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Stroke is a leading cause of death worldwide. Vascular calcification (VC), defined
as deposition of calcium-phosphate complexes in the vessels, is considered as the
characteristic of vascular aging. Calcifications at different vessel layers have different
implications. Intimal calcification is closely related to atherosclerosis and affects plaque
stability, while medial calcification can cause arterial stiffening and reduce compliance.
Accumulating evidence suggested that arterial calcifications, including calcifications in
the intracranial artery, coronary artery, and carotid artery, are associated with the risk,
prognosis, and treatment response of stroke. VC can not only serve as a marker of
atherosclerosis, but cause cerebral hemodynamic impairment. In addition, calcifications
in large arteries are associated with cerebral small vessel disease. In this review,
we summarize the findings of recently published studies focusing on the relationship
between large artery calcification and the risk, prognosis, treatment response, and
prevention of stroke and also discuss possible mechanisms behind those associations.
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INTRODUCTION

Vascular calcification (VC) is one of the characteristics of vascular aging (Tesauro et al., 2017)
and appears to specifically occur in arteries (Wu et al.,, 2016). It is defined as the deposition of
calcium-phosphate complexes in the vessels. Apart from aging, pathological processes like diabetes
mellitus, chronic kidney disease, and hereditary disorders might also be the risk factors for arterial
calcification (Wu et al.,, 2013). Calcification at different locations in the arterial wall might be
associated with different risk factors (Vos et al., 2018) and outcomes. Intimal calcification is closely
related to atherosclerosis and affects the stability of the plaque, while medial calcification, including
calcification located in the tunica media and around the internal elastic lamina, is considered to
cause arterial stiffening and reduce compliance (Kockelkoren et al., 2017).

Vascular calcification is considered to be a complex and regulated process which has similar
mechanisms in skeletal bone calcification. According to different pathologies, VC can be generally
classified into three types, namely inflammatory, metabolic, and genetic (Demer and Tintut, 2014).
Inflammatory type is associated with atherosclerosis and mainly takes place in the intima, which
is analogous to endochondral ossification, while metabolic type mainly happens in the media and
is associated with chronic kidney disease and diabetes, which is analogous to intramembranous
ossification. Genetic VC is linked with genetic disorders, such as Marfan syndrome and usually
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takes place in the media. Previous studies indicate that
chronic inflammation plays a central role in the formation
of atherosclerotic calcification (Aikawa et al., 2007; Abdelbaky
et al., 2013). Other important factors in VC formation include
oxidized lipids, elastin, alkaline phosphatase, matrix gamma-
carboxyglutamic acid protein (MGP), transglutaminase, etc.
(Demer and Tintut, 2014).

Arterial calcification can take place in various vessels, such
as the femoral artery, abdominal aorta, thoracic aorta, coronary
artery, carotid artery, and cerebral arteries (Wu et al., 2016).
Among these, the best-studied are coronary artery calcification
(CACQ), intracranial artery calcification (IAC), and carotid artery
calcification. CAC has been used as a predictor of coronary
heart disease and recent studies have shown that CAC can
also predict the risk of atherosclerotic cardiovascular disease,
including stroke (Budoff et al., 2018). Similarly, IAC, especially
intracranial internal carotid artery calcification (IICAC), and
carotid artery calcification are also reported to be closely
associated with stroke (Agacayak et al., 2020; Goliike et al., 2020).
Since arterial calcification can be easily detected and assessed
on unenhanced computed tomography (CT), CAC, IAC, and
carotid artery calcification can be used as a powerful and non-
invasive marker of diseases like stroke in clinical settings. To
improve the understanding of the role of arterial calcification in
stroke, this review provides an overview of recently published
studies focusing on the relationship between arterial calcification
and the initiation, development, prognosis, treatment response,
and prevention of stroke. In this review, possible mechanisms
lying behind the association of arterial calcification and stroke
are also discussed.

INTRACRANIAL ARTERY
CALCIFICATION

Measurements of Intracranial Artery
Calcification

There are various methods available for the quantification of IAC.
Although TAC can be detected on histological tests or magnetic
resonance imaging (MRI), unenhanced CT remains to be the best
tool for the measurement of IAC due to its accuracy, relatively
low cost and simplicity. So in this part, we will focus on the
quantification methods of IAC on unenhanced CT.
Quantification methods of IAC can be generally classified
into two categories, qualitative visual scores like the Woodcock
visual scoring, and quantitative methods like the Agatston score
and calcium volume (shown in Supplementary Table 1). In
qualitative visual grading systems, the extent and thickness of
calcification are assessed to give a score. The most commonly
used visual grading system is the Woodcock visual scoring,
where the severity of calcification is subtyped into absent,
mild (thin, discontinuous), moderate (thin, continuous or thick,
discontinuous), and severe (thick, continuous) (Woodcock et al.,
1999) (shown in Figure 1). Other visual scoring methods include
the modified Woodcock visual scoring (4-point scale) (Subedi
et al., 2015), Barbiarz’s method (5-point scale) (Babiarz et al,

2003), etc. Visual grading systems are quick and simple but
subjective in nature. Besides, some details in calcification might
be overlooked and slight differences in calcification cannot be
detected via visual grading systems.

