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Background and Purpose: Intracranial arterial calcification (IAC) may be present in
the intimal or medial arterial layer. This study aimed to elucidate the link between the
calcification and atherosclerotic disease in the intracranial vasculature.

Methods: Consecutive patients with acute ischemic stroke were included. Bilateral
intracranial segment of the internal carotid artery, M1 segment of the middle cerebral
artery, intracranial segment of the vertebral artery, and the basilar artery were visualized
by the multi-detector computed tomography (CT) and vessel-wall magnetic resonance
imaging (vwMRI) within 14 days after stroke onset. IAC was into the intimal or medial
pattern. Subsequently, on the vwMRI, we assessed the luminal stenosis, eccentricity,
plague burden, and intraplaque hemorrhage (IPH) as markers of atherosclerosis at each
IAC site.

Results: Among 69 patients with stroke, IAC was identified in 35% of (161/483) artery
segments, of which 61.5% were predominantly intimal calcification and 38.5% were
predominantly medial calcification. About 79.8% of intimal calcifications and 64.5%
of medial calcifications co-existed with atherosclerotic plagues. Intimal calcification
was associated with luminal stenosis (p = 0.003) caused by atherosclerotic lesions.
Compared with the medial IAC, intimal IAC was more often accompanied by eccentric
plaques (p = 0.02), larger plaque burden (p = 0.001), and IPH (p = 0.001).

Conclusion: Our multimodal imaging-based comparison study on intracranial
arteriosclerosis demonstrated that intimal IAC, compared with medial IAC, was more
often accompanied by the luminal stenosis, larger plaque burden, eccentricity, and IPH,
providing strong evidence for clinical evaluation on the mechanism, risk, and prognosis
of ischemic stroke.

Keywords: intracranial arterial calcification, intracranial atherosclerotic disease, computed tomography,
vessel-wall magnetic resonance imaging, plaque morphology
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INTRODUCTION

Intracranial arterial calcification (IAC) is commonly seen in
major cerebral arteries (1-3) and established as an independent
risk factor for stroke (4). In previous studies, grading by extent
and thickness qualitatively (5) and calculating volume with
specific software quantitatively (6) were the most frequently
applied evaluation methods on IAC. However, both methods
lack consideration about the inherent difference between IACs in
separate layers of vessel wall, which may act as a potential cause
to contradictory findings (3, 7).

Intracranial arterial calcification mainly involves the intimal
and medial layer, which could vary in both histopathological
feature and imaging (8). Histopathological study showed that
intracranial arteries with intimal calcification had severer lumen
stenosis as compared to that without intimal calcification (9, 10).
Imaging based studies reported that the medial calcification was
associated with poor collateral status (11) and higher frequency
of post-intravenous-thrombolysis hemorrhage (12) compared
with intimal calcification. The difference between IAC patterns
brought about a need of advanced details about the correlation of
TAC with intracranial atherosclerotic disease (ICAD). Therefore,
we aimed to compare the morphological features between
intracranial plaques with intimal calcification and those with
medial calcification.

MATERIALS AND METHODS

Subjects

The study was approved by the Clinical Research Ethics
Committee of the Chinese University of Hong Kong. This was
a retrospective study based on a prior prospective study. Patients
who underwent computed tomography (CT), routine magnetic
resonance imaging (MRI), magnetic resonance angiography
(MRA), and vessel-wall magnetic resonance imaging (vwMRI)
within 14 days after the onset of ischemic stroke or transient
ischemic attack (TTA) from 2014 to 2018 at the Prince of
Wales Hospital, Hong Kong were included in this study. The
exclusion criteria were as follows: (1) other vasculopathies, such
as dissection and vasculitis; and (2) incomplete image data or
poor image quality.

CT Protocol and Post-processing

A routine non-enhanced brain CT was performed using a 64-
slice multi-detector row CT system (Light speed 64 plus, General
Electric, Milwaukee, WI, USA) with acquisition parameters
as follows: slice thickness 5mm; 120 kVp, 170 mAs, and 1s
per rotation. All axial images were reconstructed at 0.625-mm
intervals. Each CT scan was obtained in axial mode, with tilting
along the occipital-meatal line.

