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Abstract

Background

Ischemic stroke (IS) is a major cause of adult disability and death all over the world.
Intracranial atherosclerosis (ICAS) is the most common etiology of IS among Chinese stroke
patients, and involves the major cerebral large arteries growing atherosclerotic plaques. The
current advances in imaging technology have greatly facilitated the detection of the cerebral
artery anatomical variations and the intracranial atherosclerotic plaques among the general
populations. Nonetheless, few studies investigated the underlying influence of the cerebral
artery variations on ICAS, including the common variability in the circle of Willis (COW)

structure and in the vertebrobasilar junction (VBJ) angle magnitude.
Purpose

Our research aimed to explore the effects of the cerebral vascular variations, namely the
COW structural anomaly and the varying VBJ-angle degrees, on the occurrence and
progression of ICAS among stroke patients, via using high-resolution magnetic resonance

imaging (HR-MRI).
Methods and materials

This hospital-based research consecutively recruited adult patients with acute 1S or
transient ischemic attack, who were scanned by both routine cerebral MRI and intracranial
vessel-wall 3.0-Tesla MRI sequences. Magnetic resonance angiography was used to assess
the anatomical completeness of the COW and the degrees of the VBJ angle. The COW
consists of the anterior COW (A-COW) and the posterior COW (P-COW). The VBJ angle
was stratified into the angle above 90° or the angle below 90°. HR-MRI was utilized to

evaluate the plaque imaging features quantitatively and qualitatively. The intracranial



atherosclerotic lesions were categorized as asymptomatic or symptomatic, based on acute

cerebral infarction on diffusion-weighted imaging and/or acute stroke symptoms.

Results

This research enrolled a total of 125 acute stroke patients with intracranial large artery
atherosclerosis between 2014 and 2020, among whom 96 patients had the complete imaging
scan covering the intracranial vertebral artery segments. Besides, 107 patients had the
atherosclerotic lesions in the middle cerebral artery (MCA) detected by HR-MRI, and 68

patients with vertebrobasilar atherosclerotic lesions were included in the subsequent analyses.

Firstly, among 96 patients with intracranial large artery atherosclerosis (mean age = 63.41
+ 10.31 years old; 60 were male), the incomplete COW subtypes were prevalent (the
incomplete A-COW, 44.8%; the incomplete P-COW, 83.3%). Two hundred and ninety-two
intracranial atherosclerotic plaques were detected in patients with intracranial large artery
atherosclerosis (224 were asymptomatic and 68 were symptomatic). The prevalence of the
symptomatic plaques in the first segment of the MCA was observed to be 82.8% in the
incomplete A-COW subtype, and significantly higher than 48.7% in the complete A-COW
subtype (P = 0.005). Yet, no significant difference in the location of the symptomatic plaques
within the second segment of the MCA, the basilar artery, or the vertebral artery was found
between the complete and incomplete A-COW subtypes (all P values > 0.05/4 times of the

repeated comparisons).

Secondly, among 107 patients with MCA atherosclerosis (mean age = 62.50 = 11.69 years
old; 67 were male), the prevalence of the incomplete A-COW subtype was 43.0%, while that
of the incomplete P-COW subtype went up to 85.0%. One hundred and fifty-eight MCA
plaques were detected in patients with MCA atherosclerosis (96 were asymptomatic and 62

were symptomatic). Compared to the complete A-COW, the incomplete A-COW had more



inferior-wall plaques, but fewer ventral-wall plaques in the MCAs, regardless of whether the
MCA plaques were symptomatic or not (P values < 0.05). Besides, the dysplasia or absence
of the posterior communicating artery (80.4%) was the most prevalent among patients with
MCA atherosclerosis, followed by the dysplasia or absence of the anterior cerebral artery
(34.6%), the anterior communicating artery (ACoA) (29.9%), and the posterior cerebral
artery (27.1%). The dysplasia or absence of AC0A, as a typical incomplete A-COW pattern,
was then found in independent association with symptomatic MCA atherosclerosis (odds

ratio, 3.132, [95%Cl, 1.412-6.946]; P = 0.005) after controlling the potential confounders.

Thirdly, among 68 patients with vertebrobasilar artery atherosclerosis (mean age = 63.53 +
9.42 years old; 63.2% were male), the VBJ angles ranged in magnitude between 29.45° and
124.20°. 48.5% of patients with vertebrobasilar atherosclerosis had the VBJ angles > 90°,
while 51.5% possessed the VBJ angles < 90°. One hundred and thirty-one vertebrobasilar
plagques were detected in patients with vertebrobasilar artery atherosclerosis. The VBJ angles
> 90° had more vertebrobasilar plaques on the ventral walls (50.14% versus 25.49%, P =
0.003), but fewer vertebrobasilar plaques on the dorsal walls (7.32% versus 40.34%, P <
0.001) than the VBJ angles < 90°. Additionally, the values of wall thickness, luminal stenosis
and plaque burden in vertebrobasilar artery atherosclerosis were significantly increased in the
VBIJ angles > 90°, rather than the VBJ angles < 90° (all P values < 0.05). The VBJ angles >
90° also possessed more vertebrobasilar plaques with hypointensity signal, intraplaque

hemorrhage, and symptomatic status (all P values < 0.05).

Conclusion

In our research, 1) the incomplete A-COW subtype was significantly associated with the
occurrence of the symptomatic atherosclerotic lesions in the MCA-M1 segment among

patients with intracranial large artery atherosclerosis. 2) The incomplete A-COW structure



might strongly influence the MCA plaque location on the vessel walls in patients with MCA
atherosclerosis. 3) The ACoA dysplasia or absence might serve as an independent risk factor
for developing symptomatic MCA atherosclerotic lesions in patients with MCA
atherosclerosis. 4) The structure of the VBIJ angles > 90° might robustly affect the
vertebrobasilar plaque location on the vessel walls among patients with vertebrobasilar artery
atherosclerosis. 5) The VBIJ angles > 90° were significantly related to the progressive
vertebrobasilar atherosclerotic lesions in patients with vertebrobasilar artery atherosclerosis.
Accordingly, our findings highlight the important roles of the cerebral artery variations in the

occurrence and progression of ICAS among stroke patients.
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PART ONE



Chapter 1. Introduction of the thesis

1.1 Background

Ischemic stroke (IS) still remains one of the major threats to the public health and the
global economy, despite the continuous improvement of current diagnostic and therapeutic
technology and the increasing awareness of disease prevention 4. According to the literature,
the causes of IS include atherosclerosis in the intracranial large arteries, cardioembolic origin,
occlusion in the cerebral small vessels, stroke of other known causes, and stroke of unknown
causes °. There are nearly 40% of patients suffering from IS caused by intracranial
atherosclerosis (ICAS) among Asians, which are higher than those among Caucasians (15%)
or African-Americans (29%); even worse, patients with IS attributed to ICAS are at
ascending risk of stroke recurrence 2. In this thesis, therefore, we confine our attention to

ICAS.

In general, the structure and function of the intracranial vasculature impact directly upon
the cerebral hemodynamic stress, which may be linked to one of important mechanisms of
developing ICAS °. The circle of Willis (COW), especially the communicating arteries in the
anterior COW (A-COW) and the posterior COW (P-COW), has been found protective of the
intracranial arteries from blood flow stress °. Apparently, the anatomical anomaly in the A-
COW or the P-COW may produce a significant change in the cerebral hemodynamic force
12" hence the need for an exploration of the underlying role of the COW variations in the
pathogenesis of ICAS. Meanwhile, a series of numerical and experimental studies suggested
earlier that the larger vertebrobasilar junction (VBJ) angles might be associated with higher
risks of occurring atherosclerosis, which was achieved primarily via the effect on the cerebral

hemodynamic patterns 315, Accordingly, further investigation into the influence of the



varying VBJ-angle degrees on the progression of vertebrobasilar atherosclerosis is also vital

for understanding ICAS in patients with IS.

Currently, the clinical routine angiographic examinations only give limited information on
intracranial artery stenosis, which may underestimate the severity of ICAS 6. Yet, high-
resolution intracranial magnetic resonance imaging (MRI) succeeds in fulfilling a promise to
visualize the intracranial vessel-wall changes caused by ICAS 1719 Several imaging
biomarkers indicating the atherosclerotic changes in the intracranial arterial walls were
previously validated by the corresponding histological findings in our serial autopsy studies
20-22 Consistent with our observations, some imaging biomarkers, such as plaque contrast
enhancement, positive remodeling pattern, and T1-weighted hyperintensity signal, were
found to be strongly correlated with the subsequent cerebral ischemic events in other studies
23, High-resolution intracranial MRI provides clinicians and researchers with a great

convenience to investigate the underlying pathogenesis of ICAS in patients with IS.

1.2 Objectives and organization of this thesis

From 2014 to 2020, this hospital-based prospective research included 125 consecutive
adult patients with acute IS or transient ischemic attack (TIA) owing to ICAS in total, who
were admitted to the Prince of Wales Hospital. Via a three-dimensional T1-weighted
Volumetric I1Sotropically Turbo spin echo Acquisition sequence, 3.0-Tesla MRI was used for
scanning the intracranial vessel-wall changes. Based on our research experience between
2014 and 2015, the scanning protocol of high-resolution intracranial MRI was modified to
include the intracranial segments of the bilateral vertebral arteries (VAs) from 2016 to 2020.
Figure 1-1 illuminates the subject inclusion for each research chapter. Our research aimed at
describing two major cerebral vascular variations (the COW structural anomaly and the VBJ

confluence angle magnitude) among Chinese stroke patients. Then, the potential clinical



impacts of the two cerebral arterial variations on the formation and progression of intracranial

large artery atherosclerosis were explored, respectively.

Objectives:

1. To explore the relationship between the COW anatomical completeness and the
vascular locations of the intracranial large-artery atherosclerotic lesions among patients

with ICAS;

2. To investigate the correlation of the incomplete COW geometry with the essential
feature of the plaque wall orientation in the middle cerebral arteries (MCAS) among

patients with MCA atherosclerosis;

3. To describe the anatomical patterns of the incomplete A-COW and the incomplete P-
COW in patients with MCA atherosclerosis, and to examine the underlying influence
of each incomplete COW pattern on the progression of symptomatic MCA

atherosclerosis;

4. To explore the morphological characteristics of the vertebrobasilar plaque wall
orientation affected by the VBJ angle exceeding 90° among patients with

vertebrobasilar artery atherosclerosis;

5. To depict the imaging characters of the vertebrobasilar plaques quantitatively and
qualitatively in patients with vertebrobasilar artery atherosclerosis, and to investigate

the association of the VVBJ angle over 90° with vertebrobasilar artery atherosclerosis.

Organization of the thesis:

The current thesis consists of four parts, including eight chapters in total.

Part One introduces the general information about this thesis through two chapters.

Chapter 1 gives a brief overview of the thesis. Chapter 2 is the literature review entitled



‘Patterns of intracranial large artery atherosclerosis determine precision medicine for

symptomatic stroke patients: Anatomy, hemodynamics, and histopathology’.

Part Two (Chapter 3 to 5) demonstrates the potential influences of the COW structural
anomaly on intracranial large artery atherosclerosis, particularly MCA atherosclerosis.
Chapter 3 discusses the issue of the association between the anatomical integrity of the
COW and the vascular locations of the intracranial atherosclerotic plaques in acute stroke
patients due to ICAS (accepted as a Conference Abstract in the ESO-WSO 2020). Chapter 4
includes patients with MCA atherosclerosis, which is entitled ‘The pattern of plaque wall
distribution in middle cerebral artery atherosclerosis is correlated with the incomplete circle
of Willis” (published in the Frontiers in Neurology, 2021). Chapter 5 also focuses on the
patients with MCA atherosclerosis, discussing the topic of the clinical impact of the COW

anomaly patterns on the development of symptomatic MCA atherosclerosis.

Part Three (Chapter 6 and 7) shows the underlying roles of the VBJ angle exceeding 90°
in the occurrence of vertebrobasilar artery atherosclerosis. In Chapter 6, we are chiefly
concerned with the relationship between the VBJ angle over 90° and the pattern of the
vertebrobasilar plaque wall location in patients with vertebrobasilar artery atherosclerosis. In
Chapter 7, we take an interest in the observation about the involvement of the VBJ angle
more than 90° in the progression of the vertebrobasilar plaques among patients with
vertebrobasilar artery atherosclerosis (accepted as a Conference Abstract in the 89" EAS

Congress, 2021).

Part Four (Chapter 8) summarizes the findings of our research, and briefly introduces the
future study directions in the areas of stroke, particularly intracranial large artery

atherosclerosis.



Introduction of the thesis

Chapter 2
Literature review

From 2014 to 2020, stroke patients with intracranial large
artery stenosis diagnosed by routine cerebral angiography

[ {n=190)
- — Excluded (n=54):
-~ Remark: \\ | = Subacute IS/TIA (n=25);
/ VW-MRI scanning protocol started at the Y *  Chronic IS/TIA (n=29).
| BA level (2014-2015), while modified to J Patients with acute S,
\ cover the intracranial segments of the /’ (n=136)
\\ . bilateral VAs from 2016 to 2020, - Excluded (n=11):
“*\k__l_i_ _7_7_7__,/-” l = Poor image quality (n=6);
— *»  Other etiologies (n=3),

artery atherosclerosis

Patients with acute IS/TTA due to intracranial large
{n=125)

Excluded (n=18):

—20):
+ No MCA atherosclerotic lesions Excluded (0=29):
identified by VW-MRL . imaging scan of
the intracranial VAs,
Patients with MCA atherosclerotic lesions Patients with intracranial large-artery
identified by VW-MRI atherosclerotic lesions identified by VW-MRI
(n=107) (1=96)
Chapter 4 and §
Rescarch on MCA atherosclerosis Excluded (n=28): Research on ir atherosclerosis
= Absence of the VA or the BA on MRA (n=8});
+ No vertebrobasilar atherosclerotic lesions
identified by VW-MRI (n=20).
. - Patients with vertebrobasilar atherosclerotic lesions
Chapter 6 and 7 identified by VW-MRI
Research on vertebrobasilar artery atheroselerosis (n=68)

Figure 1-1. The flow chart shows the patient selection for each research chapter. BA,
basilar artery; 1S, ischemic stroke; MCA, middle cerebral artery; MRA, magnetic resonance
angiography; TIA, transient ischemic attack; VA, vertebral artery; VW-MRI, vessel-wall

magnetic resonance imaging.
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Chapter 2. Literature review
Patterns of intracranial large artery atherosclerosis determine
precision medicine for symptomatic stroke patients: Anatomy,

hemodynamics, and histopathology

2.1 Background

Ischemic stroke is a primary cause of stroke-related death and long-term disability, which
remains a serious challenge to the global public health 2. Despite recent advances in the
medical management and prevention of IS, a rise in the quantities of incident first strokes,
stroke-related deaths and disability-adjusted life-years lost has been revealed in direct
relevance to IS for the past decades * 4. The situation becomes much worse in the developing
countries, where the incidence rate of IS continues to ascend 4. Of note, ICAS leads to a
higher level of IS prevalent among Asians than that among African-Americans or Caucasians

56, As major etiology of IS, ICAS even increases the likelihood of stroke recurrence " 8.

Symptomatic ICAS occurs within any intracranial large artery where the atherosclerotic
lesions dynamically and unstably grow, and causes clinical signs or symptoms of
neurological dysfunction related to the downstream ischemia in the corresponding arterial
territory °. The development of symptomatic ICAS is independently correlated with the non-
modifiable risk factors, such as age, race and male sex 1%, The paramount modifiable risk
factors for symptomatic ICAS includes hypertension, diabetes, dyslipidemia, metabolic
syndrome and unhealthy lifestyle * 1. Besides, the structural variations in the COW are
regarded as potential risk factors for symptomatic ICAS % %2, Specific polymorphisms for

ICAS are also identified in the genome wide association analyses 1% 14,
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The progress of symptomatic ICAS has two basic features: First, the prominent function of
cerebrovascular anatomy on altering intracranial artery hemodynamics, thereby worsening
the vessel wall conditions to develop atherosclerosis °. Second, the histopathology of
intracranial atherosclerotic plaque itself characterizes the atherogenesis in the cerebral
vascular system 1°. Investigating the main patterns in symptomatic ICAS regarding anatomy,
hemodynamics and histopathology may conduce more to our understanding of this disease,
and in turn guide precise diagnostic and therapeutic strategies for stroke patients, which is
still much to discuss. This review, therefore, aims to cover the anatomical, hemodynamic and

histopathological aspects of ICAS via summarizing available and relevant literature.

2.2 Cerebrovascular anatomical variations and ICAS

The COW refers to the basic arterial linkage of cerebral blood supply from the bilateral
internal carotid arteries (ICAs) and the vertebrobasilar circulation (Figure 2-1). This arterial
anastomotic system is divided into two parts, including the anterior COW and the posterior
COW. The A-COW is comprised of the anterior communicating artery (ACoA) and the first
segments of both left and right anterior cerebral arteries (ACA-A1l). The P-COW is formed
by the bilateral posterior communicating arteries (PCoAs) and the first segments of both left

and right posterior cerebral arteries (PCA-P1).
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The circle of Willis

Figure 2-1. The typical structure of the circle of Willis (in the blue dashed outline). ACA,
anterior cerebral artery; ACoA, anterior communicating artery; BA, basilar artery; MCA,
middle cerebral artery; PCA, posterior cerebral artery; PCoA, posterior communicating

artery; VA, vertebral artery.
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The level of anatomical integrity in the COW varies substantially in different populations
1517 One recent autopsy study of 73 human brain specimens showed that only 6.8% had a
complete COW 8, The anatomical abnormalities were identified in one hundred and nineteen
arteries of the COW, 44.5% of which were found in the PCoAs '8 The other research with a
larger scale via using computed tomographic angiography (CTA) suggested that 37.1% of all
834 cases had a complete COW, which was more prevalent among female individuals *°.
Similarly, the absence of the bilateral PCoAs was the most common variation in the COW,
followed by the absence of the right PCoA and the left PCoA *°. Generally, the variation of
the COW completeness is a universal phenomenon, although the differences of the study
cohorts or the detection methods may lead to the fluctuation in the prevalence of each COW
subtype. A total of 2,246 healthy Chinese male individuals were scanned by magnetic
resonance angiography (MRA) to analyze the COW variations, of whom 12.2% possessed a
complete COW, 21.4% had an incomplete A-COW, and 83.9% showed an incomplete P-
COW 20, Another MRA study, besides, detected a complete COW in 12.7% of all 482
subjects with symptomatic carotid artery atherosclerosis, an incomplete A-COW in 40.7%,

and an incomplete P-COW in 79.7% 2L,

The arterial dimension in the cerebral vascular system differs greatly among normal
individuals as well 2223, In one research of measuring ex vivo human COW samples, high-
resolution magnetic resonance imaging (HR-MRI) precisely revealed the considerable
variability in the vessel wall thickness throughout the whole arteries of the COW 24 On
average, patients with cerebrovascular disease had thicker vessel walls in the COW,
compared to those without cerebrovascular disease 24, In another MRA study of Kosovo’s
population, a larger diameter of the PCoA and a longer dimension of the ACoA were
observed in female, whereas male subjects possessed significantly larger sizes of other

arteries in the COW 2°, Differences in the arterial diameters of the COW were also significant
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between the subjects less than and more than 40 years old ?°. Evidence is now mounting to
present the anatomical variability of the intracranial arterial segments. The mean luminal
diameter of the basilar arteries (BAs) was reported in inverse association with the COW
completeness 6. The luminal sizes of the ICAs and the VAs were significantly different
between sub-groups on sexes, or between left and right sides 7. Notably, various types of
anatomical variations in the MCAs, like the curve orientation or the branching pattern in the

MCA-M1 segment, were recognized in the recent clinical studies 2% 2°,

These anatomical variations in the intracranial vasculature were of potential importance in
the clinical practice for stroke patients. An incomplete COW might serve as an independent
risk factor for developing unstable carotid atherosclerotic plaques with intra-plaque
hemorrhage (IPH) 2. On the other hand, a complete structure of the COW might be a
protective factor against white matter hyperintensities in patients with severe unilateral ICA
atherosclerotic stenosis °. Importantly, the assessment on the COW completeness with a
scoring system (0-2: poor integrity; 3-6: good integrity) further suggested that a low integrity
score (0-2) of symptomatic patients with severe ICAS was shown in significant correlation
with a high stroke recurrence risk 3% 32, A study on the distinct geometry of the MCA, in
addition, found that a curved M1 segment with an inferior orientation was independently
related to a decreased risk of stroke occurrence 2. These clinical results demonstrated that the
anatomical variability in the intracranial vascular system might help with the risk
stratification for patients with symptomatic ICAS. Interestingly, some current case reports
observed a possible relationship between the COW anomaly and the entity of deadly or rare
cerebral infarction 334, which might provide insight into the underlying stroke pathogenesis
in terms of the intracranial artery variations. Future clinical research is needed to elucidate

this phenomenon.

