventitia as well as the lack of external elastic lamina
may be responsible for the relative paucity of vasa vasorum
(W) in intracranial arteries***" which would further influence
the formation of ICAS. W constitute a network of microvessels
that supply the vessel wall oxygen and nourishment, and elimi-
nate the wastes. Unlike the extracranial VW existing at birth,
intracranial VW develop later in adulthood, as a response to tis-
sue hypoxia when the vessels thicken and become diseased.***
The existence of W in human intracranial arteries has long
been debated. Current evidences suggested that VW were pre-
dominantly found in the proximal parts of the intracranial ar-
teries, such as the distal ICA, vertebral arteries (VA), basilar ar-
teries (BA), and MCA M1 segments,®*** which may represent
an extension of the vascular pathologies from the extracranial
to the intracranial segments of cerebral arteries. One reason
that may explain the rarity of intracranial W is that the intra-
cranial arteries are surrounded by nutrient-rich cerebro-spinal
fluid (CSF), which may reduce the needs for nutrient and oxy-
gen supply through W. Besides, as stated above, the intracra-
nial arteries possess certain features different from similar
sized extracranial vessels, namely, a relative paucity of elastic
tissue in both the thinner media and less abundant adventitia,
and lack of external elastic lamina. These features may facili-
tate the diffusion of oxygen and nutrition from the CSF, mak-
ing the intracranial W less necessary.

During the past few years, several studies have been per-
formed on experimental animals and human autopsy cases, in-
dicating that W may play a critical role in the atherosclerotic
plaque initiation, progression and destabilization.****% Evi-
dences suggested that VW may serve as a conduit in the in-
flammatory process of atherosclerosis, transporting the inflam-
matory cells into the plaque, which promoted the development
of atherosclerosis.”’*® Besides, most of the W that grow into
the plaque are immature with week integrity, resulting in the
leakage of blood constituents and subsequent plaque hemor-
rhage.*® Therefore, W were considered as an independent pre-
dictor of atherosclerotic plaque vulnerability and associated
with the symptomatic ischemic stroke. However, whether \W
in intracranial arteries play a causative role in the atheroscle-
rotic process is not yet well established. Yet, the presence of W
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has been suspected as a specific marker in the early detection
of vulnerable plaques and a new surrogate target in the ath-
erosclerotic prevention and treatment.* Given the critical role
of W in the process of atherosclerosis, the relative paucity of
intracranial VW may explain the late onset and relatively benign
features of ICAS.

The size of vessels is a basic parameter to develop new im-
aging modalities to "visualize" the vessels in vivo. The quantita-
tive measurements of extracranial carotid and coronary artery
size have been made on autopsy or by angiographic or sono-
graphic techniques.”"** The left main artery, which is the larg-
est major division of coronary artery, is about 5 mm in diame-
ter, while the other major branches are approximately 3 mm.*
The internal carotid artery is about 5 mm above the carotid
bulb and the common carotid artery is more than 6 mm at
about 15 to 20 mm below the bifurcation in diameter.** In
contrary, compared with the extensively studied extracranial
arteries, the size of intracranial arteries has been rarely report-
ed. To provide reference values for imaging studies involving
intracranial arteries, we quantitatively measured 96 intracrani-
al large arteries (including 32 MCAs, 32 VAs, and 32 BAs) at
the most stenotic sites, which were collected from 32 consecu-
tively recruited Chinese general autopsy cases (mean age: 71
years; male: 729%; causes of death: coronary artery disease,
n=13 [41%)]; infection or sepsis, n=3 [9%]; other natural
causes, n=13 [41%]; unnatural causes, n=3 [9%)]) (Supplemen-
tary Methods 1, Supplementary Table 1). Table 1 shows the
reference values of vessel diameters and vessel wall thickness
for intracranial large arteries. The arterial sizes were 3.13+0.52
mm, 3.46+0.73 mm, and 3.60+0.66 mm in diameters for MCA,
VA, and BA, respectively, consistent with a previous autopsy
study (proximal internal carotid artery=3.9 mm, proximal
MCA=3.1 mm, proximal VA=3.2 mm, proximal BA=3.7 mm, re-
spectively).* The normal media of MCA, VA, and BA ranged in
thickness from 0.15 mm to 0.19 mm, a slightly thinner than
that of coronary arteries (0.13-0.35 mm). The medial thickness
behind the atherosclerotic plaque were much lower, being
0.10+0.05 mm, 0.11+0.06 mm, and 0.12+0.07 mm for MCA,
VA, and BA, respectively. The adventitial thickness ranged from
0.05 mm to 0.10 mm, considerably thinner than that of coro-
nary arteries (0.3-0.5 mm).*® The media thickness compared to
arterial radius was similar among MCA, VA, and BA (9.5%,
11.3%, 11.5%, respectively), but VA had a thicker adventitia in
comparison with MCA (6.2% vs. 3.2%, P=0.001) and BA (6.2%
vs. 3.9%, P=0.008) (Figure 2). In our recent study, we found
that VA had more W than BA and MCA (submitted) (Figure 2),
which may be attributed to the thicker adventitia percentage
in VA. Based on the collected intracranial vessels, the severity
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Middle cerebral artery