The presence and patterns of IAC were assessed on
reconstructed CT images by two readers (H.D. and L.Z.) who had
more than 3 years of experience in brain CT imaging and were
blinded to the clinical and MRI data. Each major intracranial
artery segment was assessed, including the cavernous segment
(C4) of the internal carotid artery (ICA), the supraclinoid and
ophthalmic segment (C5-6) of the ICA, M1 segment of the

middle cerebral artery (MCA), intracranial segment (V4) of the
vertebral artery (VA), and the basilar artery (BA). IAC was
defined as hyperdense foci over 130 Hounsfield units (HU) (refs).
The patterns of IAC were categorized into intimal or medial
according to a previously established scoring model (8), in which
circularity (1 for dot, 2 for <90 degrees, 3 for 90-270 degrees,
and 4 for 270-360 degrees), thickness (1 for thick IAC > 1.5 mm
and 3 for thin IAC < 1.5mm), and morphology along the long
axis of the artery (0 for indistinguishable, 1 for irregular/patchy,
and 4 for continuous) were evaluated and summed up as a total
score (Figure 1). A total score that ranged from 1 to 6 indicated
predominantly intimal calcification (intimal IAC) and 7-11 was
deemed as predominantly medial calcification (medial IAC).

MRI Protocol and Post-processing

Vessel-wall MRI was performed using a 3.0T Achieva MR
system (Philips Healthcare, Cleveland, OH, USA) with an 8-
channel head coil. The time-of-flight MR angiography (TOF-
MRA) sequence and transverse 3D T1-weighted volumetric
isotropic turbo spin-echo acquisition (T1w-VISTA) sequence
were acquired. Parameters for TOF-MRA were as follows: field-
of-view (FOV) 200 x 200 x 56 mm?, acquired resolution
04 x 0.6 x 0.7 mm?, repetition time (TR)/echo time (TE)
23/3.5ms. Parameters for T1w-VISTA: FOV 200 x 167 x 45
mm?, acquired resolution 0.6 x 0.6 x 1.0 mm?, reconstructed
resolution 0.5 x 0.5 x 0.5 mm?, TR 1,500 ms, and TE 36 ms.
vwMRI images were repeated after the injection of gadolinium-
containing contrast agent (Dotarem; Guerbet, Roissy CdG Cedex,
France) intravenously with a ratio of 0.2 ml/kg and an injection
rate of 3.5 ml/s.

The presence of atherosclerotic lesion was identified on
reconstructed images using the OsiriX DICOM Viewer (Pixmeo
SARL, Bernex, Switzerland) by two readers (H.D. and L.Z.) who
were blinded to the clinical data and CT findings. Images from
TOF-MRA were used for identifying luminal stenosis (Figure 2).
Stenosis was evaluated on reconstructed images and maximum
intensity projection (MIP) images with four degrees, such as
(1) mild stenosis, (2) moderate stenosis, (3) severe stenosis,
and (4) signal void. Images from vwMRI were reconstructed
perpendicular to the axis of vessel by OsiriX DICOM Viewer
(Pixmeo SARL, Bernex, Switzerland). An atherosclerotic plaque
was defined as vessel wall thickening on pre- and post-
contrast vwMRI. The outer-wall area (OWA) and lumen area
(LA) were measured manually by tracing the outer interface
and lumen-intimal interface, respectively (Figure 3). Plaque
burden, maximum, and minimum wall thickness were derived
accordingly. Plaque burden was defined as (OWA-LA)/OWA.
Eccentricity index was defined as (maximum wall thickness -
minimum wall thickness)/maximum wall thickness. A plaque
was defined as eccentric if the index was >0.5 or concentric if
<0.5, as described in a prior study (13). Intraplaque hemorrhage
(IPH) was defined as an area of hyperintensity (>150% of the
adjacent area of the vessel wall) within the plaque (Figure 3) (14).

Imaging Matching
After the identification of IAC on CT and plaques on vwMRI,
a side-by-side analysis was conducted to check whether the
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FIGURE 1 | The intracranial arterial calcification (IAC) scoring model that consists of circularity (dot, <90, 90-270, and 270-360 degrees), thickness (thick > 1.5mm
and thin < 1.5mm), and morphology (indistinguishable, irregular/patchy, and continuous).
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stenosis and plaques were at each corresponding site of IAC based
on anatomy.