2.3 Hemodynamics in ICAS
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Intracranial artery hemodynamics should be continually reappraised, as the occurrence and

development of atherosclerotic lesions are largely influenced by the significant changes to the

hemodynamics within the intracranial atherosclerotic arteries % 3 36, This process involves

multi-factors, namely post-ischemic hypo-perfusion, collateral compensation from the COW,

as well as cerebral micro-emboli (Table 2-1), which may have a further impact on the

therapeutic options and overall outcomes for symptomatic patients with ICAS 37-%,

Table 2-1. A summary of the potential methods of monitoring hemodynamic factors in

intracranial atherosclerosis.

Hemodynamic
factors Potential monitoring methods

Arteries investigated
in the studies

Authors

Post-ischemic hypo-  Fluid-attenuated inversion recovery

perfusion

The COW collateral

vascular hyperintensity
Delta waves

Upper extremity somatosensory evoked
potentials

Eight-channel electroencephalography

Total cerebral blood flow

compensation

Cerebral micro-

emboli

Cerebral blood flow velocity
Blood flow rate

Cerebral micro-embolic signal
Cerebral micro-embolic signal

Cerebral micro-embolic signal

MCA-M2
MCA

Carotid artery
Carotid artery
ICA

MCA

Carotid artery / MCA /
ACA-A2

MCA
ICA

Carotid artery

Nomura T, et al 46
Sakamoto S, et al 4/
Khattar NK, et al 48
Khattar NK, et al 48
Zarrinkoob L, et al ®°
Wei W, et al
Zarrinkoob L, et al &1
Sun DJ, etal ®
Farina F, et al "

Spence JD 7

ACA, anterior cerebral artery; COW, circle of Willis; ICA, internal carotid artery; MCA,

middle cerebral artery.
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2.3.1 Cerebral hypo-perfusion and ICAS

Early cerebral hemisphere hypo-perfusion caused by the blocked intracranial artery may
result in relevant clinical symptoms of neurological dysfunction in patients with IS or TIA 4
42 Consequently, the treatment strategy for intracranial artery steno-occlusion is designed to
address a real issue of recanalization for this obstructive cerebral vessel. During post-
ischemic reperfusion, yet, cerebral hypo-perfusion may still progress in either peripheral or
central ischemic territories, which thus may induce lower availability of oxygen and even
aggravate tissue impairment in the brain 4. Under such circumstances, therapeutic
management should aim at ensuring the maintenance of cerebral blood flow (CBF) and
avoiding persistent post-ischemic hypo-perfusion in the impaired brain region 4+ 45, This
pathophysiologic perception of ICAS stresses the importance of monitoring hemodynamic

process, which may be beneficial to guiding therapy choice for these patients.

A growing number of research demonstrated that cerebral hypo-perfusion status could be
quantitatively analyzed in patients with ICAS. For example, higher signal intensity of fluid-
attenuated inversion recovery vascular hyperintensity within the MCA-M2 segment might
reflect severer hypo-perfused territory of the occlusive MCA-M1 segment “6. An interesting
clinical case of a patient with MCA occlusion undergoing extracranial-intracranial bypass
surgery also indicated that the cerebral hypo-perfusion areas were distributed with delta
waves before surgery, whereas these waves could not be detected after operation when the
CBF was improved #’. Besides, a large study cohort of 584 subjects with carotid artery
stenosis evaluated the perioperative conditions of stroke after carotid endarterectomy
treatment %8, One of the results showed that the cerebral hypo-perfusion in these patients
could be monitored during intraoperative management by upper extremity somatosensory
evoked potentials and eight-channel electroencephalography “. These results may imply the

further utilization in ICAS.
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Monitoring cerebral hypo-perfusion is of clinical importance in ICAS. In the impaired
hemisphere of patients with acute IS, the hypo-perfusion region where the steno-occlusive
cerebral arteries could not be compensated was associated with the pathologically increased
levels of oxygen extraction fraction, a marker suggestive of the brain area at risk *°. In
another study of 787 consecutive patients with acute IS in anterior circulation, the cerebral
hypo-perfusion was reported the most common in the unilateral occlusive ICAs, rather than
in the unilateral occlusive MCAs 0. This finding implied that cerebral hypo-perfusion might
differentiate high-risk arterial territories in anterior circulation. As also revealed in patients
with acute IS, the area of moderately hypo-perfused lesion was independently related to the
occurrence of brain parenchymal hematoma after treated with intra-arterial tissue-type
plasminogen activator 1. Moreover, cerebral hypo-perfusion in an arterial territory owing to
severe intracranial atherosclerotic  steno-occlusion might suggest endovascular

revascularization therapy as a priority to these stroke patients %2,

2.3.2 The COW collateral compensation and ICAS

Cerebral collateral circulation may, as needed, supplement an encephalic arterial lesion
with additional perfusion of nutrients, if the cerebrovascular disease has decreased or
obstructed the main cerebral blood supply to that region. It should be emphasized that the
COW functions as the most pivotal compensatory pathway in the collateral circulation,
especially when intracranial artery steno-occlusion occurs %3 54, Fundamentally, the size, the
existence or the absence of the major arterial components in the COW may determine its
capacity for compensating collateral blood supply for intracranial steno-occlusive lesions >,
Better collateral compensation from the COW is supposed to indicate higher possibility of
successful reperfusion in the symptomatic intracranial atherosclerotic lesions, which may

even help to improve stroke outcomes with thrombolytic or endovascular therapy 53 54 %8,
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It is also obvious from the basic features of symptomatic ICAS process that intracranial
artery hemodynamics may be mostly affected by the COW structure and its collateral
compensation, which ultimately decides the progress and outcome of the patients. One HR
phase-contrast MRI study demonstrated that the distribution of the total CBF in the
contralateral ICA was higher than that in the ipsilateral ICA, when the ACA-A1 segment was
found absent or hypoplastic in the healthy adult individuals %°. In stroke patients, moreover,
the severe unilateral ICA stenosis itself could significantly diminish the CBF velocity of the
ipsilateral MCA 9. Yet, this CBF velocity was significantly elevated, when the ACoA was
the only collateral pathway, rather than the PCoA 9. This observation indicated that the
damaged cerebral perfusion of severe unilateral ICA stenosis might be better compensated
through the ACoA collaterals . Another recent research on patients with carotid steno-
occlusion further showed that an increase in blood flow rate (BFR) was detected in the
contralateral carotid artery, compared to that in the ipsilateral carotid artery . The
contralateral ICA via the ACA-A1 segment served as main collaterals to equalize the BFR
and to supply the bilateral territories of the ACAs 1. The collaterals could compensate the
BFR of the ipsilateral MCA and the ipsilateral ACA-A2 segment 5. Clearly, the role of the
COW collateral compensation in altering cerebral artery hemodynamics draws our attention
to the importance of evaluating the COW collateral status based on the entire intracranial
vasculature, and this strategy will put ICAS patients in a favorable position to predict their

prognosis 6264,

2.3.3 Cerebral micro-emboli and ICAS

The pathology of ICAS regarding intracranial artery hemodynamics includes micro-
embolic injury in the brain as well. Hypo-perfusion or inadequate collateral flows after
intracranial artery steno-occlusion may not wash out perilous cerebral micro-emboli, which

potentially contributes to subsequent thromboembolic events or recurrent stroke 95-68, Qur

18



prior study indicated that cerebral micro-emboli in symptomatic MCA stenosis were more
commonly detectable in the high degree of intracranial ICA calcification on the ipsilateral
side . This finding widened the scope of knowledge on underlying mechanisms of ICAS
that the hemodynamic clearance of cerebral micro-emboli might be damaged in the

downstream arterial territory, when the upstream intracranial artery was highly calcified ©°.

Sources of active cerebral micro-emboli are heterogeneous, but those micro-emboli from
cardiovascular origin are beyond our discussion in ICAS. Atherosclerosis or platelet-rich
fibrin may generate cerebral micro-emboli causing micro-infarcts, which were reported in
strong relevance to ICAS by an autopsy study °. For instance, the micro-emboli of the
ipsilateral MCA were mainly derived from the ulcerated plaques and the intraluminal
thrombus in severe ICA atherosclerotic stenosis 1. Notably, numerous cerebral micro-emboli
may even originate from vwvulnerable carotid plaques after mechanically therapeutic

procedures 72,

Despite various origins of cerebral micro-emboli that possibly lead to a highly variable
course, detecting the occurrence or development of cerebral micro-embolic signals (MES) via
transcranial ultrasound may give valuable clues to assessing ICAS conditions in symptomatic
stroke patients "> 7. The presence of cerebral MES was significantly correlated with plaque
vulnerability and neurological function decline . Besides, the prevalence of cerebral MES
was higher in symptomatic patients with ICAS than that in asymptomatic patients . More
importantly, higher MES in ICAS patients after endovascular therapy was found in
significant association with severer ipsilateral ICA steno-occlusion, lower collateral status,
and insufficient arterial recanalization 6. On the contrary, a reduction in the cerebral MES
might be related to the stabilization of carotid plaques after intensive medical treatment 77,
These investigations, along with other evidence that cerebral micro-emboli might largely

result in silent stroke and impaired cognition, all highlighted the functional role of MES in
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prognosticating ICAS after interventions 882, However, some observation with a large study
sample size also revealed low sensitivity of investigating the incidence of cerebral MES
among unselected patients with IS 8. For this reason, the clinical routine implement of
monitoring cerebral MES should still be critically evaluated with more convincing research

on whether cerebral MES could serve as a reliable parameter in ICAS patients 74,

2.4 Histopathology of ICAS

2.4.1 Luminal stenosis in ICAS

Modern medical assessment of ICAS is mainly dependent on the angiographic
measurement of luminal stenosis expressed as a percentage score of the complete vascular
lumen . It is clear that grading the severity of luminal stenosis in the intracranial arteries can
act as a rough guide to the medical management. In this regard, evaluating evolutionary
growth of luminal stenosis after medical or endovascular therapy may help with stratifying
the risks of stroke recurrence over the long term 8. In a Warfarin versus Aspirin for
Symptomatic Intracranial Disease (WASID) trial, 70-99% atherosclerotic stenosis in an
intracranial artery was defined as ‘severe’, and proved to be an independent risk factor for
stroke recurrence 8. Nevertheless, the reality of clinical practice was always more
complicated. 50-69% stenosis was regarded as ‘moderate’ in ICAS, but did not catch as much
attention as severe stenosis . In ICAS patients with moderate narrowing, the incidence rate
of recurrent stroke was still up to ten percent within a year, also as shown in the WASID
study . Even worse, the significant association of less than 50% luminal stenosis with a risk

of stroke recurrence was reported in patients with advanced ICAS &7

There are overwhelming evidence showing that the anatomical stenosis estimated by
angiography may not entirely reflect all the conditions of ICAS 8. For instance, the luminal

stenosis might not represent the functional status of distal flow limitation in the intracranial
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atherosclerotic arteries &. A recent Chinese ICAS cohort study further clarified that a worse
hemodynamic state in moderate-to-severe MCA-M1 stenosis, rather than a higher luminal
stenosis degree, significantly elevated the possibility of developing severer white matter
changes in the ipsilateral cerebral hemisphere 8. Another case also proved the limitation of
sole reliance on grading luminal stenosis. The occurrence of acute cerebral infarction caused
by symptomatic MCA stenosis was found to be correlated with plaque enhancement and
downstream perfusion damage, but not with arterial stenosis percentage . In the future,
consequently, patients with symptomatic ICAS may better benefit from the practical
combination of measuring arterial lumen stenosis with other clinical information, like the
hemodynamic parameters quantified by computational fluid dynamics or the features of

plaque stability °% %2,

2.4.2 Plaque components and morphology in ICAS

Based on a revised system of the American Heart Association Classification
atherosclerotic plagues have distinct histopathological characteristics at each stage. Non-
diseased vascular segments are free from the intimal thickening or the inflammatory
infiltration. In the early stage of atherosclerotic plaques, intimal thickening is identified as
accumulative smooth muscle cells (SMCs), fatty streak as an accumulation of foamy
macrophages, and pathological intimal thickening as amassed SMCs and proteoglycans. In
the advanced stage of plaques, fibrosis is shown as collagen rich, fibro-calcification as
calcified, and fibro-lipid as lipid-rich tissue covered by a fibrous cap with a lipid core or
calcification (over 40% of the lipid area). Atherosclerotic plaques are regarded as
complicated advanced in virtue of IPH, a rupturing fibrous cap, a chronic complete steno-

occlusion and an eroded luminal surface (Figure 2-2).
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Figure 2-2. Representative components of a vulnerable atherosclerotic plague. IPH,

intra-plaque hemorrhage.
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This categorization system of plague components is widely utilized in the clinical field,
and is beneficial for the risk stratification in ICAS. Our previous study demonstrated that the
plaques with lipid area more than 40%, IPH, neovasculature or thrombus were more
prevalent in the symptomatic MCA atherosclerotic lesions related to cerebral infarcts °. The
infiltration of macrophages and T lymphocytes within the MCA lesions was also reported in
correlation with cerebral infarcts °*. Lipid area and intra-plaque neovasculature, together with
luminal stenosis, were independently associated with the risks of occurring ischemic events
in the MCA territory °. As another typical alteration in the morphology, the patterns of
plaque wall thickening can be categorized into eccentric and concentric. We found that the
differences of plaque burden and cerebral infarctions were not significant between eccentric
and concentric patterns of the MCA plaques, implying no relevance of both geometric
patterns to the elevated risks in the MCA lesions %. On the other hand, the simultaneous
occurrence of eccentric and concentric plaque wall thickening within the BA lesions was

suggested as the advanced stage of ICAS along with an increased risk of developing IS .

Other ICAS research further indicated that the development and progression of intracranial
atherosclerotic lesions might have their own rules. The atherosclerotic plaques were
systematically explored in both large and small arteries along the entire COW 7. The
intracranial large arteries, including the ICA, the MCA, the BA and the VA, were more
vulnerable to developing the early and advanced atherosclerotic plaques . Interestingly, the
VA was the most likely to grow external elastic lamina, high-density elastin fibrous media
and calcification °7. Another histopathological evidence was the difference of the adventitial
vasa vasorum (VV) among the intracranial atherosclerotic large arteries from our postmortem
research 8, The VV may function as a determinant in the formation, development and
destabilization of atherosclerotic plaques %. Compared with the BA and the MCA, the VA

had a higher occurrence of the adventitial VV %, The adventitial VV in the VA was
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significantly related to the progressive atherosclerotic lesions with heavier plaque burden,
severer luminal narrowing, as well as more plaques of concentricity and calcification .
Moreover, the VA with the adventitial VV was characterized by larger luminal diameter,

thicker vessel wall, and wider intima-media than the VVV-free VA 9,

More examples could be given that the histopathological characters of atherosclerotic
lesions were robustly associated with the spatial distributions of plaques throughout the
intracranial arterial tree. Our prior autopsy study revealed that the MCA atherosclerotic
lesions possessed severer degree of luminal stenosis and more plaques of eccentricity than the
BA lesions and the VA lesions, while the BA lesions had more luminal thrombi, and the VA
lesions were more possible to grow calcified 1%, It was reasonable to assume that the
respective risk factors and stroke mechanisms of ICAS in anterior and posterior circulation
led to the individual histopathology of atherosclerotic lesions within the intracranial
vasculature 10193 Apparently, future research is eagerly required to explain thoroughly why
the histomorphological changes in the atherosclerotic lesions may differ among various

segments of the intracranial arterial tree.

2.4.3 Plaque vulnerability in ICAS

The occurrence of ICAS runs through the whole life of human beings, but the largest part
of atherosclerotic plaques in the COW stay in an early and stable condition, without inducing
any downstream infarct in the vascular territory *°. Those complicated advanced plaques,
which are also described as “vulnerable”, may often cause life-threatening cerebral
thrombosis during the exacerbation of ICAS %°. Accordingly, discriminating vulnerable
plaques in patients with ICAS has a certain value from the perspectives of both researchers
and clinicians. The plaque vulnerability, for example, was shown to be correlated with

arterial embolization in the multiple lesions of MCA infarction 1%, This finding demonstrated
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that the unstable or ruptured atherosclerotic plaques generated many arterial emboli, and

might further lead to ischemia in the several downstream regions of the MCA %, These

vulnerable atherosclerotic plaques not only predicted artery-to-artery embolism as an

intracranial artery infarction pattern, but also independently indicated the increased likelihood

of occurring recurrent stroke in symptomatic ICAS 10197, Current studies validated in more

detail that the prominent features of plaque vulnerability, such as IPH, fibrous cap rupture

and lipid-rich core necrosis (Table 2-2), might be conducive to the characterization of

symptomatic ICAS and the identification of stroke patients at greater risks 198-119,

Table 2-2. A summary of the potential clinical value of the wvulnerable plaque

components in intracranial atherosclerosis.

Plaque Arteries investigated
features Potential clinical value in the studies Authors
Intra-plaque !ndependent!y rel_ated to cqrycal cerebral micro- Carotid artery Takasugi J, et al 12
hemorrhage infarcts and impaired cognition
Independent risk factor for severe intracranial - 13
atherosclerotic stenosis IO AU, B
Related to a high rate of acute ischemic events BA Yu JH, et al 11°
Posmvely rela_ted to the |nfarct|or_1 vol_ume and the MCA Shen M, et al 16
maximum region of deep subcortical infarction
EE:S:J:’ cap Moderate-to-severe carotid stenosis Carotid artery Gao T, etal 1/

Lipid-rich core
necrosis

Symptomatic carotid atherosclerotic lesions

Positively related to the carotid plague intima-
media thickness

Independently predicted cerebrovascular events
within a year

Coexisting carotid plaque necrotic core with
intracranial atherosclerotic stenosis independently
predicted cerebral artery infarcts in a year

A potential indicator for a heavy plaque burden

A potential therapeutic target for plaque
stabilization

Carotid artery

Intracranial
atherosclerotic arteries

Carotid artery

Carotid artery

BA

Intracranial
atherosclerotic arteries

Millon A, et al 105
Iwakiri T, et al 123

LiJ, et al 124

LiJ, etal 1%

Lee YK, et al 126

Rollo M, et al 120

BA, basilar artery; MCA, middle cerebral artery.
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IPH is an essential marker for identifying the extra-intracranial vulnerable plaques and
stratifying the risks among patients with ICAS !, The existence of IPH in the carotid
plaques was independently correlated with the elevated possibility of developing cortical
cerebral micro-infarcts and impaired cognition in patients with carotid artery atherosclerosis
112 “Interestingly, the carotid plaque IPH might also act as an independent risk factor for
severe atherosclerotic stenosis in the intracranial arteries '3, Compared with the extracranial
carotid arteries (ECAs) evolving into atherosclerosis, however, the intracranial
atherosclerotic arteries were observed to have higher incidence rates of IPH (25% and 13.5%)
and severe stenotic narrowing (26.9% and 9.6%) among Asian patients with symptomatic 1S
14 Detecting IPH is particularly useful in ICAS. IPH within the BA plaques was
significantly more common in the symptomatic BA lesions, as well as in the severer stenotic
BAs, which was related to a high rate of acute ischemic events . Moreover, the MCA
plaque IPH was revealed in positive correlation with the infarction volume and the maximum
region of deep subcortical infarction, which provided insight into investigating the etiology of

MCA atherosclerosis for patients with acute IS 116,

Fibrous cap rupture is another obvious target for defining plaque vulnerability. The change
in status of fibrous cap is determined by the development of atherosclerotic plaques, which
means the more advanced a plaque, the less intact a fibrous cap 1%. The fibrous cap thinning
or rupture was more prevalently detected in patients with moderate-to-severe carotid artery
atherosclerosis 7, while a higher frequency of the ruptured fibrous cap was also found in the
symptomatic carotid atherosclerotic lesions than that in the asymptomatic lesions 1%, Various
studies showed that the process of fibrous cap rupture might be multifactorial. The fibrous
cap rupture of carotid artery plaques was stimulated by the inflammatory cytokines and

proteinase secreted from the infiltrating macrophages and T cells, which then led to
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symptomatic carotid artery atherosclerosis 8. Another plausible explanation might be
offered that the rupture of plaque fibrous cap might result from the pulsatile pressure on the
vessel wall owning to blood flow, and subsequently cause thrombotic events 7. It was also
suggested in ICAS that the plaque with fibrous cap eroded in the severest atherosclerotic
narrowing of the MCA-M1 segment was formed under the high wall shear stress (WSS)
during the systolic phase of cardiac cycle *°. As yet little was known about fibrous cap

rupture and ICAS, hence an in-depth investigation into testifying to their relationship.