Vertebral artery (n=32)

Basilar artery (n=32)

(n=32)
Arterial diameter (mm) 3.13+0.52 3.46+0.73 3.60+0.66
Media thickness (mm) 0.15+0.05 0.19+0.10 0.19+0.07
Media behind plague (mm) 0.10+0.05 0.11+0.06 0.12+0.07
Adventitia thickness (mm) 0.05+0.03 0.10+0.06 0.06+0.02
Adventitia behind plagque (mm) 0.05+0.03 0.11+0.07 0.05+0.05
Media ratio to arterial radius (%) 9.5+3.5 11.1+4.9 11.6+3.7
Adventitia ratio to arterial radius (%) 3.2+1.8 5.843.2 3.9+1.7
Area stenosis (%) 37425 30424 20+20
adventitia Vasa Vasorum
media —— o

—  media B
" adventitia

Large intracranial arterial segments with hematoxylin- eosin staining. (A) Middle cerebral artery. (B) Basilar artery. (C) Vertebral artery with vasa va-

sorum. Original magnification: 1.6x1.6.

of luminal stenosis was significantly different, showing
37+25% at MCAs, 30+24% at VAs, and 20+20% at BAs (all
P<0.05), respectively.

Histopathological features of ICAS

Atherosclerotic plaques consist of cells, connective tissue ex-
tracellular matrix, and intra- and extra-cellular lipid deposits.
The proportion of these three components varies in different
atherosclerotic plaques, and it affects plaques stability and
gives rise to a wide spectrum of lesions: 1) The so-called fatty
streaks are characterized by adhesion of monocytes to the en-
dothelium and migration to the subendothelial potions of the
arterial wall in the adolescents and young adults; 2) With in-
creasing age, fatty streaks are transformed into fibrous plaques
consisting of a core of cellular debris, free extracellular lipid,
and cholesterol crystals under a “cap” of foam cells, trans-
formed smooth muscle cells, lymphocytes, and connective tis-
sue; and 3) The most advanced stage of atherosclerosis is the
complicated lesion, which includes calcification, hemosiderin
deposition, and lumen surface disruption.*’*

Atherosclerosis occurs commonly at the early age or even
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soon after birth, but majority of them keep as a stable state,
which will not cause any clinical events in the whole life, while
only those at high risk of precipitating life-threatening thrombi
are responsible for leading to the eventual vascular diseases.
For clinicians and researchers, the challenge is to enable iden-
tification of lesions that are vulnerable to thrombosis, the so-
called "vulnerable plaques.” Based on coronary artery athero-
sclerosis, the major criteria to define a vulnerable plaque are:
1) active inflammation, 2) a thin cap with a large lipid core, 3)
endothelial denudation with superficial platelet aggregation, 4)
fissured/finjured plaque, and 5) severe stenosis; and the minor
criteria include the following features: 1) superficial calcified
nodules, 2) yellow color (on angioscopy), 3) intraplague hemor-
rhage, 4) endothelial dysfunction, and 5) expansive (positive)
remodeling.”®* These criteria may be helpful to define vulnera-
ble atherosclerotic plaques within intracranial vasculature.
Current evidences suggested that ICAS developed mainly as
early lesions with more fibrosis in contradistinction to the
eroded and ruptured plaques more commonly encountered in
ECAS.* The more advanced atherosclerotic changes were in-
frequently detected in intracranial artery until the very old
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1851 sych as calcified lesion first detected in the 6th de-

years,
cade, and ulcerated lesion first observed in the 9th decade.® A
study of 1,220 segments of circle of Willis from 67 randomly
chosen autopsy cases showed that early plaques were predom-
inant (66%) and advanced plaques exceptional (15%), whereas
complicated plaques were present in only 1% of lesions.* Fig-
ure 3 shows the plaque components on histology.