Statistical Analysis

For statistical analysis, IBM SPSS (20.0, SPSS, Inc) was used.
Continuous variables were expressed by mean £ SD and
categorical variables were presented as numbers and percentages.
T-tests were used for comparison of age and plaque burden
between groups. Pearson’s chi-square test or Fisher’s exact
test was used for comparisons of the distribution patterns of

IAC, category of luminal stenosis, stenotic degree, eccentricity,
and IPH between plaques with intimal calcification and that
with medial calcification. Multivariable regression was used to
evaluate the association between IAC and luminal stenosis,
eccentricity, and IPH. A two-sided p < 0.05 was considered
statistically significant.

RESULTS

In total, 79 patients were included after four patients were
excluded due to incomplete images or poor image quality. It
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the corresponding site on vwMRI (D).

FIGURE 2 | Intimal calcification detected by brain CT (A) and the corresponding site on vessel-wall MRI (vwMRI) (B). Medial calcification detected by brain CT (C) and

was found that 69 (87.3%) patients had calcification in one
or more major intracranial arteries, and the other 10 patients
showed no calcification. Patients with IAC were generally older
than those without IAC (mean age, 65.3 & 10.7 vs. 54.1 & 8.7
years, p = 0.001).

Among patients with IAC, 44 out of 69 (63.8%) patients were
men (mean age, 64.0 & 11.2 years) and 25 were women (mean
age, 67.5 £ 9.8 years). History of smoking was found in 22
out of 69 patients (31.9%). In addition, 54 out of 69 patients
(78.3%) had hypertension while the prevalence of diabetes and
hyperlipidemia was 39.1 and 50.7%, respectively. Among 10
patients without IAC, the number of male and female was four
and six, respectively. Of the 10 patients, six patients had history
of smoking, seven had hypertension, two had diabetes, and three
had hyperlipidemia.

Distribution of Intimal Calcification and

Medial Calcification

Among the 69 patients with IAC, 65 (94.2%) had 1-4
calcifications and one patient had as many as 7 calcified arteries.
A total of 460 segments were examined, out of which 161
segments (35.0%) with either intimal or medial calcification were
identified in brain CT (Table 1). Most IACs were located in
the cavernous (37.9%) and supraclinoid-to-ophthalmic (34.2%)
segment of ICA, followed by the V4 segment of the VA (20.5%),
M1 segment of the MCA (5.0%), and the BA (2.5%).

Of the 161 IACs, 99 (61.5%) were -categorized as
predominantly intimal IACs and the other 62 (38.5%) as
predominantly medial IACs (Table1). Figure4 shows the
distribution of the cumulate calcification score. Among intimal
IACs, 48 were given a score of 5, accounting for the majority
(48.5%). A score of 4 was identified in 20 intimal IACs (20.2%),
followed by a score of 6 in 19 intimal IACs (19.2%) and a score
of 3 in 12 intimal TACs (12.1%). Among medial IACs, a score of
10 was more prevalently identified than others (23 in 62 cases,
37.1%). The occurrences of the scores of 7 (12 in 62, 19.4%), 9
(10 in 62, 16.1%), and 11 (14 in 62, 22.6%) were close. Only 3
cases were given a score of 8.

Intimal IAC was frequently detected in the cavernous (34.3%)
and supraclinoid-to-ophthalmic (30.3%) segments of ICA and
the V4 segment of the VA (24.2%), while medial IAC was more
prevalently present in the cavernous (43.5%) and supraclinoid-
to-ophthalmic (40.3%) segment of the ICA. Compared with
intimal IACs, medial IACs were more predominantly distributed
in the C4-C6 segment of the ICA (64.6 vs. 83.9%, p = 0.008) and
less frequently involved the intracranial VA (p = 0.137).

Imaging Characteristics of ICAD With

Intimal or Medial Calcification
Corresponding intracranial artery segments from 10 patients
without TAC were included as control. A total of 70 calcium-free
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FIGURE 3 | Intraplaque hemorrhage (IPH) (A2) and luminal stenosis (A3) were detected at the corresponding site of intimal calcification (A1). Medial calcification (B1)

was found with concurrent IPH (B2) and luminal stenosis (B3).

segments were examined, of which 40 (57.1%) were identified as
“non-calcified plaques”.