Assessing the state of a lipid-rich core in the vulnerable plaques may help with a sound
understanding of ICAS 129122 An earlier autopsy study reported that the presence of a lipid-
rich necrotic core in the intracranial atherosclerotic arteries was positively correlated with the
carotid plaque intima-media thickness, implying the advanced alteration in the atherosclerotic
vessel walls 2, Similarly, the lipid-rich core necrosis was shown in significant relevance to
the carotid plaque surface irregularity, which independently suggested cerebrovascular events
within a year 124, Besides, the coexistence of a carotid plaque necrotic core with intracranial
atherosclerotic stenosis also independently predicted cerebral artery infarcts in one year of
follow-up 1%, More importantly, recent research valued a necrotic core as a potential
indicator for a heavy plaque burden in BA atherosclerosis 1%, Among ICAS patients with
instable or ruptured plaques, above all, lipid-rich core necrosis may be considered as a
diagnostic biomarker for plaque vulnerability, or even a therapeutic target for plaque

stabilization 120,

Apart from the above discussion of vulnerable plaque components, the relationship
between plaque vulnerability and other systemic factors was further explored in symptomatic
stroke patients. The independent association of systolic blood pressure with IPH was
concluded, after adjustment for the conventional cardiovascular risk factors *?7. In addition,

the incomplete structure of the COW was independently related to the development of carotid
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plaque IPH, indicating the impact of the COW completeness upon the carotid plaque
vulnerability ?1. Considering the compensatory role of the COW in maintaining cerebral
blood supply, the cerebrovascular hemodynamics and the progression of plague vulnerability
may be linked in ICAS patients. In other words, a direct connection between anatomical-
hemodynamic and histopathological patterns may be established in symptomatic ICAS,

which should be elucidated specifically in future studies.

2.5 Arterial remodeling in ICAS

As an autoregulation pattern responding to atherosclerotic narrowing, arterial remodeling
plays a critical role in the pathogenesis of ICAS, including positive remodeling (PR) and
negative remodeling (NR) 2810, In general, the PR pattern may enlarge the luminal area in
compensation, hold the actual use of vascular lumen in reserve, and ease the stenotic
condition 3L, Contrariwise, the NR pattern may paradoxically constrict the blood vessel in
the atherosclerotic lesion 3. Growing evidence have suggested the involvement of genetic,
cellular, humoral and hemodynamic factors with arterial remodeling in ICAS. Single
nucleotide polymorphisms, like ring finger protein 213 (RNF213) gene variants, were
considered in correlation with NR of the atherosclerotic MCAs %2, Besides, increased levels
of antithyroid peroxidase-antibody might affect arterial remodeling in ICAS through directly
activating the media-to-intima migration of vascular smooth muscle cells 3. The chronic
stimulation of high WSS might outward remodel the intracranial atherosclerotic arteries and

destabilize the vulnerable plaques as well 134,

Confirming the arterial remodeling patterns is meaningful in ICAS. First, the PR pattern
was significantly correlated with MESs and multiple infarcts in patients with MCA
atherosclerosis 1** 136 which implied the potential role of determining the arterial remodeling

patterns in illuminating stroke mechanisms of ICAS. Second, ICAS patients may benefit
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from differentiating the arterial remodeling patterns, when stratified risks for acute ischemia.
For instance, the PR pattern of the atherosclerotic MCAs was revealed in significant
relevance to the symptomatic lesions, a larger plaque area, as well as a higher score of
National Institute of Health stroke scale 3" 138 Additionally, recent evidence in a Meta-
analysis further demonstrated that PR of the intracranial atherosclerotic lesions was
significantly related to the acute occurrence of vascular infarction in the downstream territory
139 An explanation in this study was given that PR was suggestive of higher plaque
vulnerability, compared to NR in the same stenotic state 3. Third, evaluating the arterial
remodeling patterns may also be helpful in the prognosis of ICAS patients. Another systemic
review reported the significant association of the PR pattern detected in the non-stenotic
intracranial arteries with several risk factors for IS and overall outcomes of neurological
dysfunction ', However, a higher prevalence of perforator ostia occlusion after BA
endovascular therapy was observed in the NR pattern (27.3%) than that in the PR pattern (0%)
among symptomatic patients with BA atherosclerosis 4%, This research speculated that the
luminal area that could be dilated might be smaller in the NR site, where more pressure might
act on the plagque during mechanical procedures 4°. Micro-emboli generated from the plaque

might then spread more widely, thereby more likely causing perforator stroke 14°,

Of note, the arterial walls in various intracranial segments may display different vascular
remodeling patterns 141, Among patients with ICAS, the posterior-circulation arteries showed
the PR pattern more frequently and carried a heavier plaque burden than the anterior-
circulation arteries, which suggested that the intracranial arteries in posterior circulation
might be more capable of PR in reaction to the formation of atherosclerotic plaques 42
Nevertheless, the underlying mechanism is still unclear. Given the mentioned multi-factors

involved in arterial remodeling of ICAS, further studies that are investigating the arterial
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remodeling process need to consider the characteristics of the intracranial atherosclerotic

lesions concerning anatomy, hemodynamics, and histopathology 4.

2.6 Precise evaluation of ICAS

A first challenge to assess ICAS has to be faced at the early stage when the symptomatic
lesion is fresh and routine brain imaging is normal 3. Cerebral angiographic tools can
determine the severity of stenosis in the arterial lumen, but cannot provide more details about
the pathological characters of the intracranial atherosclerotic lesions in relation to subsequent
thrombotic events 144, Obviously, grading the stenotic conditions alone may lead to the sole
focus on advanced ICAS, and ignore the early risks of atherosclerotic lesions 8. More studies
then put emphasis on evaluating intracranial atherosclerotic plaque itself, instead of only
measuring the maximal narrowing degree in the arterial lumen 45147, As an emerging
noninvasive diagnostic technique, HR-MRI can describe valuable morphological changes in
the intracranial atherosclerotic lesions in vivo, and differentiate ICAS from other stroke
etiology 145 148150 HR-MRI favors the accurate assessment of ICAS via localizing the high-

risk plaques in the intracranial arteries from various aspects °1,

HR-MRI could characterize the plague components in MCA atherosclerosis, including IPH
and fibrous cap %2, High signal intensity on T1-weighted fat-suppressed images (HST1) of
the MCA atherosclerotic plaques were measured by HR-MRI, and was highly implicit in an
existence of fresh IPH 153, The occurrence of HST1 was higher in the symptomatic MCA
atherosclerotic lesion than that in the asymptomatic lesion, and was implied in association
with ipsilateral stroke %3, HR-MRI could also identify the plaque wall distribution in MCA
atherosclerosis 1>+, The MCA atherosclerotic plaques mainly lay on the ventral and inferior
vessel walls 154, Compared with the asymptomatic plaques, the symptomatic MCA plaques

were located in more superior but fewer inferior walls 4 Similarly, the plaques in
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penetrating artery infarctions were positively correlated with the superior wall, but negatively
with the ventral and inferior walls >, HR-MRI could be applied to calculating remodeling
index (RI) in advanced BA atherosclerosis 128, Compared to the NR (Rl < 1.05) lesions, the
PR (RI > 1.05) lesions were more often detected in advanced BA atherosclerosis, with bigger
plaque size and larger percent of plaque burden %2, The PR pattern was indicated in

significant relevance to plaque instability and cerebral thrombosis %2,

HR-MRI could precisely classify the pathologies of different entities in intracranial artery
stenosis 1157 and even elucidate stroke mechanisms of ICAS 150 158,159 For example, the
wall imaging enhancement pattern might be shown as ‘eccentric’ in the intracranial
atherosclerotic lesions, but ‘concentric’ in the cerebral inflammatory vessels . Based on the
vascular remodeling patterns and the plaque features, the distinction between branch
occlusive disease (BOD) and non-BOD in ICAS could be drawn as well 1%, However,
current research pointed out the inadequacy of HR-MRI, like severely overestimating the
measurements of the vessel wall thickness 1. The early vessel wall thickening caused by
ICAS was hardly distinguishable from the normal vessel walls in such circumstance 16°,
Further evidence is still required, and new insight into the accurate evaluation of ICAS

should be given by well-designed HR-MRI research.

2.7 Treatment perspectives and conclusions

The current approach to preventing recurrent stroke in patients with symptomatic ICAS
generally includes the aggressive control of the cerebrovascular risk factors, the medical
therapy to stabilize vulnerable plaques, and the endovascular intervention to improve cerebral
perfusion 162164 |t is clear from numerous studies that the evolutionary change in the
atherosclerotic lesions may be associated with the individual condition and the therapeutic

option for these ICAS patients 165167, The regressive course of asymptomatic ICAS was
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independently correlated with the low levels of fasting glucose and the angiotensin-receptor
blocker treatment, whereas the symptomatic ICAS regression were found in independent
relevance to the high levels of high-density lipoprotein cholesterol and the cilostazol therapy
168 - Although high-dose statin could stabilize the symptomatic plaques, the ICAS patients
using high-dose statin still suffered from ischemic events in the cerebrovascular territory,

particularly among those with BOD etiology 15 179,

Selecting high-risk patients with symptomatic ICAS for precision medicine depends on a
thorough knowledge of the underlying pathogenesis of ICAS regarding the anatomical,
hemodynamic and histopathological patterns. Modern medical treatment for plagque
stabilization and risk factor modification may mainly target the vulnerable atherosclerotic
plaques causing artery-to-artery embolism, while endovascular revascularization may be the
most advantageous to the cerebral hypo-perfused regions in ICAS ' 52, Of note, even
succeeded by the endovascular thrombectomy, the symptomatic ICAS patients might derive
an early benefit from the personalized hemodynamic control X, A joint reflection on the
unique anatomical structure of the intracranial vasculature, the significant changes to the
cerebrovascular hemodynamics and the pivotal histopathological characteristics of the
atherosclerotic lesions is essential throughout the development of a therapeutic strategy for

these ICAS patients.

Furthermore, precision medicine also provides a wider perspective on the medical
management of symptomatic ICAS, bringing other dominant factors and potential drugs to
our notice. The genetic variation of RNF213 in ICAS patients was identified to have a pivotal
effect on the intracranial artery diameter and hemodynamics 172. A three-month therapy with
catechin might maintain endothelial function and protect the intracranial vessel walls from

severe dyslipidemia, thereby resulting in the preservation of CBF 73, Considering the exact
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functions of the RNF213 variants and catechin in regulating ICAS conditions, the use of

polymorphisms and medicines with high specificity will be feasible in the clinical field.

In conclusion, symptomatic ICAS confers an increased risk of stroke recurrence, especially
among Asians. The progression of symptomatic ICAS involves multiple factors with regard
to the intracranial artery anatomy, hemodynamics and histopathology. In addition to the
degree of luminal stenosis, the anatomical, hemodynamic and histopathological characters of
the targeted intracranial atherosclerotic lesions need to be taken into consideration, when we
evaluate the conditions of symptomatic ICAS for these stroke patients. HR-MRI may serve as
a favorable cerebral imaging modality of selecting the high-risk patients for precision
medicine. In the near future, the customized diagnostic and therapeutic strategies are believed

to yield a reduced rate of recurrent stroke in patients with symptomatic ICAS.
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Chapter 3. Association of the circle of Willis integrity with the
vascular location of intracranial atherosclerosis in acute patients

with ischemic stroke

3.1 Background

ICAS is the most common cause of ischemic stroke, and has the highest rate of stroke
recurrence among Asians 3. This disease involves the intracranial large arteries in growing
atherosclerotic plaques that may cause subsequent ischemia in the corresponding arterial
territory 4 5. Generally, the formation and development of intracranial atherosclerotic plaques
may be affected by the hemodynamic function depending on the anatomical structure in the
cerebrovascular system 68, Of note, the structural variants of the COW are considerable
among the normal individuals, and may play a pivotal role in regulating the hemodynamic
state of the intracranial large arteries ®!. However, little is discussed the underlying
influence of the COW structural variability on the occurrence and progression of

atherosclerosis along the intracranial vasculature.

This study aimed at investigating the correlation of the anatomical completeness of the
COW with the vascular distribution of atherosclerosis within the major intracranial large
arteries among acute stroke patients due to ICAS. We hypothesized that the structural
integrity of the COW differs among patients with ICAS, and may have a great effect on the
nonrandom vascular location of intracranial atherosclerotic lesions 2. Our observation may
further the understanding of the underlying role of the COW variations in the progression of

intracranial large artery atherosclerosis among patients with acute IS.
3.2 Methods

3.2.1 Study subjects
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A hospital-based prospective database was analyzed in the current study. Consecutive
adult patients were recruited between 2014 and 2020, when admitted to the Prince of Wales
Hospital. Subjects with the following conditions were included in this study: first-ever acute
IS or TIA in seven days; at least one intracranial large artery stenosis verified by MRA or
digital subtraction angiography (DSA); complete imaging scan covering the intracranial
segments of the bilateral VAs. Subjects were excluded, if suffering from non-atherosclerotic
stenosis (vasculitis, dissection, or moyamoya disease), cardio-embolism (atrial fibrillation or
valvular heart diseases), coexistence of more than 50% stenosis of the ICA and/or the ECA,
any known Dbrain tumor or vascular malformation, history of cerebral artery
surgical/interventional procedure or recurrent stroke, or contraindications to MRI. The patient
clinical information at admission (age, sex, hypertension, hyperlipidemia, diabetes and
smoking status) were collected during hospitalization. This study was approved by an
institutional review board, and followed the Declaration of Helsinki. Each participant signed

the written informed consent before recruitment.

3.2.2 Imaging protocol

A 3.0-Tesla Achieva magnetic resonance system with a standardized eight-channel head
coil (Philips Healthcare, Cleveland, OH, USA) was utilized to scan all the subjects. The
imaging protocol comprised a Time-Of-Flight (TOF) MRA sequence and a transverse three-
dimensional T1-weighted (T1w) Volumetric ISotropically Turbo spin echo Acquisition
(VISTA) sequence before and after administrating a contrast agent containing gadolinium
with 0.1 mL/kg to every patient (Dotarem, Gadoteric acid 0.5 mmol/mL, Guerbet, Roissy
CdG Cedex, France). The TOF MRA sequence parameters included field-of-view (FOV)
200*200*56mm?, acquired resolution 0.4*0.6*0.7mm?3, time-of-repetition (TR)/time-of-echo
(TE) 23/3.5ms, and scan duration 3:07min. The imaging parameters for the Tlw VISTA

sequence were as follows: FOV 200*167*45mm3, acquired resolution 0.6*0.6*1.0mm?,
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reconstructed resolution 0.5*0.5*0.5 mm? with zero filling, TR 1500ms, TE 36ms, turbo-
spin-echo + startup echoes 56+6, echo spacing 4.0ms, SENSE factor 1.5 with phase-encode

direction, and scan duration 6:51min.

3.2.3 Imaging evaluation

Visual image assessment was conducted on the source images with axial orientation, as
well as on the three-dimensional reconstructed images. Image quality evaluation was based
on a three-point scale (3: excellent, 2: adequate, and 1: poor). Images graded over two were

used for the subsequent imaging analyses.

Two observers were blind to the clinical information of all the study subjects, and assessed
the intra- and inter-observer agreement. Thirty subjects were randomly selected. One
observer analyzed the images two times over a three-month period between the first and the
second analysis. Another observer independently analyzed the images of the same thirty

subjects once.

3.2.4 Imaging analysis

The plaques were visually inspected among all the included subjects, if identified as focal
vessel wall thickening on the three-dimensional Tlw VISTA images, regardless of the
luminal stenosis degree shown on MRA 13, The presence of intracranial atherosclerotic
plaques was detected along the first and the second segments of the bilateral MCAs (MCA-
M1 and MCA-M2), the BA, and the fourth segments of the bilateral VAs (Figure 3-1,
Figure 3-2 and Figure 3-3). The classification of each plaque into the asymptomatic or
symptomatic lesion was based on the possibility if the plague could contribute to the
downstream ischemic events in the corresponding cerebral arteries, such as the findings of
acute infarction on diffusion-weighted imaging (DWI) and/or acute symptom of neurological

dysfunction 4. A symptomatic lesion was described as the situation where the only or the
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most stenotic/enhanced plaque was within the ipsilateral vascular territory of IS or TIA. If a
plaque was not located in the IS/TIA vascular territory, or it was within the ischemic territory
but not the most stenotic/enhanced, this lesion was regarded as asymptomatic. This

assessment was performed independently of the analysis of the COW integrity.

The completeness of the COW was then evaluated, according to the anatomical structure
of the COW detected by MRA imaging . The COW contained two parts: the A-COW and
the P-COW. An incomplete A-COW or P-COW referred to the dysplasia or absence of any
arterial component in the A-COW or P-COW, respectively (Figure 3-4). A dysplastic or
absent vessel within the A-COW or P-COW was defined as the threshold arterial diameter

less than 0.8mm 16,

3.2.5 Statistical analysis

All statistical data were analyzed by the SPSS version 26.0 (IBM, NY, USA). Continuous
variables were summarized as means * standard deviation (SD), and categorical variables
were described as frequency percentages. Chi-squared test or Fisher’s exact test with
Bonferroni method for adjusting P values was performed to compare the plaque locations
between asymptomatic and symptomatic intracranial atherosclerotic lesions, and to determine
the relationship between the COW integrity and the vascular distribution of intracranial
atherosclerotic plaques. The statistically significant level of P value was set as 0.05/times of
the repeated comparisons. For other analyses, P value < 0.05 was regarded as statistical
significance. Intra- and inter-observer agreement was examined by Cohen k or intraclass
correlation coefficient with 95% confidence intervals (Cls). A coefficient more than 0.81 was

considered as excellence.
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Figure 3-1. A 59-year-old female patient with acute ischemic stroke caused by a left
MCA atherosclerotic stenosis. A, a symptomatic atherosclerotic stenosis of the left MCA-
M1 segment on the MRA image (white arrow). B, an eccentric, focal plaque in the left MCA-
M1 segment on the T1lw image (black arrow). C and D, the plaque in the left MCA-M1
segment before and after administrating contrast on the T1w images, respectively (black
arrows). MCA, middle cerebral artery; MRA, magnetic resonance angiography; Tiw, T1-

weighted.
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Figure 3-2. A 63-year-old male patient with acute infarction due to atherosclerotic
stenosis of the left MCA-M1 segment. A, a symptomatic atherosclerotic stenosis of the left
MCA-M1 segment on the MRA image (white arrow). B, an eccentric, focal plaque in the BA
as an asymptomatic atherosclerotic lesion on the T1w image (white arrow). C, an eccentric,
focal plaque in the MCA-M2 segment as an asymptomatic atherosclerotic lesion on the T1w
image (white arrow). BA, basilar artery; MCA, middle cerebral artery; MRA, magnetic

resonance angiography; T1w, T1-weighted.
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Figure 3-3. A 62-year-old male patient with acute posterior-circulation infarction. A, an
asymptomatic atherosclerotic stenosis of the right VA and a symptomatic atherosclerotic
stenosis of the left VA on the MRA image (white arrows). B and C, the eccentric, focal
plaques in the right and left VAs on the T1lw images, respectively (white arrows). MRA,

magnetic resonance angiography; T1w, T1-weighted; VA, vertebral artery.
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Figure 3-4. Different structural types of the A-COW and the P-COW shown on the

MRA images. A, a complete A-COW in the blue dashed outline and an incomplete P-COW
in the red dashed outline; B, an incomplete A-COW in the red dashed outline and a complete
P-COW in the blue dashed outline. COW, circle of Willis; A-COW, anterior COW; P-COW,

posterior COW; MRA, magnetic resonance angiography.
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3.3 Results

3.3.1 Patient clinical features

Ninety-six subjects with ICAS were included in the present study. The patient baseline
demographic and clinical characters were summarized in Table 3-1. The mean age of all the
ICAS subjects was 63.41 + 10.31 years old. Sixty subjects were male. The prevalence of
hypertension was up to 77.1% among all the subjects, while that of current smoking status
was only 28.1%. The occurrence of IS as an index event was higher than that of TIA (88.5%
versus 11.5%). Besides, the incomplete P-COW subtype was more prevalent than the

incomplete A-COW subtype among subjects with ICAS (83.3% versus 44.8%).

Table 3-1. Demographic and clinical characteristics of patients with ICAS.

Subjects with ICAS

Parameters (n=96)

Age, years, mean £ SD 63.41 +10.31
Male/Female, n 60/36
Hypertension, n (%) 74 (77.1%)
Hyperlipidemia, n (%) 54 (56.3%)
Diabetes, n (%) 30 (31.3%)
Smoking, n (%) 27 (28.1%)
Index event

Stroke, n (%) 85 (88.5%)

TIA, n (%) 11 (11.5%)
COW integrity

Incomplete A-COW, n (%) 43 (44.8%)

Incomplete P-COW, n (%) 80 (83.3%)

COW, circle of Willis; A-COW, anterior COW; P-COW, posterior COW; ICAS, intracranial

atherosclerosis; TIA, transient ischemic attack.
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3.3.2 Vascular distribution of the intracranial atherosclerotic plagues among the

asymptomatic and symptomatic lesions

In total, 292 intracranial atherosclerotic plaques were identified in patients with ICAS, of
which 224 were asymptomatic and 68 were symptomatic. Table 3-2 displayed the plaque
locations within the major intracranial arteries among the asymptomatic and symptomatic

intracranial atherosclerotic lesions.