Intraplaque hemorrhage is a frequently detected marker in
advanced atherosclerosis. In carotid artery involved with ath-
erosclerosis, intraplaque hemorrhage was observed in as high
as 19% to 97% within symptomatic lesions and 7% to 91%
within asymptomatic lesions.?*** By contrast, a much lower
prevalence of intraplaque hemorrhage was reported in studies
involving intracranial arteries: only one lesion with intraplaque
hemorrhage was reported in 205 intracranial arterial seg-
ments®® and 6 of 1,220 segments had intraplaque hemorrhage
among patients who had cardiovascular-related events.® But
the samples of these two studies were taken at specific loca-
tions per circle of Willis specimen, which may lead to an un-
derestimate of the prevalence of intraplague hemorrhage. Our
previous study based on 76 Chinese autopsy adults demon-
strated that intraplaque hemorrhage was much more prevalent
in culprit plaques (30%, 14/46) than in non-culprit plaques
(15%, 10/65).*° The incidence of intraplaque hemorrhage was
much higher in our study than the western studies, but still
lower than that in most extracranial artery studies. Recently, a
HRMRI study recruiting 107 adult patients with high-grade
(70%) MCA stenosis also revealed a significantly higher preva-
lence of MRI-defined intraplaque hemorrhage in symptomatic
lesions than that in asymptomatic lesions (19.6% vs. 3.2%,
P=0.01),”” consistent with our autopsy study. But the definition
of intraplaque hemorrhage used in this study was extrapolated
from carotid HRMRI-patholgy comparative studies, and a thor-
ough histologic validation has not yet been performed in intra-
cranial arteries.

Calcification is another frequently detected plaque compo-
nent, which also indicates complexed or advanced atheroscle-
rotic lesions.®*® Qur most recent retrospective study illustrated
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the correlation of high extent of internal carotid artery calcifi-
cation with downstream microembolic signal detected by tran-
scranial Doppler, suggesting that severe cerebral artery calcifi-
cation might indicate complex or unstable atherosclerotic le-
sions.® On histology, an autopsy study among Caucasians de-
tected only 3% of intracranial arteries containing calcification,
mostly detected in the VA, which was much less frequent than
that in coronary and carotid arteries.”> Comparatively, we re-
ported a high prevalence of calcification within cerebral arter-
ies specimens from a series of Chinese adult autopsy cases:
35% (16/46) calcification within symptomatic MCA plaques
and 23% (15/65) within asymptomatic MCA plaques.® Based
on brain computed tomography (CT) results, we reported 60%
of calcification at the internal carotid arteries, 20% at VA, 5%
at BA and MCA in Chinese patients.”’ The discrepancy in preva-
lence of calcification between histological evidence and CT de-
tections could be due to the different criteria of defining calci-
fication in pathology versus brain CT scans. The calcified nod-
ules, a separate precipitating factor of thrombosis in rare cases,
while present in approximately 6-7% of carotid disease and
1-2% coronary artery disease,” has never been reported in the
intracranial arteries.