Comparing atherosclerotic lesions assessed by vwMRI, 79.8%
(79/99) co-existed with atherosclerotic plaque while 64.5%
(40/62) had concurrent plaque. Luminal stenosis was more

frequently found in plaques with intimal IAC than plaques with
medial IAC (74.7 vs. 47.5%; p = 0.003) and non-calcified plaques
(74.7 vs. 45.0%; p = 0.001) (Table 2). There was no significant
difference in the category of stenosis (“mild and moderate
stenosis” vs. “severe stenosis and signal void”) among plaques
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TABLE 1 | Distributions of intracranial arterial calcification (IAC) and IAC with intracranial atherosclerotic disease (ICAD) in major intracranial artery segments.

Calcification

Calcification with ICAD

Intimal Medial Total

ICA

C4 34 (34.3%) 27 (43.5%) 61 (37.9%) 38 (31.9%)

C5-6 30 (30.3%) 25 (40.3%) 55 (34.2%) 39 (32.8%)
M1 7 (7.1%) 1(1.6%) 8 (5.0%) 8(6.7%)
V4 24 (24.2%) 9 (14.5%) 33 (20.5%) 30 (25.2%)
BA 4 (4.0%) 0 (0.0%) 4 (2.5%) 4 (3.4%)
Total 99 62 161 119

ICA, internal carotid artery; C4, cavernous segment; C5-6, supraclinoid and ophthalmic segment; M1, M1 segment of middle cerebral artery; \/4, V4 segment of vertebral artery; BA,

basilar artery.
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FIGURE 4 | Distribution of the cumulate calcification scores. C4, cavernous segment of internal carotid artery; C5-6, supraclinoid and ophthalmic segment of internal
carotid artery; M1, M1 segment of middle cerebral artery; V4, V4 segment of vertebral artery; and BA, basilar artery.

1~
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with intimal IAC, plaques with medial IAC, and non-calcified
plaques. More plaques with intimal IAC showed as eccentric
than plaques with medial IAC (67.1 vs. 45.0%; p = 0.02) and
non-calcified plaques (67.1 vs. 42.5%; p = 0.01). Plaques with
intimal TAC had higher plaque burden compared with plaques
with medial IAC (0.718 &£ 0.104 vs. 0.644 £ 0.122, p = 0.001)
and non-calcified plaques (0.718 £ 0.104 vs. 0.656 £ 0.104, p
= 0.003). IPH was found in 35.4% of plaques with intimal IAC,
much higher than that in plaques with medial IAC (7.5%, p =
0.001) and non-calcified plaques (15.0%, p = 0.02). No difference

in the presence of luminal stenosis, plaque burden, eccentric
pattern, or IPH was found between plaques with medial IAC and
non-calcified plaques.

The multivariable regression model revealed that the
presence of luminal stenosis (OR 2.140; 95% CI, 1.001-4.578;
p = 0.05), eccentric plaque (OR 2.621; 95% CI, 1.376-4.993;
p = 0.003), and IPH (OR 3.269; 95% CI, 1.376-7.767; p
= 0.007) were associated with intimal IAC, after adjusting
for age, gender, hypertension, diabetes, hyperlipidemia,
and smoking.
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TABLE 2 | Vessel wall morphology of arterial segments with ICAD and concurrent
intimal (or medial) calcification and arterial segments with non-calcified
atherosclerotic plaques.

ICAD with calcification

Change in vessel ICAD with ICAD with *Non-calcified

wall intimal medial plaque
calcification calcification

Total 79 40 40

Vessel stenosis

Total stenotic 59 (74.7%) 19 (47.5%) 18 (45.0%)

segments

Mild-to- 35 (44.3%) 14 (35.0%) 13 (32.5%)

moderate

stenosis

Mild 22 (27.8%) 8 (20.0%) 9 (22.5%)

Moderate 13 (16.5%) 6 (15.0%) 4 (10.0%)

Severe stenosis 24 (30.4%) 5 (12.5%) 5 (12.5%)

and signal void

Severe 12 (15.2%) 3 (7.5%) 3 (7.5%)

Signal void 12 (15.2%) 2 (5.0%) 2 (5.0%)

Plaque burden 0.718 £ 0.104 0.644 £ 0.122 0.656 + 0.104

Plaque

morphology

Concentric plaque 26 (32.9%) 22 (55.0%) 23 (57.5%)

Eccentric plaque 53 (67.1%) 18 (45.0%) 17 (42.5%)

Intraplaque 28 (35.4%) 3(7.5%) 6 (15.0%)

hemorrhage

"Non-calcified plaques were identified via vessel-wall MRI (vwMRI) among 70 major artery
segments from 10 patients without intracranial arterial calcifications on brain CT.