Among the symptomatic intracranial atherosclerotic lesions, the MCA-M1 segment was
the most common site (63.2%), followed by the VA (19.1%), the MCA-M2 segment (11.8%),
and the BA (5.9%). However, the VA was the most commonly detected among the
asymptomatic intracranial atherosclerotic lesions (40.6%), while the MCA-M2 segment was
the least (11.6%). In addition, the incidence of the symptomatic atherosclerotic lesions in the
MCA-M1 segment was significantly higher than that of the asymptomatic lesions (63.2%
versus 33.9%, P < 0.001). The prevalence of the asymptomatic VA atherosclerotic lesions
was significantly higher than that of the symptomatic lesions (40.6% versus 19.1%, P =

0.001).

Table 3-2. Vascular locations of the plaques between asymptomatic and symptomatic

intracranial atherosclerotic lesions.

Asymptomatic lesions ~ Symptomatic lesions

Distribution (n=224) (n=68) P value
Middle cerebral artery
M1 segment, n (%) 76 (33.9%) 43 (63.2%) 0.000
M2 segment, n (%) 26 (11.6%) 8 (11.8%) 0.972
Basilar artery, n (%) 31 (13.8%) 4 (5.9%) 0.077

Vertebral artery, n (%) 91 (40.6%) 13 (19.1%) 0.001
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3.3.3 Relationship between the COW completeness and the vascular distribution of

intracranial atherosclerotic plaques

The plaque locations in the four intracranial arteries between the complete and incomplete
COW subtypes were described in all lesions (Table 3-3), and in the asymptomatic and
symptomatic lesions (Table 3-4), respectively. As shown in Table 3-3, no statistical
significance was observed in the difference of the vascular locations of all the plaques
between the complete and incomplete A-COW groups, as well as between the complete and
incomplete P-COW groups (all P values > 0.0125). Similarly, there were no significant
differences in the arterial locations of the asymptomatic plaques between the complete and

incomplete COW subtypes (all P values > 0.0125, Table 3-4).

On the other hand, the cerebrovascular locations of the symptomatic atherosclerotic
plaques were significantly different between the complete and incomplete A-COW groups (P
= 0.012, Table 3-4). The incident rate of the symptomatic plaques in the MCA-M1 segment
was observed to be 82.8% in the incomplete A-COW subtype, and significantly higher than
48.7% in the complete A-COW subtype (P = 0.005, Table 3-4). Yet, the locations of the
symptomatic plaques in other intracranial arteries (the MCA-M2, the BA, or the VA) were
not significantly different between the complete and incomplete A-COW subtypes (all P
values > 0.0125, Table 3-4). Besides, the vascular locations of the symptomatic plaques in
the four intracranial arteries were not different between the complete and incomplete P-COW

subtypes as well (all P values > 0.0125, Table 3-4).
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Table 3-3. Association between the COW integrity and the plaque locations in all intracranial atherosclerotic lesions.

Plaques within Plaques within Plagues within Plagues within
complete A-COW  incomplete A-COW complete P-COW  incomplete P-COW
(n=172) (n=120) P1 value (n=50) (n=242) P2 value
Distribution 0.254 1
M1 segment, n (%) 64 (37.2%) 55 (45.8%) 0.148 20 (40.0%) 99 (40.9%) 1
M2 segment, n (%) 24 (14.0%) 10 (8.3%) 0.194 6 (12.0%) 28 (11.6%) 1
Basilar artery, n (%) 19 (11.0%) 16 (13.3%) 0.586 6 (12.0%) 29 (12.0%) 1
Vertebral artery, n (%) 65 (37.8%) 39 (32.5%) 0.386 18 (36.0%) 86 (35.5%) 1

COW, circle of Willis; A-COW, anterior COW; P-COW, posterior COW.

P1: complete A-COW group versus incomplete A-COW group.

P2: complete P-COW group versus incomplete P-COW group.
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Table 3-4. Association between the COW integrity and the plaque locations in asymptomatic and symptomatic intracranial

atherosclerotic lesions.

Plaques within Plaques within Plagues within Plagues within
complete A-COW  incomplete A-COW complete P-COW  incomplete P-COW
(n=172) (n=120) P1 value (n=50) (n=242) P2 value
Asymptomatic lesions
Distribution 0.882 0.912
M1 segment, n (%) 45 (33.8%) 31 (34.1%) 1 13 (34.2%) 63 (33.9%) 1
M2 segment, n (%) 17 (12.8%) 9 (9.9%) 0.534 5 (13.2%) 21 (11.3%) 0.781
Basilar artery, n (%) 17 (12.8%) 14 (15.4%) 0.694 6 (15.8%) 25 (13.4%) 0.796
Vertebral artery, n (%) 54 (40.6%) 37 (40.7%) 1 14 (36.8%) 77 (41.4%) 0.718
Symptomatic lesions
Distribution 0.012 0.555
M1 segment, n (%) 19 (48.7%) 24 (82.8%) 0.005 7 (58.3%) 36 (64.3%) 0.748
M2 segment, n (%) 7 (17.9%) 1 (3.4%) 0.125 1 (8.3%) 7 (12.5%) 1
Basilar artery, n (%) 2 (5.1%) 2 (6.9%) 1 0 (0.0%) 4 (7.1%) 1
Vertebral artery, n (%) 11 (28.2%) 2 (6.9%) 0.032 4 (33.3%) 9 (16.1%) 0.223

COW, circle of Willis; A-COW, anterior COW; P-COW, posterior COW.

P1: complete A-COW group versus incomplete A-COW group.

P2: complete P-COW group versus incomplete P-COW group.
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3.3.4 Reliability of evaluation

The intra- and inter-observer agreement of assessing the COW completeness and the
vascular location of the intracranial atherosclerotic plaques in the major intracranial large
arteries were shown in Table 3-5. The intra- and inter-observer reliability were excellent for

the assessments.

Table 3-5. Intra- and inter-observer reliability of evaluating the COW integrity and the

vascular location of the intracranial atherosclerotic plaques.

Intra-observer agreement Inter-observer agreement
Coefficient (95% CI) Coefficient (95% CI)
COW integrity 0.939 (0.931-0.947) 0.909 (0.901-0.917)
Plague location 0.955 (0.950-0.960) 0.933 (0.928-0.938)

ClI, confidence interval; COW, circle of Willis.

3.4 Discussion

In this hospital-based study, firstly, we found that the MCA-M1 segment was the most
common site to develop symptomatic atherosclerotic lesions among the major intracranial
arteries in patients with ICAS. Secondly, the incomplete A-COW subtype was significantly
associated with the occurrence of symptomatic atherosclerotic lesions in the MCA-M1
segment. Our investigation may help with the knowledge of the underlying cerebrovascular

pathogenesis of ICAS in acute patients with IS.

Our previous postmortem findings showed that the MCA had the severest stenotic degree
and the most plaques with eccentric wall distribution, compared with the BA and the VA 7.
Via three-dimensional Tlw VISTA imaging, the MCA-M1 segment was identified as the

most common vascular site to occur symptomatic atherosclerosis among patients with ICAS
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in this study. This result, along with other evidence of growing atherosclerosis among the
intracranial large arteries 4, demonstrated that the MCA was the most likely to develop
atherosclerosis and cause the subsequent ischemic events. Then, the influence of the COW
variations on the arterial locations of the intracranial atherosclerotic plaques was explored,
which may ascertain the underlying role of the cerebrovascular structural pattern in forming

atherosclerotic plaques that induce ICAS 6 18,

The anatomical patterns of the COW were reliably revealed in patients with ICAS through
TOF MRA imaging. Our observations suggested that the incomplete COW subtypes were
prevalent among ICAS patients, which was in accord with other MRA studies on the COW
integrity 119, Yet, the different study populations might cause the fluctuation in the incident
rates of each incomplete COW subtype 1> 2. Significant difference in the vascular locations
of the symptomatic intracranial atherosclerotic plaques was then found between the complete
and incomplete A-COW structures in our study, which might be achieved by the
hemodynamic role depending on the COW structure 21, Two causes could be postulated:
First, the distribution of CBF within the intracranial arteries might be directly affected by the
structural variance in the COW 622, Second, the COW anomalies might also largely modify
the pattern of WSS acting on the intracranial arterial walls 8 23, Both might further worsen
the vessel wall condition of the intracranial arteries, and thus accelerate the progression of

unstable plaques 8212425,

This hypothesis may be supported by our main result that the occurrence of symptomatic
atherosclerosis in the MCA-M1 segment had significant relevance to the incomplete A-COW
subtype. Briefly, the integrity of the COW might determine the hemodynamic status of the
intracranial arteries & 2627, Particularly, the collateral blood flow to the territories of ischemia
might also be provided immediately and persistently via recruiting the anastomotic pathways

from the complete A-COW to the MCA 28, In this study, we thus speculate that the
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incomplete A-COW structure may deteriorate the vessel wall condition of the MCA-M1
segment via affecting the patterns of CBF and WSS, and eventually induce plaque rupture in
the MCA-M1 segment. This speculation may inspire future research. In our study, the
incomplete P-COW subtype was commonly detectable among patients with ICAS as well.
However, we did not identify any significant relationship between the incomplete P-COW
and the arterial locations of the symptomatic intracranial atherosclerotic plaques, which needs

more studies to verify.

We should consider some limitations to this study. First, the sample size was relatively
small. Based on the previous MRA imaging research, the classification of the COW
completeness was general in the current study °. Further research with a larger study
population could apply a detailed subdivision of the COW structures °, clarifying the
potential role of each COW variant on the plaque formation. Second, TOF MRA was used to
analyze the COW completeness in our study, but this imaging modality was reported
relatively insensitive to the detection of low CBF and intracranial small arteries 2.
Consequently, we might overestimate the incidence of each incomplete COW subtype. Third,
the ICA was not included. Our previous study showed that coexistent high-grade ICA
stenosis might significantly change the wvelocity of CBF within other intracranial
atherosclerotic arteries 0. Accordingly, the ICA should be excluded to avoid the underlying

confounding factors in the present study.

3.5 Conclusions

The MCA-M1 segment was more likely to grow symptomatic atherosclerotic lesions
among patients with ICAS, compared to the MCA-M2 segment, the BA, and the VA.
Importantly, the occurrence of the symptomatic atherosclerotic lesions in the MCA-M1

segment was found in significant association with the incomplete A-COW subtype. Our
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findings implied that the structural variations of the COW might affect the progression of the
intracranial atherosclerotic plaques via hemodynamic changes in the MCA-M1 segment,

which should be further validated through other intracranial imaging methods.
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Chapter 4. The pattern of plaque wall distribution in middle
cerebral artery atherosclerosis is correlated with the incomplete

circle of Willis

4.1 Background

As major etiology of IS, ICAS brings heavy neurological burden to the public health all
over the world 13, Compared to other intracranial large arteries, the MCA is more vulnerably
exposed to atherosclerosis, and has higher luminal narrowing percentages and more plaques
distributed eccentrically ' 4. In general, the occurrence and development of MCA
atherosclerosis may be affected by the anatomical variability in the intracranial vasculature >
6. Substantial variations in the structural patterns of the COW are identified within normal
individuals 7°, which may make a direct impact on the process of intracranial atherosclerotic
lesions 19 11, Yet little is known about the relevance of the COW anatomical integrity to the

plaque characters of MCA atherosclerosis.

HR-MRI can noninvasively describe the typical vessel wall morphology of the intracranial
atherosclerotic arteries > 13, The fundamental feature of the plaque wall distribution in the
MCA delineated by HR-MRI was shown in correlation with the cerebrovascular pathogenesis
of ICAS, and might even help with precise interventional therapy in the clinical practice > 4.
This study aimed to explore the underlying relationship between the incomplete COW
structures and the pattern of the plaque wall distribution in MCA atherosclerosis through

utilizing HR-MRI.
4.2 Methods

4.2.1 Study subjects
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In this hospital-based prospective dataset, consecutive adult patients were recruited from a
single medical institution between 2014 and 2020. Subjects with MCA atherosclerotic
plaques identified by HR-MRI were included in the current study, when they were also
diagnosed as first-ever acute IS or TIA in a week; atherosclerotic stenosis of at least one
intracranial large artery verified by MRA or DSA. The exclusion criteria were as follows: no
atherosclerotic plaques in the MCAs confirmed by HR-MRI; non-atherosclerotic stenosis
(dissection, moyamoya disease, or vasculitis); clinical evidence of cardio-embolism (atrial
fibrillation or valvular heart diseases); coexistence of over 50% stenosis in the ICA and/or the
ECA; any known brain tumor or vascular malformation; history of cerebral artery
surgical/interventional procedure or recurrent stroke; any contraindications to MRI. Baseline
clinical information of all the included patients were documented during hospitalization, such
as age, sex, hypertension, hyperlipidemia, diabetes and smoking status. This study was
approved by the institutional review board, and followed the Declaration of Helsinki. Each

subject signed the written informed consent.

4.2.2 Imaging protocol

A 3.0-Tesla Achieva magnetic resonance system with a standardized eight-channel head
coil (Philips Healthcare, Cleveland, OH, USA) was utilized to scan all the subjects. The
imaging protocol comprised a TOF MRA sequence and a transverse three-dimensional T1w
VISTA sequence before and after administrating a contrast agent containing gadolinium with
0.1 mL/kg to every patient (Dotarem, Gadoteric acid 0.5 mmol/mL, Guerbet, Roissy CdG
Cedex, France). The TOF MRA sequence parameters included FOV 200*200*56mm?,
acquired resolution 0.4*0.6*0.7mm?3, TR/TE 23/3.5ms, and scan duration 3:07min. The
imaging parameters for the Tlw VISTA sequence were as follows: FOV 200*167*45mm?,

acquired resolution 0.6*%0.6*1.0mm?3, reconstructed resolution 0.5%0.5*0.5 mm?® with zero
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filling, TR 1500ms, TE 36ms, turbo-spin-echo + startup echoes 56+6, echo spacing 4.0ms,

SENSE factor 1.5 with phase-encode direction, and scan duration 6:51min.

4.2.3 Imaging evaluation

Visual image assessment was performed on the source images with axial orientation, as
well as on the three-dimensional reconstructed images. Image quality evaluation was based
on a three-point scale (3: excellent, 2: adequate, and 1: poor). Images graded more than two

were used for the subsequent imaging analyses.

Two observers were blind to the clinical information of all the study subjects, and assessed
the intra- and inter-observer agreement. Thirty subjects were randomly selected. One
observer analyzed the images two times over a three-month period between the first and the
second analysis. Another observer independently analyzed the images of the same thirty

subjects once.

4.2.4 The anatomical completeness of the COW

The structural patterns of the COW integrity were analyzed on the basis of the information
from MRA imaging > 6. The COW was separated into the A-COW and the P-COW (Figure
4-1). An incomplete structure of the A-COW or the P-COW was featured as any dysplastic or
absent component artery within one of the two anatomical parts, the threshold diameter of
which was < 0.8mm shown on the MRA images '®. For instance, the A-COW part was
identified as incomplete, when any segment of the bilateral ACA-Al and the ACoA was
dysplastic or absent. The evaluation of the COW completeness was conducted independently

of the following imaging analyses.
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Figure 4-1. The COW has two structural sections: the A-COW and the P-COW. The A-
COW in red: the ACoA and the first segments of the bilateral ACAs. The P-COW in blue:
the bilateral PCoAs and the first segments of the bilateral PCAs. ACA, anterior cerebral
artery; ACoA, anterior communicating artery; A-COW, anterior circle of Willis; BA, basilar
artery; COW, circle of Willis; MCA, middle cerebral artery; PCA, posterior cerebral artery;
PCoA, posterior communicating artery; P-COW, posterior circle of Willis; VA, vertebral

artery.
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Figure 4-2. High-resolution vessel wall imaging shows the patterns of plaque wall
distribution in MCA atherosclerosis *’. A white arrow highlights the MCA atherosclerotic
plaque in an individual imaging cross-section. Two dashed lines intersect at the center of the
MCA lumen, and categorize every imaging cross-section into superior, inferior, ventral, and
dorsal vascular sides. The plaque in the cross-sectional image may be distributed on one of

the four quadrants. MCA, middle cerebral artery.
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Figure 4-3. A 61-year-old male patient with acute infarct in the left anterior circulation.
A, a symptomatic atherosclerotic stenosis of the left MCA-M1 segment on the MRA image
(white arrow). B, an eccentric, focal plaque in the left MCA-M1 segment as a symptomatic
atherosclerotic lesion on the T1w image (white arrow). MCA, middle cerebral artery; MRA,

magnetic resonance angiography; T1w, T1-weighted.
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4.2.5 The pattern of MCA plaque wall distribution

An atherosclerotic plaque in the first segment of the MCA was recognized through visual
inspection on the three-dimensional T1w VISTA images, when focal thickening appeared on
the vessel wall (the thickest point was over double the thinnest site) 4. All the imaging cross-
sections of the MCA-M1 plague were sorted, according to the vessel wall distribution of the
plaque on the superior, inferior, ventral, or dorsal side (Figure 4-2). Every cross-section of
the plaque was categorized into one quadrant. Only the quadrant of the maximum wall
thickness was considered in this study, when two or more quadrants were covered by the

plaque.

Every plaque was then classified into symptomatic or asymptomatic, based on the situation
that the plagque might or might not lead to the downstream ischemia in the territory of the
MCA-M1 segment (symptoms of neurological dysfunction and/or acute infarctions on DWI)
18 (Figure 4-3). If the plague was the only or the most stenotic/enhanced in the IS/TIA
territory of the ipsilateral MCA-M1 segment, this lesion was found as symptomatic. If the
plaque was not in the ischemic territory of the ipsilateral MCA-M1 segment, or it was in the
ischemic territory but not the most stenotic/enhanced, the lesion was identified as

asymptomatic.

4.2.6 Statistical analysis

SPSS version 26.0 (IBM, NY, USA) was used to perform all statistical analyses. Data were
summarized as means + SD or percentages, where appropriate. For every atherosclerotic
plaque, the individual percentage of plague wall distribution was determined. Then, the mean
percentages of superior, inferior, ventral, and dorsal wall distribution were calculated in the
total groups of complete and incomplete COW subtypes, respectively 4. Mann-Whitney U

test was utilized to compare the mean percentages of each plague wall orientation between
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complete and incomplete COW subtypes. Statistical significance was defined as P value <
0.05. Cohen « or intraclass correlation coefficient with 95% Cls was used to evaluate intra-

and inter-observer agreement. A coefficient over 0.81 referred to excellence.

4.3 Results

4.3.1 Baseline demographic and clinical features of subjects

One hundred and seven patients with atherosclerotic plaques in the MCA-M1 segments
were included in this study. The patient demographic and clinical characteristics at admission
were presented in Table 4-1. Mean age was 62.50 £ 11.69 years old. Sixty-seven subjects
were male. Among all the patients, the incident rate of hypertension was 74.8%, and higher
than that of hyperlipidemia, diabetes, or current smoking status. The prevalence of TIA was

only 13.1%, while that of IS reached 86.9%.

Table 4-1. Baseline clinical characters of patients with MCA atherosclerosis.

Subjects
Parameters (n=107)
Age, years, mean = SD 62.50 + 11.69
Male/Female, n 67/40
Hypertension, n (%) 80 (74.8%)
Hyperlipidemia, n (%) 62 (57.9%)
Diabetes, n (%) 35 (32.7%)
Smoking, n (%) 28 (26.2%)
Index event
Stroke, n (%) 93 (86.9%)
TIA, n (%) 14 (13.1%)
COW integrity
Incomplete A-COW, n (%) 46 (43.0%)
Incomplete P-COW, n (%) 91 (85.0%)

A-COW, anterior circle of Willis; COW, circle of Willis; MCA, middle cerebral artery; P-

COW, posterior circle of Willis; TIA, transient ischemic attack.
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Table 4-2. Association of the incomplete COW with the plaque wall distribution in the atherosclerotic MCAs.