In addition to intraplaque hemorrhage and calcification, in-
flammatory cell infiltration, especially macrophage accumula-
tion, is a major player in inducing plaque activity. Special stain-
ing targeting macrophage or lymphocyte is a direct and acute
method to evaluate inflammation involvement within athero-
sclerotic plaques. Within 283 circles of Willis segments from
18 asymptomatic elderly individuals, Ritz et al. reported a rela-
tively lower frequency of macrophage load (0.9+0.7% CD68
positivity per plaque area) compared with 1.8+2.4% within
coronary arteries.”® Another pathological study of 8 stroke pa-
tients found mild to moderate inflammation in 3/7 BA athero-
sclerotic lesions.® Histological data based on Chinese adult au-
topsy cases demonstrated more infiltrations of both macro-
phages (stained by CD68) and lymphocytes (stained by
CD45R0) within atherosclerotic plaques associated with infarct
than those within plaques not associated with infarct.*®

Plague components on histology. (A) Intraplaque hemorrhage. (B) Neovascularue (arrows). (C) Calcification (arrows). Original magnification: x20.
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Beyond the plaque components mentioned above, other
characteristics of a vulnerable plaque defined in coronary ar-
tery atherosclerosis, such as a thin fibrous cap, have not been
investigated in the histology of ICAS. Although the current evi-
dences seem to indicate that intracranial atherosclerotic
plaques exhibit a relatively benign histopathological profile
with rare neovasculature, infrequent inflammation, and rare
ulceration and rupture,® further studies are required to explore
the pathological features of intracranial atherosclerotic lesions,
especially among Asian populations with a predominant preva-
lence of ICAS. The clarification of underlying pathophysiologi-
cal mechanisms related to the progression of ICAS may be
helpful to identify new imaging biomarkers for risk stratifying
patients with ICAS and to provide targeted therapy aiming to
stabilize the vulnerable atherosclerotic plaques.

ICAS and ischemic stroke
During the past few years, luminal stenosis of atherosclerotic
vessels, which directly leads to insufficient blood supplying at
downstream vessel segments, was regarded as a major indica-
tor evaluating the severity of ICAS. However, recent studies
demonstrated that the ipsilateral stroke rate was relatively low
even in patients with severe stenosis, indicating that measur-
ing the stenosis at the narrowest vessel segments may not be
the optimal way to evaluate the clinical risk of ICAS.*> Many
other features that reflect the characteristics of ICAS, such as
plague morphology and components, might be more precise in
risk stratification of patients with |CAS.22%6576¢

In 2008, a case-control autopsy study of 339 stroke patients
first proposed that stenosis graded 30% to 75% also played a
causal role in the fatal stroke,® indicating that the definition
based solely on stenosis could not fully capture all the risk of
vascular events. Consistent with this, another study demon-
strated that a substantial minority of cases showed advanced
atherosclerotic phenotype while the degree of stenosis did not
exceed 40%.% On the contrary, although severe atheromatous
narrowing was common in intracranial arteries, the lesions
were usually covered by an intact fibromuscular cap that was
less prone to rupture, and ulceration and fissuring were rarely
detected.”” The discrepancy in severity of stenosis versus histo-
pathological phenotypes further supported the notion that the
degree of stenosis does not fully account for cerebral athero-
sclerosis burden, highlighting the need to pay more attention
to the plaque components and phenotype beyond the maximal
luminal stenosis. Previously, we explored the clinical implica-
tions of plaque morphology and compositions in 76 consecu-
tive Chinese postmortem adults, demonstrating that in addi-
tion to the luminal stenosis, plaque components such as lipid,
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intraplaque hemorrhage, neovasculature, and thrombus, may
be responsible for the brain infarct.*® Therefore, besides the
atherosclerosis-induced luminal stenosis, plaque components
that indicate vulnerable plaques may also play a key role in
leading to ischemic stroke. Imaging modalities that can identi-
fy these potentially high-risk plaque components will benefit
in improving risk stratification of patients with ICAS and mak-
ing treatment decision for individual patients.

Histopathological validation of MR ves-
sel wall imaging

Over the past decades, luminal stenosis identified by the con-
ventional imaging techniques remains the principal means for
determining treatment decisions in patients with intracranial
stenotic diseases. However, the findings from the Warfarin ver-
sus Aspirin for Symptomatic Intracranial Disease (WASID) trial®
and the Chinese Intracranial Atherosclerosis (CICAS) study®
demonstrated that, although the risk of stroke was highest
with severe stenosis (=70%), a certain percentage of patients
with moderate luminal stenosis (50-69%) also suffered from
the subsequent or recurrent ischemic stroke, implying that the
luminal information is not sufficient in assessing the severity
of ICAS and predicting the future cerebrovascular events.
Therefore, it is urgently needed to develop a novel imaging
method that could provide more information about the chang-
es of vessel wall lesions, such as the plaque morphology and
components within intracranial atherosclerotic lesions.