DISCUSSION

In the present study, we found that medial calcifications
were prevalently distributed in the intracranial ICA while the
distribution of intimal calcifications was more equal. Compared
with plaques coexisting with medial IAC and non-calcified
plaques, plaques with intimal IAC were more associated with
the presence of luminal stenosis, eccentric plaques, higher plaque
burden, and the presence of IPH.

A prior CT study reported that the intracranial ICA was the
most frequently affected segment by IAC (60%), whereas the
MCA and the BA were rarely affected (5%, respectively) (15).
A possible reason of the high prevalence of IAC around the
cavernous and carotid siphon may be the tortuous anatomical
configuration, which may result in abnormal hemodynamics
(16). In the present study, medial calcifications were found
predominantly distributed in the intracranial segment of the ICA
and the VA, consistent with previous histopathological findings
(9, 10). It is noteworthy that a prior autopsy study reported
an extremely high prevalence of calcification (97.4%) along the
medial layer in the intracranial ICAs (9) and a relatively high
prevalence of medial calcification (36.8%) among the intracranial
VAs (10). In the present study, such high prevalence was not
found in either the ICA or the VA. As reported in the autopsy,

36% of the medial calcifications had calcified circumference
<50% (9). With less circumference affected, medial IAC may have
cluster-like shape instead of circular, which may be categorized as
intimal calcification on CT.

Histopathological findings demonstrated that an intimal IAC
was present prevalently in the advanced stage of atherosclerosis
(10). Being granules initially, intimal calcification will grow
in size with constant fusion and will turn into large clusters
(17). Previous autopsy study revealed a marked concurrence
of atherosclerotic lesion among intimal calcifications (85%)
but not vice-versa (62%) in the carotid artery (9), partly
matching the concurrence of medial calcification and intracranial
atherosclerosis (64.5%) in the present study. Although medial
IAC is thought to form independently of the presence of
atherosclerosis, concurrent intracranial plaques were in 38% of
medial TACs on histology (10). Luminal stenosis, prevalently
presented in ICAD and resulting in multiple stroke patterns
(18), is one of the most critical causes of severe stroke and
recurrent strokes (19, 20). In the present study, intimal IAC was
found independently associated with the presence of luminal
stenosis. However, no significant difference in stenotic severity
was identified between atherosclerotic lesions with intimal
or medial TACs. Previous histological findings suggested that
among major cerebral arteries, the presence of intimal IAC was
associated with severer luminal stenosis (10). Since the medial
IACs in the comparison of our study were concurrent with
atherosclerosis while the referred histological study included
all medial TACs (with or without atherosclerosis) (10), the
prevalence of narrowed artery might be increased in our study.

With luminal stenosis exceeding over 70%, eccentric plaque
in the extracranial carotid artery becomes associated with
a significant increased incidence of ipsilateral stroke (21).
Similar findings were found in intracranial arteries. Most of
the progressive ICAD presented eccentric plaques (84.4%)
(22), which was much more prevalent than other kinds of
vasculopathy (23). However, discrepancies exist. First, the
prevalence of eccentric plaque differs between the anterior
circulation and posterior circulation (24). Second, eccentricity
was reported either associated (25) or not (26) with stroke
according to different studies. Furthermore, a histological study
demonstrated a similar proportion of eccentric and concentric
lesions among ICAD of general adults (27). One of the causes
might be the inclusion criteria: progressive ICAD is always
accompanied by luminal stenosis (23) while recruited samples
from general adults(27) may consist of lesions from different
stages of ICAD. The process of change in histological feature
during the evolvement of atherosclerosis can explain some
of the discrepancies and more studies upon eccentricity are
required to clarify its relevance to ICAD and strokes. Except
for eccentricity, plaque burden is another notable factor that
tends to be underestimated by the traditional lumen angiographic
imaging as a result of vessel wall enlargement induced by
positive vascular remodeling during the progress of ICAD (25).
Previous study reported the association of plaque burden with the
National Institutes of Health Stroke Scale (NIHSS) scores (28),
indicating a latent impact of plaque burden on stroke severity.
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Additionally, a recent vwMRI study revealed that plaque burden
was significantly correlated to recurrent stroke with every 10%
increase in plaque burden leading to a 2.26-fold higher risk of
stroke recurrence (29). By connecting IAC with eccentricity and
plaque burden, the present study was thought to provide an
improvement in assessing the risk and prognosis of ischemic
stroke from the other side.