Plaques without Plaques with Plaques without Plaques with
Wall orientation  incomplete A-COW incomplete A-COW P value incomplete P-COW incomplete P-COW P value
All lesions (158)

Superior wall 15.49% 15.33% 0.684 10.71% 16.27% 0.331

Inferior wall 22.73% 46.81% 0.000 52.73% 29.39% 0.011

Ventral wall 51.57% 21.75% 0.000 28.13% 40.86% 0.318

Dorsal wall 10.22% 16.11% 0.253 8.44% 13.49% 0.709
Asymptomatic lesions (96)

Superior wall 16.10% 18.92% 0.617 14.29% 17.68% 0.679

Inferior wall 20.88% 47.64% 0.003 46.75% 28.54% 0.085

Ventral wall 50.39% 15.49% 0.000 25.93% 38.82% 0.516

Dorsal wall 12.63% 17.96% 0.546 13.04% 14.96% 0.879
Symptomatic lesions (62)

Superior wall 14.36% 10.91% 0.977 5.70% 14.04% 0.314

Inferior wall 26.13% 45.78% 0.067 61.10% 30.74% 0.057

Ventral wall 53.73% 29.47% 0.019 31.20% 44.07% 0.433

Dorsal wall 5.78% 13.83% 0.253 2.00% 11.15% 0.421

A-COW, anterior circle of Willis; COW, circle of Willis; MCA, middle cerebral artery; P-COW, posterior circle of Willis.
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4.3.2 The COW structural integrity

As illuminated in Table 4-1, the incidence of the incomplete A-COW type was 43.0% in
all the subjects with MCA atherosclerosis, whereas that of the incomplete P-COW type went

up to 85.0%.

4.3.3 Relationship between the incomplete COW and the plaque wall distribution in

MCA atherosclerosis

In the current study, we detected 158 MCA atherosclerotic plaques overall (96 plaques
were asymptomatic, and 62 were symptomatic). In total, 612 imaging slices from HR-MRI

were utilized to determine the pattern of plaque wall distribution in MCA atherosclerosis.

As shown in Table 4-2, the mean percentages of each plaque orientation side in the
atherosclerotic MCA-M1 segments were compared between complete and incomplete COW
subgroups. Compared to the complete A-COW, within all MCA atherosclerotic lesions, the
incomplete A-COW had more plagues on the inferior wall (46.81% versus 22.73%, P < 0.001,
Table 4-2), but fewer plaques on the ventral wall (21.75% versus 51.57%, P < 0.001, Table
4-2). Asymptomatic MCA plaques in the incomplete A-COW were more likely to be located
on the inferior wall (47.64% versus 20.88%, P = 0.003, Table 4-2), but less likely to be
located on the ventral wall (15.49% versus 50.39%, P < 0.001, Table 4-2), compared with
those in the complete A-COW. Similarly, symptomatic MCA plaques in the incomplete A-
COW were located less commonly on the ventral wall than those in the complete A-COW

(29.47% versus 53.73%, P = 0.019, Table 4-2).

Within all lesions of MCA atherosclerosis, besides, the incomplete P-COW had fewer
plaques distributed on the inferior wall than the complete P-COW (29.39% versus 52.73%, P

= 0.011, Table 4-2). Nevertheless, both asymptomatic and symptomatic MCA plaques were
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evenly distributed on the four vascular sides between the complete and incomplete P-COW

subtypes (all P values > 0.05, Table 4-2).

4.3.4 Reliability of assessment
The intra- and inter-observer agreement of analyzing the COW completeness and the MCA
plague wall distribution were shown in Table 4-3. The intra- and inter-observer reliability

were excellent for the evaluations.

Table 4-3. Intra- and inter-observer reliability of evaluating the COW integrity and the

MCA plaque wall orientation.

Intra-observer agreement Inter-observer agreement
Coefficient (95% CI) Coefficient (95% CI)
COW integrity 0.939 (0.931-0.947) 0.909 (0.901-0.917)
Plaque wall distribution 0.950 (0.906-0.974) 0.912 (0.838-0.953)

ClI, confidence interval; COW, circle of Willis; MCA, middle cerebral artery.

4.4 Discussion

In this study, we verified that the occurrence of an incomplete COW structure was
common among patients with MCA atherosclerosis. Via the utilization of HR-MRI, the
characteristic pattern of the plaque wall orientation in MCA atherosclerosis could be
differentiated between complete and incomplete COW subtypes. Our findings suggested that
the incomplete A-COW had more inferior-wall plaques, but fewer ventral-wall plaques in the
atherosclerotic MCA-M1 segments. Meanwhile, fewer MCA plaques in the incomplete P-
COW were distributed on the inferior wall. Our investigations might further our knowledge
of the pathological process of MCA atherosclerosis owing to the structural variations in the

cerebral vasculature.
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The anatomical variability in the COW has occurred since the beginning of the COW
formation among normal individuals °. Prior MRA research indicated that the prevalence of
the incomplete A-COW was 21.42% in the healthy male populations, and that of the
incomplete P-COW was found to be 83.93% ’. Furthermore, the incomplete COW structures
were also prevalent among patients with stroke 16, One of the MRA findings demonstrated
that the incomplete A-COW was detected in 40.7% of patients with symptomatic carotid
artery atherosclerosis, while the incomplete P-COW in 79.7% *°. In the present study, 43.0%
of patients with MCA atherosclerosis had an incomplete A-COW type, and 85.0% possessed
an incomplete P-COW type. Despite the fluctuation in the rates of each incomplete COW
structure caused by different study populations, our observations were in line with the results

from previous studies.

The pattern of the plaque wall orientation in the MCA has its own distinctive feature. The
MCA atherosclerotic plaques were reported to be primarily located on the inferior and ventral
vessel walls, of which the asymptomatic plaques were more possible to be located on the
inferior wall of the MCA than the symptomatic plaques 4. In this study, we further found that
the incomplete A-COW structure was significantly associated with more inferior-wall
plaques, but fewer ventral-wall plaques in MCA atherosclerosis than the complete A-COW
structure. The significant differences in the vessel wall distribution of the MCA plaques
between complete and incomplete A-COW structures might be resulted from the change to
the hemodynamic force within the atherosclerotic MCA. Firstly, the structural variations in
the COW could predominantly influence the pattern of CBF in the MCA 1% 20.21 Secondly,
the local alteration in the hemodynamic status of the MCA might subsequently impact upon
the spatial distribution of the WSS on the vessel walls 2% 2223, Notably, the reduced levels of
the WSS might result in the dysfunction and inflammation of endothelial cells, which finally

accelerated the formation and development of the MCA plaques 2428, This hypothesis might
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be supported by our observations. Meanwhile, we also identified that the incomplete P-COW
type was negatively related to the existence of the inferior-wall plaques in MCA

atherosclerosis. However, a larger sample size is needed for confirmation.

Our findings have potential value for the clinical practice. The anatomical features of the
intracranial vasculature were revealed to affect the outcomes of endovascular treatment 27 28,
Consequently, the basic assessment of the COW structure prior to the interventional
procedures may be beneficial to localizing the atherosclerotic plaques non-randomly
distributed within the MCA and help with the improvement of endovascular therapy 2° 3.
The clinical importance of evaluating the COW integrity for patients with MCA

atherosclerosis requires further validation in the follow-up research.

This study had several limitations. First, all the subjects were recruited from a single stroke
center, and thus our results should be applied with caution to other races and geography.
Second, the current study could introduce a selection bias. We did not include patients with
chronic and subacute IS/TIA to avoid the possible confounders, since medical treatment,
lifestyle improvement and time course might have a major effect on the development of the
intracranial atherosclerotic plaques 3. Third, we hypothesized, according to our investigation,
the hemodynamic function of the incomplete A-COW geometry on the plaque wall
distribution of MCA atherosclerosis via affecting the CBF and WSS levels, which needs

subsequent verification through other intracranial imaging techniques.

4.5 Conclusion

Among patients with MCA atherosclerosis, the existence of an incomplete COW structure
was common. The incomplete A-COW type was revealed in significant association with
more inferior-wall plaques, but fewer ventral-wall plaques in MCA atherosclerosis. Besides,

the incomplete P-COW type was correlated with fewer inferior-wall plaques in the
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atherosclerotic MCAs. The patterns of MCA plaque wall distribution related to the
incomplete COW may be important to understand the cerebrovascular pathogenesis of MCA

atherosclerosis and conduct precision medicine for patients with ICAS.
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Chapter 5. The circle of Willis anomaly in symptomatic middle
cerebral artery atherosclerosis: Dysplasia or absence of the

anterior communicating artery

5.1 Background

ICAS accounts for huge numbers of the events of acute ischemic stroke in all parts of the
world, and burdens the society with a high risk of stroke-related disability and mortality 13,
Among the major intracranial large arteries, the MCA is the most likely to be affected by
atherosclerosis, with the highest degree of luminal stenosis and the most plaques of eccentric
morphology % 5. Growing evidence confirmed a strong relationship between MCA
atherosclerosis and the structural variance in the intracranial arterial system 62, which may
gain some insights into the pathological process of MCA atherosclerotic plagues depending

on the geometric characters of the cerebral vasculature.

Among the general populations, the COW is characterized by varying patterns of
anatomical structure ®!!. The geometric variability in the COW was found in robust
relevance to the occurrence and progression of intracranial large-artery atherosclerotic
stenosis 12 13, Interestingly, our previous study verified a higher prevalence of the incomplete
COW subtypes among patients with MCA atherosclerotic plaques, which could influence the
MCA plaque wall orientation & Nonetheless, the clinical impact of the incomplete COW

structures on the process of MCA atherosclerosis still remains unknown.

In the present study, we further explored the structural patterns of each incomplete COW
geometry among patients with MCA atherosclerosis. With the utilization of HR-MRI,
moreover, we differentiated quantitatively and qualitatively between the asymptomatic and

symptomatic MCA atherosclerotic lesions. Importantly, this study was initiated to investigate
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the potential effect of the anatomical patterns of the COW anomaly on the progression of

symptomatic MCA atherosclerosis.

5.2 Methods

5.2.1 Study subjects

This study was based in a single medical institution, and recruited adult subjects
consecutively between 2014 and 2020. Patients with MCA atherosclerotic plaques recognized
by HR-MRI were included in this study, if they were clinically diagnosed with first-ever
acute IS or TIA in seven days; not less than one intracranial large artery confirmed as
atherosclerotic stenosis through the routine cerebral angiographic modality. Patients were
excluded, when they had the following condition: no atherosclerotic plaque in the bilateral
MCAs identified by HR-MRI; non-atherosclerotic stenosis (dissection, vasculitis, or
moyamoya disease); cardio-embolism (atrial fibrillation or valvular heart diseases);
coexisting over 50% stenosis of the ICA and/or the ECA, any history of brain tumor, vascular
malformation, cerebral surgical/interventional procedure, or recurrent stroke; or
contraindications to MRI. The patient clinical data at admission were registered (age, sex,
hypertension, hyperlipidemia, diabetes mellitus, and present smoking status). The current
study was approved by the institutional review board, following the Declaration of Helsinki.

The written informed consents were signed by all the subjects or family members.

5.2.2 Imaging protocol

A 3.0-Tesla Achieva magnetic resonance system with a standardized eight-channel head
coil (Philips Healthcare, Cleveland, OH, USA) was utilized to scan all the subjects. The
imaging protocol contained a TOF MRA sequence and a transverse three-dimensional T1w
VISTA sequence before and after administrating a contrast agent containing gadolinium

(Dotarem, Gadoteric acid 0.5 mmol/mL, Guerbet, Roissy CdG Cedex, France) with 0.1
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mL/kg to every subject. The TOF MRA sequence parameters were as follows: FOV
200*200*56mm?, acquired resolution 0.4*0.6*0.7mm?3, TR/TE 23/3.5ms, and scan duration
3:07min. The imaging parameters for the Tlw VISTA sequence included FOV
200*167*45mm3, acquired resolution 0.6*0.6*1.0mm?3, reconstructed resolution 0.5*%0.5*0.5
mm? with zero filling, TR 1500ms, TE 36ms, turbo-spin-echo + startup echoes 56+6, echo

spacing 4.0ms, SENSE factor 1.5 with phase-encode direction, and scan duration 6:51min.

5.2.3 Imaging assessment

The source images with axial orientation and the three-dimensional reconstructed images
were used to carry out the visual image quality evaluation, according to a three-point scale (1:
poor, 2: adequate, and 3: excellent). The images graded as one point were excluded from this

study.

Two examiners were blind to the patient clinical information, and independently evaluated
the intra- and inter-observer agreement. Thirty patients were chosen at random. One
examiner analyzed the images two times over a period of three months between the two

measurements. Another examiner analyzed the images of the same thirty patients once.
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MCA-M1

Figure 5-1. A complete geometry of both A-COW and P-COW (Left) and four
representative patterns of the incomplete COW subtypes on TOF MRA imaging (Right,
A to D). A, dysplasia or absence of the ACA as an incomplete A-COW pattern (yellow
dashed outline). B, dysplasia or absence of the ACoA as an incomplete A-COW pattern
(yellow dashed outline). C, dysplasia or absence of the PCA as an incomplete P-COW
pattern (yellow dashed outline). D, dysplasia or absence of the PCoA as an incomplete P-
COW pattern (yellow dashed outline). ACA, anterior cerebral artery; ACoA, anterior
communicating artery; A-COW, anterior circle of Willis; BA, basilar artery; MCA, middle
cerebral artery; PCA, posterior cerebral artery; PCoA, posterior communicating artery; P-
COW, posterior circle of Willis; TOF MRA, Time-Of-Flight magnetic resonance

angiography; VA, vertebral artery.
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5.2.4 Determining the pattern of the incomplete COW geometry

The geometric patterns of the incomplete COW were discovered, based on the findings
from TOF MRA imaging & 4. The COW was split up into two anatomical sections: the A-
COW and the P-COW (Figure 5-1). An incomplete pattern of the A-COW geometry was
characterized as dysplasia or absence of any segment of the ACoA and the ACA-A1l, while
an incomplete pattern of the P-COW structure was featured as dysplasia or absence of any
segment of the PCoA and the PCA-P1. A dysplastic or absent intracranial artery was defined
as the threshold diameter less than 0.8mm displayed on TOF MRA imaging & 4. The analysis
of the incomplete COW patterns was independent of the quantitative and qualitative

measurements of the MCA atherosclerotic plaques.

5.2.5 Quantitatively measuring the MCA atherosclerotic plaques

An atherosclerotic plaque was designated as focal thickening on the vessel wall along the
bilateral segments of the MCA-M1 from both pre- and post-contrast T1w imaging (Figure 5-
2 and Figure 5-3), utilizing a definition reported previously °. VesselMass software (Leiden
University Medical Center, the Netherlands) was used to measure the MCA atherosclerotic
plaques quantitatively (luminal stenosis percentage, plaque burden degree, wall area index,
remodeling index, and enhancement index) on the basis of the algorithms published by

previous research 16-18,

The imaging cross-section of the MCA atherosclerotic lesion at the most narrowing lumen
was used for measuring the area of the MCA plaque, and the reference site referred to the
adjacent vascular segment (plague-free, non-tortuous and normal) proximal or distal to the
atherosclerotic lesion ¢ 19, The vessel area (VA) was determined by manually tracing the

vessel-cerebrospinal fluid interface, and the lumen area (LA) was measured through the
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blood-intima interface. Moreover, both maximal and minimal wall thicknesses were

measured at the most stenotic luminal lesion. The formulas were as follows:
The wall area (WA) = VA - LA;
The degree of luminal stenosis = (1 — lesion LA / reference LA) x 100%;
The plaque burden percentage = (lesion WA / lesion VA) x 100%;
The wall area index = lesion WA / reference WA,

The remodeling index = lesion VA / reference VA (If the index was > 1.05, the arterial
remodeling was a positive pattern. Otherwise, the pattern of arterial remodeling was non-

positive.).

Besides, the plagque signal intensity (SI) was measured on the matched pre- and post-
contrast T1w imaging, after manually tracing both vascular lumen and outer wall boundary at
the most narrowing lesion of MCA atherosclerosis 6. The gray-matter SI was measured on
the matched pre- and post-contrast T1w imaging as well via manually drawing a circle of 10
to 12 mm? at the normal tissue of gray matter next to the MCA atherosclerotic lesion 6. The

plague contrast enhancement was quantified, using the following formula:

The enhancement index = [(plaque SI / gray-matter SI on post-contrast Tlw imaging) —
(plaque SI / gray-matter SI on pre-contrast T1w imaging)] / (plaque SI / gray-matter SI on

pre-contrast T1w imaging) x 100%.
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Figure 5-2. A 68-year-old male patient with acute infarction in the left anterior
circulation. A, a symptomatic atherosclerotic stenosis of the left MCA-M1 on MRA imaging
(white arrow). B, acute infarction in the left MCA-ML territory on DWI (white arrow). C and
D, an eccentric, focal plaque in the left MCA-M1 as a symptomatic atherosclerotic lesion
before and after administrating contrast on T1w imaging, respectively (white arrows). DWI,
diffusion-weighted imaging; MCA, middle cerebral artery; MRA, magnetic resonance

angiography; T1w, T1-weighted.
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Figure 5-3. A 72-year-old male patient with acute infarction in posterior circulation. A,
a symptomatic atherosclerotic stenosis of the BA on MRA imaging (white arrow). B, an
eccentric, focal plaque in the right MCA-M1 as an asymptomatic atherosclerotic lesion on
T1lw imaging (white arrow). BA, basilar artery; MCA, middle cerebral artery; MRA,

magnetic resonance angiography; T1w, T1-weighted.
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5.2.6 Qualitatively measuring the MCA atherosclerotic plaques

The MCA atherosclerotic plaques were then assessed qualitatively (plaque hyperintensity
signal, plaque hypointensity signal, IPH, and symptomatic status), according to the

definitions reported by our prior research 6 29,

The plaque SI was also classified as hyperintensity or hypointensity on the pre-contrast
T1w imaging, compared to the normal gray-matter Sl nearest to the MCA atherosclerotic
lesion 29, The occurrence of IPH was described as a high signal area within the plaque on the

pre-contrast T1w imaging (more than 150% of the adjacent muscle SI) 26,

The MCA atherosclerotic plaque was designated as symptomatic or asymptomatic lesion
on the basis of the clinical event of acute ischemia in the corresponding MCA territory
directly caused by the plague or not (acute cerebral infarction on DWI and/or acute symptom
of neurological dysfunction) 6. The MCA plaque was regarded as symptomatic lesion, when
this plague was the only or the most stenotic/enhanced in the ipsilateral MCA territory of
acute infarct. The MCA plaque was considered as asymptomatic lesion, if this plaque was out
of the MCA territory of acute infarction, or not the most stenotic/enhanced within the acute

ischemic MCA territory.

5.2.7 Statistical analysis

SPSS version 26.0 (IBM, NY, USA) was used to analyze all statistical data. Categorical
variables were expressed as percentages, while continuous variables were listed as means +
SD or medians (interquartile range, 1QR). Chi-squared test, Fisher’s exact test, or Mann-
Whitney U test was utilized to compare the imaging features of the MCA atherosclerotic
plaques between asymptomatic and symptomatic lesions. Chi-squared test or Fisher’s exact
test was used for determining the relationship between the patterns of the incomplete COW

geometry and symptomatic MCA atherosclerosis. Univariate and multivariate logistic
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regression analyses were carried out to further estimate the correlation of the incomplete
COW structure with symptomatic MCA atherosclerosis. Two-tailed P value less than 0.05
was indicated as significant difference. Intraclass correlation or Cohen « coefficient with 95%
Cls was used to analyze intra- and inter-observer agreement. A coefficient more than 0.81

was known as excellence.

5.3 Results

5.3.1 Subject demographic and clinical characteristics on admission

This study included a total of one hundred and seven subjects with MCA atherosclerotic
plaques. Table 5-1 showed the baseline demographic and clinical features of all the subjects
(mean age = 62.50 + 11.69 years old; 62.6% were male). Among patients with MCA
atherosclerosis, the occurrence of hypertension was the most prevalent (74.8%), followed by
hyperlipidemia (57.9%), diabetes mellitus (32.7%), and present smoking status (26.2%). The

incidence of TIA (13.1%) as an index stroke event was lower than that of IS (86.9%).

5.3.2 The anatomical patterns of the incomplete COW

Table 5-1 also displayed the prevalence of each geometric pattern of the incomplete COW
subtype among patients with MCA atherosclerosis. The incident rate of the ACA dysplasia or
absence as an incomplete A-COW structure was observed to be 34.6%, and that of the ACoA
dysplasia/absence was 29.9%. The incidence of the dysplastic or absent PCA as an
incomplete P-COW structure was only 27.1%, whereas that of the dysplastic/absent PCoA

was up to 80.4%.
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Table 5-1. Demographic and clinical characteristics of patients with MCA

atherosclerosis.

Subjects
Parameters (n=107)

Age, years, mean £ SD 62.50 +11.69
Male/Female, n 67/40
Hypertension, n (%) 80 (74.8%)
Hyperlipidemia, n (%) 62 (57.9%)
Diabetes, n (%) 35 (32.7%)
Smoking, n (%) 28 (26.2%)
Index event

Stroke, n (%) 93 (86.9%)

TIA, n (%) 14 (13.1%)
Incomplete A-COW

ACA dysplasia/absence, n (%) 37 (34.6%)

ACOA dysplasia/absence, n (%) 32 (29.9%)
Incomplete P-COW
PCA dysplasia/absence, n (%) 29 (27.1%)
PCoA dysplasia/absence, n (%) 86 (80.4%)
ACA, anterior cerebral artery; ACoA, anterior communicating artery; A-COW, anterior circle

of Willis; MCA, middle cerebral artery; PCA, posterior cerebral artery; PCoA, posterior

communicating artery; P-COW, posterior circle of Willis; TIA, transient ischemic attack.