HRMRI technique is a promising tool which provides suffi-
cient high spatial resolution to visualize the arterial lesions
within much smaller sized intracranial vessels.®*”° Moreover,
this new VWI is capable of identifying intracranial arterial le-
sions even when luminal angiography reveals no abnormali-
ties.”" In recent years, the feasibility of HRMRI in quantitatively
measuring intracranial arterial lesions has been demonstrated
in several clinical studies.”””* The capability of VWI in depicting
the pathologic changes in intracranial vessels could also be
used to differentiate various vascular pathologies other than
atherosclerosis, such as dissection, moyamoya disease, vasculi-
tis, and so on.”®

In the area of extracranial large arteries such as carotid and
coronary arteries, collecting arterial specimens from carotid end-
arterectomy provides a direct method to validate the capability
of HRMRI in identifying carotid plaque components.”®”® Cur-
rently, several studies have demonstrated the accuracy of HRMRI
in assessing fibrous cap, lipid-rich necrotic core, or intraplaque
hemorrhage by referring to pathological findings of specimens.”
However, it is risky to extrapolate these experiences from carotid

https://doi.org/10.5853/j0s.2016.01956
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HRMRI directly to intracranial arteries, because intracranial ar-
teries are smaller in size and have distinct basic structures com-
pared with extracranial vessels.*®® Although a few recent clinical
studies have reported some HRMRI-defined plaque components
of ICAS, such as intraplaque hemorrhage,” the signal interpreta-
tion on intracranial VWI is still a big hurdle due to the lack of
dedicated histological validation.

Based on a biobank including intracranial arterial specimens
from a series of Chinese adult autopsy cases, we investigated
the signal changes on 1.5T VWI by comparing with the plaque
components on histology. Consistent with the imaging features
of ECAS,” the high signal on T1 sequence in ICAS was verified
to be intraplaque hemorrhage on histology in an 83-year-old
woman (Figure 4A, B).%°

On the basis of the ex vivo 1.5T MR VWI-histology compara-
tive study, we further illustrated that the low signal on T1-
weighted fat-suppressed images could be a promising imaging
marker for identifying the intraplaque lipid core, and it showed
a much higher sensitivity for detecting lipid core of area
=0.8mm? (Figure 4C, D).5" Although the signal to noise ratio
provided by 1.5T MRI was not sufficient enough to confirm the
findings in every autopsy case, the results based on the above
comparative studies provided limited but valuable preliminary
data to indicate the capability of MRI in characterizing the in-
tracranial plaque components. Recently, another ex vivo study
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showed that the multi-contrast 3T MRI could clearly distin-
guish lipid core from the overlying fibrous cap by using T2- and
T2*-weighted imaging, making it feasible to accurately identify
the vulnerable fibro-lipid atheroma from the low risk plaque
types, such as intimal thickening or fibrotic plaque without lip-
id core.® Lipid core is an important plaque component, which
may influence the plaque vulnerability. The identification of
lipid core on VWI may provide valuable imaging basis for ag-
gressive therapy in patients with ICAS.

Compared with 1.5T or 3T MR, 7T ultra-high resolution MR
imaging that provides the higher spatial resolution necessary
to image small intracranial vessel lesions may work better in
distinguishing different plaque components. An ex vivo HRMRI-
histology comparative study assessed the feasibility of 7T MR
imaging to characterize intracranial atherosclerotic lesions us-
ing a single sequence with the mixed contrast of T1 and T2
weighting, first demonstrating that 7T MRI has sufficient im-
age contrast to enable differentiation of fibrosis and attenuat-
ed calcium deposition within the plaques.®® Another study col-
lecting 44 arterial samples from five specimens of the circle of
Willis also demonstrated the ability of 7T HRMRI to distinguish
different types of plaque components, such as foamy macro-
phages and collagen, within more advanced plagues.®* By using
7T MRI with multiple contrast weightings, the same team fur-
ther identified the MR signal features in a quantitative manner