Intraplaque hemorrhage, attributed to immature and fragile
neovessels (30), is an important marker of plaque vulnerability
and predictor of ischemic events (31-33). By a sudden expansion
in plaque components, IPH can exacerbate luminal stenosis, or
worse, result in plaque rupture, leading to in situ thrombosis
and distal embolism (34). In prior studies, correlation of IAC
and plaque vulnerability was controversial (3, 7). A latent reason
for such controversy could be the unclassified IAC patterns. The
present study provided additional evidence by identifying intimal
calcification as an independent risk factor for IPH. In calcified
coronary arteries with plaque rupture, the junctions between
superficial calcified nodules and soft plaque were vulnerable
to shear stress that may cause plaque rupture (35). Similar
findings were reported in terms of carotid arteries (36). Since
intimal calcifications frequently exist in the superficial layer of the
intracranial vessel wall, we deduce that the possible mechanism
of IAC-induced IPH could be the deformation and rupture of
intraplaque neovessels resulting from the increased shear stress
upon the plaque surface. To test this hypothesis, further studies
on the mechanical conditions and hemodynamics of IAC might
be needed.

The organization of intracranial arteries have unique features
compared with other vessels: a thinner muscular layer, a
less abundant adventitia and a hypoplastic external elastic
membrane (37). These features make intracranial arteries frailer
under external pressure than other vessels. During mechanical
endovascular thrombectomy or arterial stenting, one concern is
arterial calcification. The presence of calcification is associated
with arterial stiffness (38), which is thought to make vessel
wall more brittle during endovascular procedures. As a result,
proper surgical instruments, delicate control of balloon dilatation
during stenting (or thrombectomy) will significantly lower
the risk of unexpected vessel rupture. Another concern could
be the smoothness of stent retrieving during endovascular
thrombectomy. Large-calcified lesions or stiffened vessel wall
may block the extraction of thrombus and therefore increase
the passes of retriever, leading to prolonged procedure time
and worse outcome (39). According to our study, intimal IAC
more often coexists with luminal stenosis, larger plaque burden,
eccentric plaque, and IPH. By distinguishing the pattern of IAC,
we aim to provide evidence for decision making in pre- and post-
treatment assessment. Future studies will be needed to study the
latent impacts of TAC pattern on the pathophysiological process
of stroke.

This study had several limitations. First, the sample size
was not large enough to compare vascular risk factors of IAC
patterns. Second, all patients recruited were diagnosed with either
infarction or TIA, of whom the prevalence of IAC and progressive
atherosclerosis could be higher than that among general adults.
Third, it is still difficult to link IAC to territorial stroke by the

findings in our study. Except for ICAD in the carotid artery,
MCA lesions (either luminal stenosis or non-stenotic plaques)
also takes a dominant role in the ischemic events of anterior
circulation. Under the coexistence of multiple atherosclerotic
lesions in both ICA and MCA, it is difficult to identify the culprit
lesion that accounts for infarction (or TIA), especially artery-
to-artery embolism and hypoperfusion. On the other hand, as
single subcortical infarction is prevalently led by the occluded
perforating artery of MCA, its relevance to ICA calcification
seems loose. Whether IAC has impact on territorial infarction
requires further studies.

CONCLUSIONS

The present multimodal imaging-based study revealed both
similitude and difference between ICAD and IAC. Medial IAC
is prevalently distributed along carotid siphon. Compared with
plaques with medial IAC and non-calcified plaques, plaques with
intimal TAC more frequently show luminal stenosis, eccentric
plaque, larger plaque burden, and IPH, indicating a latent impact
of intimal calcification on plaque vulnerability. Our findings
may provide evidence for the clinical evaluation on mechanism,
risk, and prognosis of ischemic stroke. The understanding
of the mechanism in the presence of calcification will be
deepened with further study upon the correlation of IAC and
territorial infarctions.
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