5.3.3 Comparison of the plaque imaging characters between asymptomatic and

symptomatic MCA atherosclerotic lesions

In this study, one hundred and fifty-eight MCA atherosclerotic plaques were identified in
total, of which ninety-six were asymptomatic and sixty-two were symptomatic. Table 5-2
and Figure 5-4 illustrated the differences of the quantitative and qualitative measurements of
the atherosclerotic plaques between the asymptomatic and symptomatic MCA lesions,

respectively.

As listed in Table 5-2, the symptomatic MCA atherosclerotic lesions possessed

significantly smaller LA (1.50mm? [IQR, 0.83-2.46] versus 2.57mm? [IQR, 1.43-4.17], P <
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0.001), but significantly larger maximal wall thickness (1.79mm [IQR, 1.23-2.14] versus
1.42mm [IQR, 1.16-1.71], P = 0.001) than the asymptomatic MCA atherosclerotic lesions.
Besides, the symptomatic MCA atherosclerotic lesions had significantly higher degree of
luminal stenosis (77.62% [IQR, 60.98-85.25] versus 60.51% [IQR, 37.94-75.45], P < 0.001),
higher plaque burden percentage (85.70% [IQR, 78.02-92.19] versus 76.86% [IQR, 69.72-
86.27], P < 0.001), and larger enhancement index value (32.23% [IQR, 17.83-46.82] versus
12.34% [IQR, 3.88-31.72], P < 0.001), compared to the asymptomatic MCA atherosclerotic
lesions. However, the wall area index and the remodeling index in MCA atherosclerosis were

not significantly different between the two groups (both P values > 0.05).

Table 5-2. Quantitative plaque imaging features of MCA atherosclerosis between

asymptomatic and symptomatic lesions.

Asymptomatic MCA Symptomatic MCA

lesions lesions
Characters (n=96) (n=62) P value

At the maximal narrowing lumen site

Lumen area, mm?, median (IQR) 2.57 (1.43-4.17) 1.50 (0.83-2.46) 0.000
Vessel area, mm?, median (IQR) 11.80 (8.80-15.16) 10.59 (7.92-13.52) 0.126
Wall area, mm?, median (IQR) 9.23 (7.18-11.40) 9.36 (6.50-11.47) 0.912
Maximum wall thickness, mm, median (IQR) 1.42 (1.16-1.71) 1.79 (1.23-2.14) 0.001
Minimum wall thickness, mm, median (IQR) 0.67 (0.44-0.84) 0.60 (0.36-0.80) 0.188
Stenosis percentage, %, median (IQR) 60.51 (37.94-75.45) 77.62 (60.98-85.25) 0.000
Plaque burden, %, median (IQR) 76.86 (69.72-86.27) 85.70 (78.02-92.19) 0.000
Wall area index, median (IQR) 18.92 (5.05-43.15) 11.13 (3.17-37.91) 0.168
Remodeling index, median (IQR) 1.34 (0.97-1.93) 1.12 (0.87-1.79) 0.146
Enhancement index, %, median (IQR) 12.34 (3.88-31.72) 32.23 (17.83-46.82) 0.000
At the reference site

Lumen area, mm?, median (IQR) 6.75 (4.82-9.74) 6.42 (4.76-7.72) 0.214
Vessel area, mm?, median (IQR) 9.12 (6.38-12.29) 8.39 (6.18-12.67) 0.950

MCA, middle cerebral artery; IQR, interquartile range.
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Figure 5-4. Other MCA plaque imaging features are compared between asymptomatic
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middle cerebral artery.
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As exhibited in Figure 5-4, the MCA atherosclerotic plaques with hyperintensity signal
(59.7% versus 40.6%, P = 0.019) and IPH (35.5% versus 9.4%, P < 0.001) were more
frequently found in the symptomatic lesions, instead of the asymptomatic lesions.
Nevertheless, no significant differences of the plaque hypointensity signal and the arterial
remodeling pattern in the atherosclerotic MCAs were observed between the asymptomatic

and symptomatic lesions (both P values > 0.05).

5.3.4 Relationship between the incomplete COW patterns and symptomatic MCA

atherosclerosis

Our understanding of the progression of symptomatic MCA atherosclerosis depending
upon the four anatomical patterns of the incomplete COW subtypes was advanced in Table

5-3 and Table 5-4.

As shown in Table 5-3, the dysplasia or absence of the ACoA as an incomplete A-COW
pattern was significantly associated with the symptomatic MCA atherosclerotic lesions,
rather than the asymptomatic MCA lesions (43.5% versus 19.8%, P = 0.001). Yet, we did not
observe any significant association between the dysplastic/absent ACA and the symptomatic
MCA atherosclerotic lesions (P value > 0.05). Similarly, the dysplasia/absence of the PCA or
the PCoA as an incomplete P-COW pattern was not found to be correlated with symptomatic

MCA atherosclerosis as well (both P values > 0.05).
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Table 5-3. Association of the COW anomalies with the symptomatic status of MCA

atherosclerosis.

Asymptomatic MCA lesions

Symptomatic MCA lesions

COW anomaly (n=96) (n=62) P value
A-COW 0.221
Complete, n (%) 59 (61.5%) 32 (51.6%)
Incomplete, n (%) 37 (38.5%) 30 (48.4%)
ACA 0.830
Normal, n (%) 62 (64.6%) 39 (62.9%)
Dysplastic/absent, n (%) 34 (35.4%) 23 (37.1%)
ACoA 0.001
Normal, n (%) 77 (80.2%) 35 (56.5%)
Dysplastic/absent, n (%) 19 (19.8%) 27 (43.5%)
P-COW 0.792
Complete, n (%) 14 (14.6%) 10 (16.1%)
Incomplete, n (%) 82 (85.4%) 52 (83.9%)
PCA 0.312
Normal, n (%) 69 (71.9%) 49 (79.0%)
Dysplastic/absent, n (%) 27 (28.1%) 13 (21.0%)
PCoA 0.925

Normal, n (%)
Dysplastic/absent, n (%)

18 (18.8%)
78 (81.3%)

12 (19.4%)
50 (80.6%)

ACA, anterior cerebral artery; ACoA, anterior communicating artery; A-COW, anterior circle
of Willis; COW, circle of Willis; MCA, middle cerebral artery; PCA, posterior cerebral

artery; PCoA, posterior communicating artery; P-COW, posterior circle of Willis

As suggested in Table 5-4, the ACoA dysplasia or absence was strongly related to the
symptomatic MCA atherosclerotic lesions in the univariate logistic regression model (odds
ratio, 3.126, [95%CI, 1.537-6.359]; P = 0.002). Moreover, the dysplastic or absent ACoA
was also independently associated with symptomatic MCA atherosclerosis in the multivariate
logistic regression model (odds ratio, 3.132, [95%CI, 1.412-6.946]; P = 0.005) controlling the
potential confounders, including dysplastic/absent ACA, dysplastic/absent PCA,

dysplastic/absent PCoA, IPH, luminal stenosis percentage, and plague enhancement index.
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Table 5-4. Regression models for independent association of the ACO0A

dysplasia/absence with symptomatic MCA atherosclerosis.

Univariate regression Multivariate regression #

OR 95% CI P value OR 95% CI P value
Normal ACoA 1 (ref.) 1 (ref.)
Dysplastic/absent ACoA 3.126 (1.537-6.359) 0.002 3.132 (1.412-6.946) 0.005

ACA, anterior cerebral artery; ACo0A, anterior communicating artery; CI, confidential
interval; MCA, middle cerebral artery; OR, odds ratio; PCA, posterior cerebral artery; PCoA,

posterior communicating artery.

# adjusted for dysplastic/absent ACA, dysplastic/absent PCA, dysplastic/absent PCoA,

intraplague hemorrhage, luminal stenosis percentage, and plague enhancement index.

5.3.5 Reliability of measurement

The intra-observer reliability was excellent for determining the patterns of the COW
structure (coefficient = 0.939, 95% CI 0.931-0.947). The inter-observer reliability was
excellent as well for analyzing the patterns of the COW geometry (coefficient = 0.909, 95%
Cl 0.901-0.917). The intra- and inter-observer reliability were substantial to excellent for
evaluating the plaque imaging characters quantitatively and qualitatively, which was

previously published by our HR-MRI research 2% 2L,

5.4 Discussion

In our hospital-based study, firstly, we described the geometric pattern of each incomplete
COW subtype in patients with MCA atherosclerosis, among which the PCoA dysplasia or
absence was the most prevalent, followed by the dysplasia/absence of the ACA, the ACO0A,
and the PCA. With the help of HR-MRI, secondly, we distinguished the fundamental imaging

features of the MCA atherosclerotic plaques between asymptomatic and symptomatic lesions.
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Apparently, the symptomatic MCA atherosclerotic lesions were robustly associated with a
worse vessel wall state. Thirdly, as a representative anatomical pattern of an incomplete A-
COW subtype, the dysplastic or absent ACoA was revealed in independent correlation with

symptomatic MCA atherosclerosis, after adjusted for the possible confounding factors.

TOF MRA imaging reliably disclosed the detailed patterns of the COW anomaly among
patients with MCA atherosclerotic plaques. In this study, we found that the dysplastic/absent
PCoA was the most common variation in the incomplete COW geometry, while the
dysplastic/absent PCA was the least. This observation showed consistency with other earlier
results from the autopsy and MRA imaging % 1322, We also revealed a high prevalence of the
dysplasia/absence of the ACA and the AC0A as the typical patterns of the incomplete A-
COW geometry, which accorded with previous studies % 23, It was obvious that each rate of
the incomplete COW patterns might be fluctuating among various study populations in virtue

of the differences of the ethnics and the available technical modalities 2425,

Accumulative evidence from HR-MRI studies point to a striking difference in the
quantitative and qualitative imaging characteristics of MCA atherosclerosis between
asymptomatic and symptomatic lesions 2-2°. Our findings also affirmed that symptomatic
MCA atherosclerosis was in a poorer vessel wall condition. Firstly, a significant increase in
severity of the MCA stenotic lumen was detected in the symptomatic atherosclerotic lesions,
such as larger maximum wall width, severer narrowing lumen, and heavier plaque burden.
Both values of luminal stenosis and plaque burden were highlighted due to the clinical
importance of risk stratification for symptomatic MCA atherosclerotic disease and recurrent
stroke 27 30 31 Secondly, a larger plaque enhancement index featured prominently in
symptomatic MCA atherosclerosis. This imaging index might serve as a reliable marker that
was highly suggestive of acute cerebral infarcts within the ipsilateral vascular territory 32-34,

Interestingly, our previous MRI study further indicated that the MCA plaque contrast
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enhancement was even gradually decreased in the time course of MCA atherosclerosis 6.
Thirdly, both IPH and plague hyperintensity signal on pre-contrast T1w imaging existed
more commonly in symptomatic MCA atherosclerosis. Of note, as a crucial imaging
indicator of unstable plaques, IPH might independently predict the increasing risks of plaque

rupture and subsequent ischemic events % 36,

The aim of a focus for discriminating the symptomatic MCA atherosclerotic lesions from
the asymptomatic lesions was to offer an overview of the MCA plaque imaging features. The
underlying influence of the COW anomaly patterns on symptomatic MCA atherosclerosis
was then investigated. Among the four patterns of the incomplete COW geometry, in our
study, the ACoA dysplasia or absence was robustly related to the occurrence of the
symptomatic MCA atherosclerotic lesions. More importantly, an independent association of
the ACoA dysplasia/absence with an ascending risk of developing symptomatic MCA

atherosclerosis was ascertained, after adjustment for the potential confounders.

Our results lent plausibility to the hypothesis that the COW anomaly, particularly the
dysplasia/absence of the ACoA, might alter the MCA hemodynamics and thus accelerate the
development of symptomatic MCA atherosclerosis 373, Causes could be provided: Firstly,
the CBF pattern in the MCA might be changed to a great extent without the ACoA collateral
supply owing to the ACoA dysplasia/absence 2% 3°. Secondly, the low WSS level spatially
acting on the vessel walls might be mostly induced by the local alteration in the MCA
hemodynamic force 4% 4%, This process might directly worsen the MCA wall condition
through endothelial inflammation and dysfunction, thereby leading to the growth of unstable
atherosclerotic plaques 4> “3. Briefly, the ACoA dysplasia/absence might increase the risk of
occurring symptomatic MCA atherosclerotic lesions, largely via affecting the local
hemodynamic condition in the MCA. Our speculation could provide new insight into future

studies.
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We should take some limitations into consideration. Firstly, our sample size was relatively
small, and was from a single stroke center. Therefore, our findings should be applied with
caution to other study populations. Secondly, we could not include other unnoticed and

remaining confounding factors in the regression model.

5.5 Conclusion

The structural anomaly of the COW was prevalent among patients with MCA
atherosclerotic plaques, including the dysplasia or absence of the PCoA, the ACA, the AC0A,
and the PCA. The ACo0A dysplasia or absence was independently correlated with the
symptomatic MCA atherosclerotic lesions. These findings could further our knowledge of the
pathogenesis of MCA atherosclerosis depending on the anatomical feature of the COW

anomaly.
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Chapter 6. Relationship between the vertebrobasilar junction
angle over 90° and the pattern of plaque wall distribution in

vertebrobasilar artery atherosclerosis

6.1 Background

Intracranial large artery atherosclerosis is a major causative factor in acute ischemic stroke
(AIS), and still imposes huge medical and economic burdens on the whole world 3. The
brain tissue fed by the vertebrobasilar circulation is implicated in over 20% of all cerebral

infarctions, which is even at high risk of stroke recurrence and mortality 4.

The anatomical variation is commonly found in the vertebrobasilar circulation, and may
play an important role in the process of vertebrobasilar artery atherosclerotic plaques,
especially affecting the plaque location on the vessel walls 7-°. Previous studies reported the
wide-ranging degrees of the confluence angles of the vertebrobasilar junction in the human
brain samples 1% 11, Interestingly, the experimental and numerical findings then suggested that
the development of vertebrobasilar artery atherosclerosis might be largely influenced by the
structure of the VBJ angle %12, As yet little evidence could be further corroborated from
patients with AIS to indicate the relationship between the VBJ angle magnitude and the

vertebrobasilar plague wall location.

HR-MRI takes a detailed approach to a pathological description of the vessel wall changes
to the intracranial large arteries 3. Notably, determining the vessel wall locations of the
intracranial atherosclerotic plaques via HR-MRI not only helps to illuminate the underlying
stroke mechanisms, but also has clinical potentiality to guide therapeutic strategy 4 5. In this

study, we aimed to investigate the morphological feature of the vertebrobasilar plaque wall
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distribution depending upon the VBJ angle over 90° among AIS patients with vertebrobasilar

artery atherosclerosis.

6.2 Methods

6.2.1 Study subjects

In this prospective database from a single stroke center, adult subjects were consecutively
recruited between 2014 and 2020. The subject inclusion criteria included 1) first-ever AIS or
TIA in a week; 2) at least one intracranial large artery identified as atherosclerotic stenosis by
MRA or DSA; 3) atherosclerotic plagues in the vertebrobasilar arteries detected by HR-MRI;
4) the existence of the bilateral VAs and the BA shown on MRA. The subject exclusion
criteria were as follows: 1) no atherosclerotic plaque in the vertebrobasilar arteries detected
by HR-MRI; 2) absence of the VAs or the BA shown on MRA; 3) non-atherosclerotic
stenosis, such as vasculitis, dissection, and moyamoya disease; 4) clinical evidence of cardio-
embolism (atrial fibrillation or valvular heart disease); 5) coexisting more than 50% stenosis
of the ICA and/or the ECA; 6) history of known brain tumor, vascular malformation, cerebral
surgical/interventional procedure or recurrent stroke; 7) contraindications to MRI; 8)
incomplete imaging scan of the intracranial segments of the bilateral VAs. The patient
clinical information on admission were recorded during hospitalization, including age, sex,
hypertension, hyperlipidemia, diabetes and smoking status. The institutional review board
approved this study, which followed the Declaration of Helsinki. The written informed

consent was signed by each subject.

6.2.2 Imaging protocol

A 3.0-Tesla Achieva magnetic resonance system with a standardized eight-channel head
coil (Philips Healthcare, Cleveland, OH, USA) was utilized to scan all the subjects. The

imaging protocol included a TOF MRA sequence and a transverse three-dimensional T1w
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VISTA sequence before and after administrating a contrast agent containing gadolinium
(Dotarem, Gadoteric acid 0.5 mmol/mL, Guerbet, Roissy CdG Cedex, France) with 0.1
mL/kg to every subject. The TOF MRA sequence parameters included FOV
200*200*56mm?, acquired resolution 0.4*0.6*0.7mm?3, TR/TE 23/3.5ms, and scan duration
3:07min. The imaging parameters for the Tlw VISTA sequence were as follows: FOV
200*167*45mms3, acquired resolution 0.6*0.6*1.0mm?, reconstructed resolution 0.5*0.5*0.5
mm? with zero filling, TR 1500ms, TE 36ms, turbo-spin-echo + startup echoes 56+6, echo

spacing 4.0ms, SENSE factor 1.5 with phase-encode direction, and scan duration 6:51min.

6.2.3 Imaging assessment

The source images with axial orientation and the three-dimensional reconstructed images
were used for conducting visual image quality evaluation, according to a three-point scale (3
= excellent, 2 = adequate, and 1 = poor). The images graded as one point were excluded in

the following imaging analyses.

Two independent examiners were blind to the patient clinical information, and evaluated
the intra- and inter-observer agreement. Thirty patients were randomly chosen. One examiner
analyzed the images twice over a three-month period between the two imaging analyses.

Another examiner analyzed the images of the same thirty patients once.

6.2.4 The degree of the VBJ angle

The three-dimensional reconstructed cross-sections from TOF MRA imaging were
oriented towards the best visualization to determine the degree of the VBJ angle, through
utilizing OsiriX DICOM Viewer (Geneva, Switzerland) (Figure 6-1). The confluence angle
of the VBJ was described as the space where the two inner walls of the bilateral VAs joined
. The measurement of the VBJ angle was independent of the imaging analysis of the plaque

wall distribution in the atherosclerotic vertebrobasilar arteries.
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Figure 6-1. Measuring the degrees of the VBJ confluence angles on the three-
dimensional reconstructed cross-sections from TOF MRA imaging. A, the VBJ angle is
classified into the group with the angles less than 90°. B, the VBJ angle is classified into the
group with the angles more than 90°. TOF MRA, Time-Of-Flight magnetic resonance

angiography; VBJ, vertebrobasilar junction.
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Figure 6-2. The pattern of the plagque wall distribution in the atherosclerotic BAs is

shown on high-resolution vessel wall MRI. The BA atherosclerotic plaque is highlighted in
an individual cross-sectional image (white arrow). The BA lumen is centrally intersected by
the two dashed lines. Every cross-sectional image of the plaque is divided into four vascular
quadrants: ventral, dorsal, right, and left. The plaque in this cross-sectional image may be
located on one of the four vascular sides. BA, basilar artery; MRI, magnetic resonance

imaging.
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Figure 6-3. The examples of the VA plaques distributed on the ventral, dorsal, left, and
right walls, respectively. Every cross-section of the VA plaque is separated into the four
quadrants by two dashed lines intersecting at the luminal center (T1-weighted imaging). VA,

vertebral artery.
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6.2.5 The pattern of plague wall distribution in vertebrobasilar artery atherosclerosis

The atherosclerotic plaque was visually detected along the intracranial segments of the
bilateral VAs and the BA on the three-dimensional reconstructed T1w imaging, if identified
as focal thickening on the vessel walls 6. All the cross-sectional images of the vertebrobasilar
plague were categorized according to the plaque locations being centrally distributed on the
different vascular sides: dorsal, ventral, and lateral (right or left) (Figure 6-2 and Figure 6-3).
Every cross-sectional image of the plaque was sorted into one of the four quadrants.
Considering that the vertebrobasilar plague might cover two or more quadrants, the quadrant

at the thickest point of the vessel wall was used in the current study.

6.2.6 Statistical analysis

SPSS version 26.0 (IBM, NY, USA) was utilized to analyze the statistical data. Qualitative
variables were summarized as percentages, while quantitative variables were shown as means
+ SD. Chi-squared test or Fisher’s exact test was used for comparing the VBJ angles above
90° between patients with and without vertebrobasilar atherosclerosis. The individual
percentage of the plaque wall orientation was calculated for each vertebrobasilar plaque *°.
The mean percentages of the plaque locations on the dorsal, ventral, and lateral walls were
then produced in the group of all vertebrobasilar plaques, the group of the VBJ angles above
90°, as well as the group of the angles below 90°, respectively. Mann-Whitney U test was
used for comparing the mean percentages of every plaque wall location between the two
groups of the VBJ angles above 90° and the angles below 90°. P value less than 0.05 referred
to statistical significance. Cohen « or intraclass correlation coefficient with 95% Cls was
utilized to assess intra- and inter-observer agreement. A coefficient more than 0.81 was

regarded as excellence.