\ Representative magnetic res-
onance (MR) images and the corre-
sponding histology slides. (A, B) The hy-
per-intense on MR images (arrow in A)
was verified to be intraplaque hemor-
rhage (arrow in B). (C, D) The hypo-in-
tense on MR images (arrow in C) was
/ verified to be lipid accumulation (arrow

S ———

=

in D). The histological slides were
stained with hematoxylin-eosin stain-
ing. Original magnification: x1.6.

http://j-stroke.org 255



JoS

and showed that lipid accumulation, fibrous tissue, fibrous cap,
and calcification within advanced intracranial atherosclerotic
lesions had distinguishable imaging characteristics, especially
on T1-weighted imaging.”® However, their findings on signal
changes indicating some plaque components (e.g., lipid-rich
core) were inconsistent with the signal characteristics validat-
ed in carotid artery studies, possibly due to the much earlier
stage of intracranial atherosclerotic lesions or the prolonged
formalin fixation of arterial specimens. However, despite the
excellent resolution and signal-to-noise ratio, 7T MRI is less
used in clinical practice due to the limited availability, high
cost, and long scan duration.

Table 2 summarizes the plaque characteristics on VWI veri-
fied by histology. According to the current findings, intraplaque
hemorrhage and large lipid core may be differentiated by VWI,
especially on the fat-suppressed T1-weighted sequence. Fi-
brous cap shows more ambiguous signal intensity, perhaps be-
cause of the complicated tissue compositions or the insuffi-
cient resolution of VWI. Some studies reported the presence of
a T2 juxtaluminal hyper-intense band overlying T2 hypo-in-
tense components in intracranial atherosclerotic plagues,
which was assumed to be corresponding to the fibrous cap
based on the experiences in carotid atherosclerotic lesions 2%
but the histologic validation has not yet been performed in
ICAS. While some studies showed that calcified deposit in ICAS
could be identified by using VWI, both the sensitivity and spec-
ificity were much lower when compared with CT scans. Strong
contrast enhancement, which suggests a rich vascular supply
into the plaque and incremental endothelial permeability, has
been extensively studied in extracranial arteries. Validated by
histology, several carotid studies demonstrated that gadolinium
preferentially enhanced the fibrous cap and regions with ex-
tensive neovasculature and macrophages.?’”® Therefore, the
carotid plaque enhancement seems to be a vital indicator of
plague vulnerability, which may assist in the stroke risk stratifi-
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cation. The same patterns of contrast enhancement were also
observed in intracranial arteries,”* but the plaque composi-
tions behind the enhancement have not yet been validated.
More HRMRI-histology comparative studies are needed to in-
terpret the imaging features in intracranial atherosclerotic le-
sions and thereby provide us more precise information about
future risk related to ICAS.

Although the initial findings were promising, additional chal-
lenges remain. Firstly, despite the findings acquired from ex
vivo VWI-histology comparative studies, signal changes on MRI
should be interpreted with cautions when applying the knowl-
edge to in vivo studies. Compared with in vivo arteries filled
with blood flow, ex vivo specimens had some degree of shrink-
age after being fixed with formalin, which may change the
signal intensity of arterial tissues on MRI. Secondly, although a
comparison between in vivo MRI scanning and arterial speci-
mens is the best way to validate the signal characteristics on
MRI,** the pathological specimens are very difficult to acquire
in current interventional treatment. Finally, in spite of the high
resolution of VWI, it is still challengeable to characterize the
intracranial atherosclerotic plaques, especially in the small ves-
sels like anterior cerebral arteries. Therefore, there is a long
way to go before HRMRI could be used as a routine imaging
technique to assess intracranial plaque characteristics indica-
tive of plaque vulnerability.

Conclusions and future directions

Compared with ECAS, ICAS develops later in life and shows
more stable features, such as more early lesions with intimal
thickening, infrequent intraplaque hemorrhage, and rare neo-
vasculature and inflammation. But the earlier occurrence and
much more severe patterns of intracranial atherosclerotic le-
sions were found in Asian population. The distinct characteris-
tics of ICAS may be caused by unique anatomical structures of

Plaque characteristics of intracranial atherosclerotic lesions on histology-verified vessel wall imaging (VWI)

Plaque characteristics

Signal on the histology-validated VVWI

References

Fibrous cap Iso-intense on T1 and T2

Hyper-intense on T1 and T2 mixed sequence

Intraplaque hemorrhage

Lipid core Hypo-intense on fat-suppressed T1
Hyper-intense on T1
Hypo-intense on T2 and T2*
Calcification Hypo-intense on T1 and T2
Neovasculature Contrast enhancement?
Inflammation Contrast enhancement?

Hyper-intense on fat-suppressed T1

Turan et al.”*

Majidi et al.®

Chen et al.®

Yang et al.”

Turan et al.™*
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intracranial arteries. Better understanding of the basic struc-
tures of intracranial arteries may help to elucidate the underly-
ing mechanisms accounting for the natural history of ICAS.

Pathological findings from postmortem intracranial artery
specimens demonstrated that, in addition to luminal stenosis
caused by atherosclerotic lesions, the plaque burden and mor-
phology as well as compositions were associated with brain in-
farcts. HRMRI emerges as a novel imaging technology to depict
the vessel wall changes within intracranial arteries, holding the
potential to quantitatively characterize the different tissue
components. In extracranial carotid arteries, several studies
have demonstrated the capacity of HRMRI to quantitatively
characterize the morphological features related with the un-
stable plaques, such as intraplaque hemorrhage, necrotic core,
and unstable fibrous cap. Recently, few MRI-histology compar-
ative studies also demonstrated the feasibility of VWI in identi-
fying the potentially high-risk plaque components (e.g., intra-
plague hemorrhage, lipid core) in intracranial atherosclerotic
lesions, opening a new exciting era in intracranial HRMR imag-
ing. However, the inconsistency of the present results and the
paucity of verifying some specific imaging characteristics like
plaque enhancement call for further studies to fill a gap in
evaluating the plaque activity by using intracranial HRMRI.
With the advances of this MR technique, we hope it will have
the ability to identify vulnerable plaques by using a variety of
contrast enhancement techniques, just like in extracranial ath-
erosclerotic plaques, which could ultimately permit the identi-
fication of “high-risk" patients with potential cerebrovascular
complications. Also, the application of intracranial HRMRI in
clinical practice may allow evaluate the predictive values of
vulnerable plaque features in the subsequent ischemic events,
and identify other imaging predictors for recurrent ischemic
stroke. Finally, we hope that the intracranial HRMRI may direct
the medical therapy and better evaluate their efficacies in pa-
tients with ICAS.

Supplementary materials

Supplementary materials related to this article can be found
online at https://doi.org/10.5853/j0s.2016.01956.
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Histology processing and analysis.

Bilateral MCA, VA, and BA were extracted for each of the 32
subjects and divided into 2-cm blocks, starting from the proxi-
mal and progressing to the distal segments. The small parts
were dissected and decalcified in 1% formic acid, followed by
perfusion fixation in fresh 30% formaldehyde. Serial sections
of the isolated arteries were cut transversely at 4-mm intervals
and embedded in paraffin. Sections were cut in 5 um thick and
stained with hematoxylin-eosin (H&E) and Victoria blue.

The histological sections were photographed by using a Leica
DC 200 digital microscope (Leica Microsystems, Wetzler, Ger-
many), and the slides with the most severe stenosis for each
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JoS

large artery were quantitatively measured using Image-Pro
Plus software (Media Cybernetics, Silver Spring, MD, USA). One
side of MCA and VA of the more affected by atherosclerosis
were selected for each subject for the following morphological
measurements. The internal elastic membrane in Victoria blue
staining was traced and its length was recorded as "P". Arterial
diameter was obtained by the formula: D=P/m. Original luminal
area "A" was determined by the formula: A=P [4m. The area of
atherosclerotic plague was then traced and recorded as "Ai".
The percentage of luminal stenosis was determined by the for-
mula: (AifA)x100%. The medial and adventitial thickness were
measured and recorded respectively.
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Supplementary Table 1. Clinical characteristics of 32 autopsy cases

Total numbers

Age 71 (45-97)
Male 23(72)
Smoker 9(28)
Hypertension 9(28)
Diabetes 6(19)
Ischemic heart disease 9(28)
Ischemic stroke 14 (44)
Hemorrhagic stroke 2 (6)

Values are presented as median (interquartile range) or number (%).
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