6.3 Results
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6.3.1 The geometric variation of the VBJ angle in subjects with and without

vertebrobasilar atherosclerosis

The VBJ angles ranged in magnitude between 29.45° and 124.20° among patients with
vertebrobasilar atherosclerosis (data not shown). The VVBJ angle degrees varied from 38.95°

to 117.89° among patients without vertebrobasilar atherosclerosis (data not shown).

According to the degree of the VBJ angle greater than 90° or not, patients with and without
vertebrobasilar atherosclerosis were then classified into two subgroups, respectively. 48.5%
of patients with vertebrobasilar atherosclerosis had the VBJ angles > 90°, while 51.5%
possessed the VBJ angles < 90°. The VBIJ angles > 90° were found in 40.0% of patients
without vertebrobasilar atherosclerosis, whereas the VBJ angles < 90° in 60.0%. As
displayed in Table 6-1, however, there was no significant difference in the VBJ angle
magnitude (above and below 90°) between patients with and without vertebrobasilar artery

atherosclerosis (P value > 0.05).

Table 6-1. Comparison of the VBJ angle degrees between subjects with and without

vertebrobasilar atherosclerosis.

Patients with vertebrobasilar Patients without
atherosclerosis vertebrobasilar atherosclerosis
VBJ angle (n=68) (n=20) P value
>90°, n (%) 33 (48.5%) 8 (40.0%) 0.613
<90° n (%) 35 (51.5%) 12 (60.0%)

VBJ angle, vertebrobasilar junction angle.
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6.3.2 Baseline demographic and clinical characteristics of subjects with vertebrobasilar

atherosclerosis

The present study included sixty-eight subjects with vertebrobasilar atherosclerotic plaques
in total for subsequent analyses. The demographic and clinical characters of the subjects at
admission were summarized in Table 6-2. Mean age was 63.53 + 9.42 years old; 63.2% were
male patients. The prevalence of hypertension was found to be 79.4% among patients with
vertebrobasilar atherosclerosis, which was higher than that of hyperlipidemia, diabetes, or
current smoking status. The occurrence of IS as an index stroke event was more prevalent

than that of TIA (89.7% versus 10.3%).

Table 6-2. Demographic and clinical features of patients with vertebrobasilar artery

atherosclerosis.

Subjects
Parameters (n=68)
Age, years, mean = SD 63.53 £ 9.42
Male/Female, n 43/25
Hypertension, n (%) 54 (79.4%)
Hyperlipidemia, n (%) 39 (57.4%)
Diabetes, n (%) 27 (39.7%)
Smoking, n (%) 18 (26.5%)
Index event
Stroke, n (%) 61 (89.7%)
TIA, n (%) 7 (10.3%)
VBJ angle
>90°, n (%) 33 (48.5%)
<90° n (%) 35 (51.5%)

TIA, transient ischemic attack; VVBJ angle, vertebrobasilar junction angle.
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6.3.3 Relationship between the VBJ angle over 90° and the plaque wall distribution in

the atherosclerotic vertebrobasilar arteries

One hundred and thirty-one atherosclerotic plaques were identified in the vertebrobasilar
arteries of the included patients. The pattern of the plaque location on the vessel wall of the
atherosclerotic vertebrobasilar arteries was determined on HR-MRI, by using a total of 659

imaging slices.

The overall feature of the plaque wall distribution in the atherosclerotic vertebrobasilar
arteries was shown in Table 6-3. The vertebrobasilar plaques were evenly distributed on the

lateral (38.64%), ventral (38.66%), and dorsal (22.70%) walls.

The mean percentages of each plague distribution side in vertebrobasilar artery
atherosclerosis were subsequently compared between the group of the VBJ angles > 90° and
the group of the VVBJ angles < 90°. As illustrated in Table 6-4, the vertebrobasilar plaques
within the VBJ angles > 90° were more likely to be located on the ventral walls than those
within the VBJ angles < 90° (50.14% versus 25.49%, P = 0.003). On the other hand, the VBJ
angles > 90° had fewer vertebrobasilar plaques distributed on the dorsal walls, compared to

the VBJ angles < 90° (7.32% versus 40.34%, P < 0.001).

Table 6-3. The overall pattern of plaque wall distribution in vertebrobasilar artery

atherosclerosis.

Vertebrobasilar plaques

Wall orientation (n=131)
Lateral wall 38.64%
Ventral wall 38.66%

Dorsal wall 22.70%
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Table 6-4. Association of the VBJ angle with the plague wall distribution in

vertebrobasilar artery atherosclerosis.

Plaques within VBJ Plaques within VBJ

angle > 90° angle <90°
Wall orientation (n=70) (n=61) P value
Lateral wall 42.54% 34.17% 0.396
Ventral wall 50.14% 25.49% 0.003
Dorsal wall 7.32% 40.34% 0.000

VBJ angle, vertebrobasilar junction angle.

6.3.4 Reliability of evaluation
The intra- and inter-observer agreement of measuring the VVBJ angle and determining the
vertebrobasilar plaque location on the vessel wall were presented in Table 6-5. The intra- and

inter-observer reliability were excellent for the imaging analyses.

Table 6-5. Intra- and inter-observer reliability of analyzing the VBJ angle and the

plaque wall distribution in vertebrobasilar artery atherosclerosis.

Intra-observer agreement Inter-observer agreement
Coefficient (95% CI) Coefficient (95% CI)
VBJ angle 0.907 (0.814-0.955) 0.860 (0.728-0.931)
Plaque wall orientation 0.911 (0.852-0.947) 0.842 (0.743-0.905)

Cl, confidence interval; VBJ angle, vertebrobasilar junction angle.

6.4 Discussion
In this hospital-based study, firstly, we found that there commonly existed the geometric
variations in the magnitude of the VBJ angles among patients with vertebrobasilar artery

atherosclerosis. Secondly, the pattern of the plaque location on the vessel wall was depicted
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in the atherosclerotic vertebrobasilar arteries by using HR-MRI. Importantly, the feature of
the vertebrobasilar plague wall distribution was further revealed depending on the structure
of the VBJ angle over 90°. Our study showed that the VBJ angles exceeding 90° possessed
more ventral-wall plaques, but had fewer dorsal-wall plaques in the atherosclerotic

vertebrobasilar arteries.

Through TOF MRA imaging, the VBJ angles were displayed with varying magnitude from
29.45° to 124.20° among patients with vertebrobasilar atherosclerotic plaques in the current
study. This result was observed in line with the previous autopsy finding from eighty-five
human brains, in which the degrees of the VBJ angles were measured ranging between 10°
and 160° 19, Yet, the other MR imaging research investigated this anatomical variation
among twelve healthy adult individuals, reporting that the degrees of the VBJ angles varied
from 54° to 86° '’. Of note, the differences in the range of the VBJ-angle degrees among

various studies may be attributed to the different study populations.

The vessel wall distribution of atherosclerotic plaque in vertebrobasilar circulation may
have its unique pattern. Among healthy subjects over 20 years old, the asymptomatic BA
plaques in the early stage were mainly distributed on the ventral and dorsal walls, and these
plaques might extend to the right or left wall in the progression of atherosclerosis °. Not
surprisingly, the atherosclerotic plaques of less than 50% BA stenosis were found to be
evenly located on the ventral, dorsal and lateral walls 6. However, the plaque distribution of
70-99% BA atherosclerotic stenosis were predominantly on the dorsal and lateral walls 8.
The exact mechanism determining the plaque wall distribution in vertebrobasilar circulation
atherosclerosis is still unknown. Growing evidence implied that the pattern of vertebrobasilar
plaque location on the vessel walls might be strongly correlated with the anatomical structure

of the vertebrobasilar arteries, largely via the role of hemodynamics 171920,
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In this study, we also confirmed the even distribution of the total vertebrobasilar plaques
on the vessel walls, and nearly two thirds of these plagues involved the ventral and dorsal
walls, regardless of the stenotic degrees of the vertebrobasilar arteries. Our observations
further demonstrated that the VBJ angles over 90° were positively related to the
vertebrobasilar plagues on the ventral wall, but negatively to the plaques on the dorsal wall.
This significant difference in the vertebrobasilar plaque wall distribution between the VBJ
angles above 90° and the angles below 90° might be induced by the local changes in the
hemodynamics and the vascular ability of the vertebrobasilar arteries. The possible
explanations could be offered: First, the larger VBJ angles could bring about the complex
CBF pattern and the decreased WSS level in the corresponding area of the vertebrobasilar
arteries to form atherosclerosis % . Second, the VBJ angle of 90° could significantly
attenuate the functional response of the vascular smooth muscle cells (VSMCs) to the
hemodynamic alteration 2. Thus, it would seem reasonable to speculate that the VBJ angles
> 90° were more likely to worsen the ventral-wall condition of the vertebrobasilar arteries to
develop atherosclerosis, mainly by altering the hemodynamic force and the vascular function

of the vertebrobasilar arteries. Our findings could inspire future research direction.

Our results have potential clinical value. Prior HR-MRI study suggested that the plaques in
the atherosclerotic BA were primarily located on the ventral wall among symptomatic
patients with vertebrobasilar circulation infarction 2% 22, Moreover, various infarct
mechanisms could contribute to symptomatic vertebrobasilar circulation atherosclerotic
disease 2% 24, Accordingly, subsequent study with a larger sample size can explore whether
the vertebrobasilar plaque wall distribution depending on the VBJ angle over 90° is

independently correlated with the stroke patterns among these symptomatic patients.

Our study had some limitations. Firstly, a relatively small sample size and a lack of further

validation of the clinical value of our findings. Secondly, our results should be cautiously
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applied to other study populations. Thirdly, the relationship between the vertebrobasilar
plaque wall distribution and the VBJ angle over 90° was not causal in this research, which

requires verification by other cerebral fluid dynamics studies.

6.5 Conclusion

The degrees of the VBJ angles varied considerably among patients with vertebrobasilar
artery atherosclerosis. The pattern of the vertebrobasilar plaque location on the vessel wall
was robustly associated with the geometry of the VBJ angle over 90°. Further research is

warranted to verify our observations.
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Chapter 7. The vertebrobasilar junction angle exceeding 90° is
related to the progressive atherosclerotic lesions in patients with

vertebrobasilar artery atherosclerosis

7.1 Background

IS owing to intracranial large-artery atherosclerotic stenosis is threatening the public health
and bringing huge socio-economic burden all over the world . Approximately one fourth of
acute cerebral infarcts involve the tissues depending on a blood supply from the
vertebrobasilar circulation system, which are also associated with high risks of recurrent

stroke and stroke-related disability *°.

There commonly exists a wide variety of anatomical variances in the vertebrobasilar
circulation system, which may be strongly related to the occurrence and development of
vertebrobasilar atherosclerotic plaques 8. Of note, the degrees of the VBJ confluence angles
in the human brain samples were reported to vary between 10° and 160° ° 0 The
experimental and numerical models subsequently revealed that the vertebrobasilar arteries
were more likely to show proneness to atherosclerosis in the larger degrees of the VBJ angles,
mainly through the hemodynamic changes affected by the VBJ-angle structure 91,
Nonetheless, few data could be directly offered from patients with acute IS to ascertain the
relevance of the VBJ angle magnitude to the progression of vertebrobasilar artery

atherosclerosis.

With the help of HR-MRI, the present study aimed to describe the essential imaging
characteristics of the vertebrobasilar atherosclerotic plaques quantitatively and qualitatively

among AIS patients with vertebrobasilar artery atherosclerosis; and to explore the correlation

138



between the VBJ angles more than 90° and the plaque imaging features of vertebrobasilar

artery atherosclerosis.

7.2 Methods

7.2.1 Study subjects

This was a hospital-based study from a single medical institution, recruiting consecutive
subjects from 2014 to 2020. Adult patients were included in this study, if they met the
following conditions: first-ever AIS or TIA in 7 days; at least one intracranial large artery
diagnosed as atherosclerotic stenosis via routine cerebral angiography; vertebrobasilar
atherosclerotic plaques identified by HR-MRI; both the bilateral VAs and the BA displayed
on MRA,; complete imaging scan from the intracranial segments of the bilateral VAs. Patients
were excluded, if they suffered from non-atherosclerotic stenosis (dissection, vasculitis, or
moyamoya disease); cardio-embolism (atrial fibrillation or valvular heart diseases);
coexistent exceeding 50% stenosis of the ICA and/or the ECA; history of known brain tumor,
vascular malformation, cerebral surgical/interventional procedure, or recurrent stroke;
absence of the VA or the BA displayed on MRA; no vertebrobasilar atherosclerotic plaque
detected by HR-MRI; or any contraindication to MRI. The baseline clinical information of all
the patients were noted down, like age, sex, hypertension, hyperlipidemia, diabetes mellitus,
or present smoking status. This study was approved by the institutional review board,
following the Declaration of Helsinki. The written informed consents were provided by all

the patients or family members.

7.2.2 Imaging protocol

A 3.0-Tesla Achieva magnetic resonance system with a standardized eight-channel head
coil (Philips Healthcare, Cleveland, OH, USA) was utilized to scan all the subjects. The

imaging protocol contained a TOF MRA sequence and a transverse three-dimensional T1w
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VISTA sequence before and after administrating a contrast agent containing gadolinium
(Dotarem, Gadoteric acid 0.5 mmol/mL, Guerbet, Roissy CdG Cedex, France) with 0.1
mL/kg to every subject. The TOF MRA sequence parameters were as follows: FOV
200*200*56mm?, acquired resolution 0.4*0.6*0.7mm?3, TR/TE 23/3.5ms, and scan duration
3:07min. The imaging parameters for the Tlw VISTA sequence included FOV
200*167*45mms3, acquired resolution 0.6*0.6*1.0mm?, reconstructed resolution 0.5*0.5*0.5
mm? with zero filling, TR 1500ms, TE 36ms, turbo-spin-echo + startup echoes 56+6, echo

spacing 4.0ms, SENSE factor 1.5 with phase-encode direction, and scan duration 6:51min.

7.2.3 Imaging evaluation

The source images with axial orientation and the three-dimensional reconstructed images
were utilized to perform visual image quality evaluation, according to a three-point scale (1 =
poor, 2 = adequate, and 3 = excellent). The images graded as two to three points were

included in the subsequent imaging analyses.

Two examiners were blind to the patient clinical data, and independently assessed the
intra- and inter-observer agreement. Thirty subjects were chosen at random. One examiner
analyzed the images twice over a period of three months between the two measurements.

Another examiner analyzed the images of the same thirty subjects once.

7.2.4 Measuring the degrees of the VBJ angles

Via the usage of OsiriX DICOM Viewer (Geneva, Switzerland), the degrees of the VBJ
angles were measured on the three-dimensional reconstructed cross-sections from TOF MRA
imaging with the best-oriented visualization (Figure 7-1). The VBJ confluence angle was
defined as the corresponding space joined by the two inner arterial walls of the right and left
VAs 1°. Measuring the VBJ-angle degrees was independent of the quantitative and qualitative

imaging analyses of vertebrobasilar artery atherosclerosis.
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Figure 7-1. The measurement of the VBJ-angle degrees on the three-dimensional
reconstructed cross-sections from TOF MRA imaging. A, the VBJ angle is grouped into
the category of the angles below 90°. B, the VBJ angle is grouped into the category of the
angles above 90°. TOF MRA, Time-Of-Flight magnetic resonance angiography; VBJ,

vertebrobasilar junction.
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Figure 7-2. A typical case of a symptomatic atherosclerotic plaque in the BA. A, a
symptomatic atherosclerotic stenosis of the BA on MRA imaging (white arrow). B, acute
infarction in the BA territory on DWI (white arrow). C and D, an eccentric, focal plaque in
the BA as a symptomatic atherosclerotic lesion before and after administrating contrast on
T1lw imaging, respectively (white arrows). BA, basilar artery; DWI, diffusion-weighted

imaging; MRA, magnetic resonance angiography; T1w, T1-weighted.
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Figure 7-3. A typical case of an asymptomatic atherosclerotic plague in the VA. A, a
symptomatic atherosclerotic stenosis of the right MCA-M1 segment on MRA imaging (white
arrow). B and C, an eccentric, focal plaque in the left VA as an asymptomatic atherosclerotic
lesion before and after administrating contrast on T1w imaging, respectively (white arrows).
MCA, middle cerebral artery; MRA, magnetic resonance angiography; T1w, T1-weighted;

VA, vertebral artery.
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7.2.5 Quantitatively measuring the vertebrobasilar atherosclerotic plaques

An atherosclerotic plague was recognized by focal thickening on the vessel wall along the
intracranial segments of the bilateral VAs and the BA from both pre- and post-contrast T1w
imaging (Figure 7-2 and Figure 7-3), based on a definition reported previously *2.
VesselMass software (Leiden University Medical Center, the Netherlands) was used to
perform the quantitative measurements of the atherosclerotic plaques in the vertebrobasilar
arteries (luminal stenosis degree, plaque burden percentage, wall area index, remodeling

index, and enhancement index), according to the algorithms from previous research 315,

The imaging cross-section of the vertebrobasilar atherosclerotic lesion at the most
narrowing lumen was used to measure the area of the vertebrobasilar plaque, while the
reference site referred to the adjacent vascular segment proximal or distal to the
atherosclerotic lesion, which was plaque-free, non-tortuous and normal 316, The vessel area
was measured via manually tracing the vessel-cerebrospinal fluid interface, and the lumen
area was determined by the blood-intima interface. Besides, both maximal and minimal wall

thicknesses were measured at the most stenotic luminal lesion. The formulas were as follows:
The wall area = VA — LA
The degree of luminal stenosis = (1 — lesion LA / reference LA) x 100%;
The plaque burden percentage = (lesion WA / lesion VA) x 100%;
The wall area index = lesion WA / reference WA,

The remodeling index = lesion VA / reference VA (If the index was > 1.05, the arterial
remodeling was a positive pattern; if the index was < 1.05, the pattern of arterial remodeling

was non-positive.).
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Moreover, the plague signal intensity was measured on the matched pre- and post-contrast
T1w imaging, after manually tracing both vascular lumen and outer wall boundary at the
most narrowing lesion of vertebrobasilar artery atherosclerosis 3. The gray-matter SI was
also measured on the matched pre- and post-contrast T1w imaging via manually drawing a
circle of 10 to 12 mm? at the normal tissue of gray matter next to the atherosclerotic lesion 3.

The plaque contrast enhancement was quantified on a basis of the following formula:

The enhancement index = [(plaque SI / gray-matter SI on post-contrast T1w imaging) —
(plaque SI / gray-matter SI on pre-contrast T1w imaging)] / (plaque SI / gray-matter SI on

pre-contrast T1w imaging) x 100%.

7.2.6 Qualitatively measuring the vertebrobasilar atherosclerotic plaques

The atherosclerotic plaques in the vertebrobasilar arteries were then evaluated qualitatively
(plaque hyperintensity signal, plaque hypointensity signal, IPH, and symptomatic status),

based on the methodologies from our prior research 13 %7,

The plaque SI was also designated as hyperintensity or hypointensity on the pre-contrast
T1w imaging in comparison with the normal gray-matter Sl nearest to the atherosclerotic
lesion 7. If a high signal area was found within the plaque on the pre-contrast T1w imaging

(exceeding 150% of the adjacent muscle SlI), the occurrence of IPH was considered *2.

Furthermore, the vertebrobasilar plaque was described as symptomatic or asymptomatic
according to whether this plaque could make a direct contribution to acute ischemia within
the corresponding vertebrobasilar territory (the positive findings of DWI and/or acute
symptoms of neurological dysfunction) 2. The symptomatic vertebrobasilar lesion was
defined by the situation that the plaque was the only or the most stenotic/enhanced in the
same vertebrobasilar territory of acute infarction. The asymptomatic vertebrobasilar lesion

was determined by the circumstance that the plaque was out of the vertebrobasilar territory of
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acute infarct, or not the most stenotic/enhanced within the acute ischemic vertebrobasilar

territory.

7.2.7 Statistical analysis

SPSS version 26.0 (IBM, NY, USA) was used for conducting statistical analyses.
Statistical data were displayed as percentages, means + SD, or medians (IQR), where
appropriate. Chi-squared test, Fisher’s exact test, or T-test was utilized to compare the patient
baseline clinical characters between the group with the VBJ angles > 90° and the group with
the angles < 90°. Chi-squared test, Fisher’s exact test, or Mann-Whitney U test was used to
compare the plague imaging features of vertebrobasilar artery atherosclerosis between the
group with the VBJ angles > 90° and the group with the angles < 90°. P value below 0.05
was considered as statistical significance. Intraclass correlation or Cohen « coefficient with
95% ClIs was utilized for determining intra- and inter-observer agreement. A coefficient

above 0.81 was identified as excellence.

7.3 Results

7.3.1 Baseline demographic and clinical characteristics of all the subjects

In the current study, sixty-eight patients with atherosclerotic plaques in the vertebrobasilar
arteries were included. The baseline clinical features of all the patients (mean age = 63.53 £
9.42 years old; 43 male patients) were shown in Table 7-1. Among all the patients, the
incidence of hypertension was observed to be 79.4%, and higher than that of hyperlipidemia,
diabetes mellitus, or present smoking status. The prevalence of AIS (89.7%) was higher than

that of TIA (10.3%).

All the patients were then classified into two categories according to whether the degrees

of the VBJ angles exceeded 90°: 33 in the category of the VBIJ angles > 90°; 35 in the
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category of the VBJ angles < 90°. As presented in Table 7-1, no significant differences of the
patient baseline clinical characters were found between the two categories (all P values >

0.05).

Table 7-1. Baseline clinical characteristics of subjects with vertebrobasilar

atherosclerosis between the VBJ angles > 90° and the angles < 90°.

Patients with VBJ Patients with VBJ

All patients angle > 90° angle < 90°
Parameters (n=68) (n=33) (n=35) P value”
Age, years, mean *+ SD 63.53 £ 9.42 62.97 + 9.69 64.06 + 9.25 0.638
Male/Female, n 43/25 22/11 21/14 0.569
Hypertension, n (%) 54 (79.4%) 26 (78.8%) 28 (80.0%) 0.902
Hyperlipidemia, n (%) 39 (57.4%) 21 (63.6%) 18 (51.4%) 0.309
Diabetes, n (%) 27 (39.7%) 11 (33.3%) 16 (45.7%) 0.297
Smoking, n (%) 18 (26.5%) 9 (27.3%) 9 (25.7%) 0.884
Index event 0.107
Stroke, n (%) 61 (89.7%) 32 (97.0%) 29 (82.9%)
TIA, n (%) 7 (10.3%) 1 (3.0%) 6 (17.1%)

TIA, transient ischemic attack; VBJ angle, vertebrobasilar junction angle.

# P value: the group of the VBJ angle > 90° versus the group of the VBJ angle < 90°.

7.3.2 Overall imaging characters of the vertebrobasilar atherosclerotic plaques

A total of one hundred and thirty-one plaques were recognized as atherosclerotic in the
vertebrobasilar arteries among all the patients. The plagque imaging characteristics of all the

vertebrobasilar atherosclerotic lesions were summarized in Table 7-2.

The incident rate of the vertebrobasilar plagues with hypointensity signal was found to be
42.0%, while that of the plaques with hyperintensity signal was 25.2%. Only 10.7% of all the
vertebrobasilar plaques had IPH, while up to 74.0% showed positive pattern of arterial

remodeling. Notably, 13.0% of the vertebrobasilar plaques were identified as symptomatic,
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which induced acute infarctions on DWI and/or acute stroke signs in vertebrobasilar

circulation.

At the narrowest luminal lesion, vertebrobasilar artery atherosclerosis showed a maximal
wall width of 1.86mm (IQR, 1.46-2.29) and a minimal wall width of 0.85mm (IQR, 0.70-
0.99). The degree of luminal stenosis in the atherosclerotic vertebrobasilar arteries was
calculated to be 57.96% (IQR, 41.89-77.99), and the plaque burden percentage was 77.47%
(IQR, 69.94-86.30). Besides, the wall area index reached 33.10 (IQR, 12.50-52.90) in
vertebrobasilar artery atherosclerosis. The remodeling index was 1.37 (IQR, 1.04-1.77). The

enhancement index was measured to be 34.34% (IQR, 16.05-54.16).

Table 7-2. Plaque imaging features of vertebrobasilar atherosclerosis in all lesions.

Vertebrobasilar plaques

Characters (n=131)

Symptomatic status, n (%) 17 (13.0%)
Hypointensity, n (%) 55 (42.0%)
Hyperintensity, n (%) 33 (25.2%)
Intraplaque hemorrhage, n (%) 14 (10.7%)
Avrterial remodeling

Positive, n (%) 97 (74.0%)

Non-positive, n (%) 34 (26.0%)
At the maximal narrowing lumen site
Lumen area, mm?, median (IQR) 3.84 (2.09-6.79)
Vessel area, mm?, median (IQR) 18.75 (13.87-26.05)
Wall area, mm?, median (IQR) 14.95 (11.03-19.96)
Maximum wall thickness, mm, median (IQR) 1.86 (1.46-2.29)
Minimum wall thickness, mm, median (IQR) 0.85 (0.70-0.99)
Stenosis percentage, %, median (IQR) 57.96 (41.89-77.99)
Plague burden, %, median (IQR) 77.47 (69.94-86.30)
Wall area index, median (IQR) 33.10 (12.50-52.90)
Remodeling index, median (IQR) 1.37 (1.04-1.77)
Enhancement index, %, median (IQR) 34.34 (16.05-54.16)
At the reference site
Lumen area, mm?, median (IQR) 11.53 (7.88-16.66)
Vessel area, mm?, median (IQR) 14.59 (9.68-20.49)

IQR, interquartile range.
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Table 7-3. Quantitative imaging features of vertebrobasilar atherosclerosis between the

VBJ angles > 90° and the angles < 90°.

Plaques within VBJ Plaques within VBJ

angle > 90° angle <90°
Characters (n=70) (n=61) P value

At the maximal narrowing lumen site

Lumen area, mm?, median (IQR) 2.95 (1.65-5.07) 5.83 (3.73-8.57) 0.000
Vessel area, mm?, median (IQR) 18.46 (13.32-24.39)  19.74 (14.32-26.91) 0.422
Wall area, mm?, median (IQR) 16.02 (11.09-20.27)  14.77 (10.70-18.65) 0.223
Maximum wall thickness, mm, median (IQR) 2.03 (1.66-2.53) 1.70 (1.25-2.05) 0.000
Minimum wall thickness, mm, median (IQR) 0.88 (0.73-1.06) 0.79 (0.63-0.98) 0.039
Stenosis percentage, %, median (IQR) 73.89 (53.81-85.12)  45.68 (35.24-66.32) 0.000
Plaque burden, %, median (IQR) 84.35 (75.24-89.88)  70.58 (64.89-77.73) 0.000
Wall area index, median (IQR) 35.89 (12.43-63.88)  31.80 (12.67-47.45) 0.190
Remodeling index, median (IQR) 1.31 (1.03-1.98) 1.45 (1.03-1.73) 0.761
Enhancement index, %, median (IQR) 38.83 (18.42-57.91)  32.43 (12.37-45.34) 0.131
At the reference site

Lumen area, mm?, median (IQR) 10.55 (7.57-17.67) 11.76 (8.41-15.36) 0.631
Vessel area, mm?, median (IQR) 14.92 (8.39-20.18)  14.59 (10.46-20.67) 0.580

IQR, interquartile range; VBJ angle, vertebrobasilar junction angle.

7.3.3 Association between the VBJ angle degrees and vertebrobasilar artery

atherosclerosis

The vertebrobasilar atherosclerotic plagues were subsequently categorized into the groups
of the VBJ angles > 90° (70 plaques) and the angles < 90° (61 plaques). The comparisons of
the plaque imaging characteristics in vertebrobasilar artery atherosclerosis between the VBJ

angles > 90° and the angles < 90° were displayed in Table 7-3 and Figure 7-4, respectively.

As shown in Table 7-3, the LA of vertebrobasilar artery atherosclerosis in the VBJ angles
> 90° was significantly smaller than that in the angles < 90° (2.95mm? [IQR, 1.65-5.07]
versus 5.83mm? [IQR, 3.73-8.57], P < 0.001). The vertebrobasilar plaques in the VBJ angles

> 90° had significantly larger maximal wall thickness (2.03mm [IQR, 1.66-2.53] versus
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1.70mm [IQR, 1.25-2.05], P < 0.001) and larger minimal wall thickness (0.88mm [IQR, 0.73-
1.06] versus 0.79mm [IQR, 0.63-0.98], P = 0.039), compared with those in the angles < 90°.
Furthermore, the degree of vertebrobasilar luminal stenosis in the VBJ angles > 90° was
significantly higher than that in the VBJ angle < 90° (73.89% [IQR, 53.81-85.12] versus
45.68% [IQR, 35.24-66.32], P < 0.001). The vertebrobasilar plaques in the VBJ angles > 90°
possessed significantly heavier plaque burden than those in the VBJ angles < 90° (84.35%
[IQR, 75.24-89.88] versus 70.58% [IQR, 64.89-77.73], P < 0.001). However, the differences
of the wall area index, the remodeling index and the enhancement index in vertebrobasilar
atherosclerosis were not significant between the groups of the VBJ angles > 90° and the

angles < 90° (all P values > 0.05).

As illustrated in Figure 7-4, the vertebrobasilar plaques with symptomatic status (20.0%
versus 4.9%, P = 0.01), hypointensity signal (51.4% versus 31.1%, P = 0.019), and IPH
(17.1% versus 3.3%, P = 0.01) were more likely to be found in the VBJ angles > 90°, rather
than the VBJ angles < 90°. Yet, there were no significant differences of the plaque
hyperintensity signal and the arterial remodeling pattern in vertebrobasilar atherosclerosis

between the groups of the VBJ angles > 90° and the angles < 90° (both P values > 0.05).
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A Symptomatic status B Hypointensity signal C Hyperintensity signal
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Figure 7-4. The comparison of other vertebrobasilar plaque imaging features between
the VBJ angles above 90° and the angles below 90°. A, symptomatic status. B, plaque
hypointensity signal. C, plaque hyperintensity signal. D, intraplaque hemorrhage. E, arterial

remodeling pattern. VBJ, vertebrobasilar junction.
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7.3.4 Reliability of measurement

The intra-observer reliability was excellent for measuring the VBJ-angle degrees
(coefficient = 0.907, 95% CI 0.814-0.955). The inter-observer reliability was also excellent
for measuring the VBJ-angle degrees (coefficient = 0.860, 95% CI 0.728-0.931). The intra-
and inter-observer reliability were substantial to excellent for the quantitative and qualitative
assessment of plaque imaging characters, which was previously reported by our HR-MRI

research 17:18,

7.4 Discussion

In this study, firstly, we utilized HR-MRI as an advanced intracranial vessel-wall imaging
modality to depict the typical imaging features of the atherosclerotic plaques in the
vertebrobasilar arteries. Secondly, we verified a strong correlation of the VBJ angles over 90°
with vertebrobasilar artery atherosclerosis. The VBJ angles exceeding 90° were revealed in
significant relevance to the increased values of wall thickness, luminal stenosis and plaque
burden in vertebrobasilar artery atherosclerosis. Besides, the vertebrobasilar atherosclerotic
plagues with hypointensity signal and IPH were more prevalent within the VBJ angles over
90°. Importantly, the atherosclerotic plagues within the VBJ angles exceeding 90° were more
possible to result in acute infarctions and/or acute ischemia symptoms in vertebrobasilar

circulation.

By using TOF MRA imaging, the marked anatomical variability in the VBJ-angle
magnitude was observed among patients with vertebrobasilar atherosclerotic plaques, which
ranged between 29.45° and 124.20° in our study (data not displayed). Our result was
comparable to the prior post-mortem finding that the structural variation of the VVBJ-angle
degrees commonly existed in the human brains %0, The impact of a larger VBJ-angle degree

on the progression of atherosclerosis was concluded numerically and experimentally in the
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previous analytical models as well ®*L. Notably, these studies suggested that the geometry of
the larger VBJ-angle degrees might increase the risk of developing vertebrobasilar

atherosclerotic plaques °**.

The reasonable explanation could be provided. Firstly, the VBJ-angle magnitude might
have a strong influence on the hemodynamic force acting on the vertebrobasilar artery walls *
10,19 1t was notable that the structure of the larger VBJ angles could induce the complex
pattern of CBF and decrease the level of WSS on the vessel walls to grow atherosclerosis * 1°.
Secondly, the magnitude of the VBJ angle might directly affect the function of the VSMCs in
the vertebrobasilar arteries . Particularly in the model of the VBJ angle of 90°, the VSMCs
showed an attenuated reaction to the local alteration in hemodynamics and expressed the
higher levels of pro-atherosclerotic cytokines !!. Therefore, we speculated about the
hemodynamic and vascular roles of the structure of the VBJ angles more than 90° in

deteriorating the state of the vertebrobasilar artery walls to develop atherosclerosis.

Our observations could largely corroborate this hypothesis: First, the VBJ angles over 90°
were found in robust association with the narrower condition of vertebrobasilar artery
atherosclerosis, including larger wall thicknesses, severer luminal stenosis, and higher plaque
burden percentages. Of note, compared to other routine imaging indexes, the plaque burden
percentage was reported more reliable to indicate the severity of the narrowing lumen in the
intracranial atherosclerotic large arteries 2°-?2, Second, the vertebrobasilar atherosclerotic
plaques within the VBJ angles exceeding 90° had the increased incidences of plagque
hypointensity signal and IPH. On the pre-contrast T1lw imaging, the plaque hypointensity
signal might symbolize the presence of calcification within the plagque 2. Our prior autopsy
findings further confirmed that the occurrence of calcification was more prevalent in the
vertebrobasilar circulation plaques, which was even related to the progressive atherosclerotic

plaques 24 2%, Regardless of the degrees of luminal stenosis, moreover, IPH was significantly
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correlated with the unstable plaques and the plaque rupture in vertebrobasilar circulation
atherosclerosis 26-28, In our study, consequently, the VBJ angles more than 90° were validated

in strong relevance to a worse vessel wall state of the atherosclerotic vertebrobasilar arteries.

Our study is of potential value to the clinical practice. Prior research suggested that the
VBJ-angle degrees were significantly larger among patients with deep pontine lacunar
infarction, compared with healthy subjects 2°. In this study, similarly, the symptomatic
plaques inducing acute infarcts and/or acute stroke symptoms in vertebrobasilar circulation
were mainly found within the VBJ angles more than 90°, instead of the angles less than 90°.
Considering that various stroke patterns exist among patients with symptomatic
vertebrobasilar artery atherosclerotic disease 3* 3!, future study is required to confirm the
independent association of the VBJ angles exceeding 90° with stroke occurrence or stroke

mechanisms.

There are several limitations in the current study. First, we could not draw any causal
conclusion regarding the VBJ-angle magnitude and vertebrobasilar atherosclerosis in virtue
of the nature of our observational research. Second, although our finding was consistent with
the previous studies reporting a low incident rate of symptomatic vertebrobasilar
atherosclerotic disease 3233, a relatively small sample size in this study did not allow further
investigation into the clinical impact of our results. Third, flow dynamic analysis is still

needed to verify our observations.

7.5 Conclusion

Through using HR-MRI, the essential imaging features of the vertebrobasilar
atherosclerotic plaques were described quantitatively and qualitatively in patients with
vertebrobasilar artery atherosclerosis. The differences in the vertebrobasilar plaque imaging

characteristics were found significant between the VBJ angles above 90° and the angles

154



below 90°. The VBJ angles exceeding 90° were strongly related to a worse condition of

vertebrobasilar artery atherosclerosis.
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Chapter 8. Summary and future directions

8.1 Summary of our findings in this thesis

Ischemic stroke accounts for nearly 82% of the Chinese in-patients with stroke, and brings
about a large number of stroke-related disability and mortality 3. Intracranial large artery
atherosclerosis is the most common etiology of cerebrovascular ischemia, particularly among
Asians 4. Of note, patients with acute IS attributed to ICAS often run a high risk of stroke

recurrence >,

As one of important mechanisms of developing ICAS, the anatomical structure of the
intracranial vasculature plays a fundamental role in regulating the cerebral hemodynamic
stress 7 8 It is notable that there exist considerable variability in the geometry of the
intracranial vasculature among the normal populations, which may directly affect the
hemodynamic pattern of the intracranial large arteries ®!2. Nonetheless, little evidence could
be provided from patients with acute IS to ascertain the relationship between the cerebral
artery variations (the COW structural anomalies and the varying VBJ-angle degrees) and the
formation of ICAS. Accordingly, in the current thesis, we mainly described the structural
anomalies of the COW and the varying magnitude of the VVBJ angles among Chinese stroke
patients with ICAS through utilizing TOF MRA. Then, we explored the underlying
influences of the two cerebral artery variations on the occurrence and progression of ICAS in

these patients, via using high-resolution intracranial vessel-wall imaging.

Our observations in this thesis suggested that the cerebral artery variations could have an
impact on the formation and development of intracranial large artery atherosclerosis, which
may provide new insight into the early identification of stroke patients at high risks of

developing ICAS and subsequent cerebral ischemia.
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Firstly, the COW structural anomalies were prevalent among patients with ICAS, and
could influence the formation and development of intracranial large artery atherosclerosis,
especially MCA atherosclerosis. Among the major intracranial large arteries liable to
atherosclerosis, the occurrence of the symptomatic atherosclerotic lesions in the first segment
of the MCA was observed to be robustly related to the incomplete structure of the A-COW in
patients with ICAS. Moreover, the incomplete A-COW could also strongly affect the MCA
plaque location on the vessel walls in patients with MCA atherosclerosis. Among the four
main patterns of the COW anomaly in patients with MCA atherosclerosis, the dysplasia or
absence of the ACoA was shown in independent relevance to symptomatic MCA
atherosclerosis. Accordingly, the incomplete geometry of the A-COW, particularly the
dysplastic/absent ACoA, might serve as a potential risk factor for developing symptomatic

MCA atherosclerotic lesions in Chinese stroke patients.

Secondly, substantial variations in the magnitude of the VBJ angles were identified in
patients with ICAS as well. Among patients with vertebrobasilar artery atherosclerosis, the
VBJ angles exceeding 90° were observed in robust association with more vertebrobasilar
plagues on the ventral wall, but fewer vertebrobasilar plagues on the dorsal wall. When
comparing the imaging features of the vertebrobasilar plaques between the VVBJ angles above
90° and the angles below 90°, we found that the VVBJ angles above 90° were significantly
correlated with the progressive lesions of vertebrobasilar artery atherosclerosis. Consequently,
the VBJ angles more than 90° might significantly increase the risk of developing

vertebrobasilar artery atherosclerosis in Chinese stroke patients.

8.2 Future directions

In the present thesis, we observed that the occurrence and progression of intracranial large

artery atherosclerosis might be largely influenced by the incomplete structure of the COW or
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the larger magnitude of the VBJ angle. Despite some unavoidable limitations, our findings in
this thesis give novel insight into the field of stroke, especially intracranial large artery

atherosclerosis.

First, based on the significant relevance of the cerebral arterial variations to the occurrence
of the intracranial atherosclerotic lesions, further studies are required to investigate the
underlying hemodynamic mechanisms affected by the incomplete A-COW structure
(especially the ACoA dysplasia/absence) or the VBJ angles above 90° in stroke patients with
ICAS. Transcranial Doppler ultrasonography was reported to detect the pattern of cerebral
blood flow in the intracranial atherosclerotic large arteries efficiently 3. Thus, the use of this
technology can further the knowledge of the flow features depending on the cerebral arterial
variations in stroke patients with ICAS. Besides, the wall shear stress in the focal lesion of
ICAS can be evaluated quantitatively in a computational fluid dynamics model on the basis
of computed tomography angiography 4. Accordingly, the focal pattern of wall shear stress
influenced by the incomplete A-COW subtype or the VBJ angles over 90° can be explored in

ICAS patients.

Second, clinicians and researchers can pay more attention to the common variability in the
COW geometry or the VBJ-angle magnitude among the normal populations, which may help
to stratify the individuals at high risks of developing ICAS and subsequent cerebrovascular
ischemia. Multi-center follow-up research with a larger study population can facilitate our
investigations into the effects of the two cerebral artery variations on the development of

MCA or vertebrobasilar artery atherosclerosis among the healthy subjects in the long term.

8.3 Conclusion

As a major cause of acute ischemic stroke, intracranial large artery atherosclerosis has

gained more interest and knowledge, since high-resolution intracranial vessel-wall imaging is
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widely utilized in acute patients with IS. In the current thesis, we were primarily concerned
with the plaque imaging characteristics of the intracranial atherosclerotic arteries depending
on the cerebral artery variations in stroke patients with ICAS. We analyzed the incidences of
the incomplete COW patterns and the VBJ angles over 90° among Chinese stroke patients
owing to ICAS, and explored the potential clinical impact of both cerebral artery variations
on the occurrence and progression of the intracranial atherosclerotic plaques. Future research
is still needed to further our knowledge of the underlying hemodynamic mechanisms of
developing ICAS that are directly attributed to the incomplete A-COW geometry or the VBJ
angles exceeding 90° in acute stroke patients. Besides, a multi-center study with a larger
sample size will enable the risk stratification for the normal individuals with the COW

anomalies or the larger VBJ angles.
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