In comparison, quantitative methods are more objective
and can be carried out on software. The Agatston score is a
semiautomatic quantitative calcium scoring that was originally
used to measure CAC three decades ago. The presence of calcific
lesion is determined if there are pixels at a CT density > 130 HU
having an area > 1 mm? to eliminate noise. A region of
interest (ROI) is manually drawn around calcific lesions to avoid
contamination from the adjacent bone. Then a score is calculated
by multiplying the area and a cofactor depending on the maximal
density of the plaque (1 = 130~199 HU, 2 = 200~299 HU,
3 = 300~399 HU, and 4 > 400 HU) (Agatston et al., 1990).
In 2006, Taoka et al. (2006) utilized the Agatston score to
measure IAC and found that there was a correlation between
calcium score and angiographic changes of atherosclerosis in
the carotid siphon and bifurcation. de Weert et al. (2009)
developed another scoring method based on calcium volume.
They developed a custom-made plug-in for the Image] software
so that polygonal ROI can be manually drawn. Calcium volume
is automatically calculated by multiplying the number of pixels
above the threshold (normally 130 HU), the pixel size and the
increment. The main drawback of quantitative methods is that
ROI has to be manually drawn to exclude adjacent bone, which is
the only time-consuming part.

It can be seen that measurements of IAC are diverse and
inconsistent. Despite excellent correlation was found between
the Woodcock visual scoring and the Agatston score or calcium
volume (Subedi et al., 2015), Ahn et al. (2013a) found that visual
grades poorly reflect actual calcium volume. The inconsistency
in the measurement of IAC makes it difficult to compare
results from different studies. Thus, a reproducible, accurate, and
practical scoring method is urgently needed.

In addition to CT, new imaging techniques for detecting
calcification are also emerging. For instance, susceptibility
weighted imaging (SWI) could differentiate calcification from
blood products and achieve a performance comparable to CT
(Adams et al,, 2017). In the future, radiation-free SWI might be
the alternative to CT for detecting calcification.

Intracranial Artery Calcification and Risk
of Stroke

A number of studies have looked into the association between
IAC and risk of stroke in a variety of populations. According
to a cohort study of 276 patients with transient ischemic attack
(TTA) or acute ischemic stroke (AIS), intracranial internal carotid
artery (IICA) is the most commonly affected site of calcification
(incidence rate 64.8%), followed by vertebral artery (30.2%),
basilar artery (19.5%), and middle cerebral artery (MCA) (6.3%)
(CT images are shown in Figure 2) (Chen et al., 2019). Other
studies also reported similar results (Koton et al., 2012; Quiney
et al., 2017; Strobl et al., 2018).

Some studies measured total calcification in the intracranial
arteries, while others investigated the relationship between
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FIGURE 1 | Four different CT patterns of calcification. 5-mm-thick axial CT scans at the level of the carotid siphon. Brain (top) and bone (bottom) windows are
shown in each image. (A) Thin, discontinuous calcification, bilaterally. (B) Thin, continuous calcification, right side. (C) Thick, discontinuous calcification, right side.
(D) Thick, continuous calcification, bilaterally. Republished with permission of American Society of Neuroradiology, from Woodcock et al. (1999); permission

calcification of a certain artery (e.g., IICA, vertebral artery, MCA)
and stroke. A retrospective study of 175 patients older than 60
found that the total visual score of IAC was significantly higher
in subjects with the occurrence of major adverse cardiovascular
events (including stroke) than those without major adverse
cardiovascular events (Strobl et al., 2018). According to the
Rotterdam Study involving 2,524 white participants (mean age,
69.5 years), the presence of IICAC or larger IICAC volumes
were associated with a higher risk of any stroke and ischemic
stroke (Bos et al, 2014). Another study of patients with
ischemic stroke or TIA reported that the presence of IAC was
significantly associated with increased downstream stroke/TIA
(Quiney et al., 2017). Goliike et al. used a scoring model
developed by Kockelkoren et al. (2017) to distinguish intimal
calcification from medial calcification (Figure 3) and Woodcock
visual scoring to measure IICAC. They found that intimal
calcification, medial calcification, and severity of calcification
in IICA were all associated with stroke (Goliike et al., 2020).
Recently, a histopathology study of 211 autopsy cases also
revealed that the presence of calcification in the circle of Willis
was associated with ischemic infarcts (Shapiro et al, 2019).

Combined together, these results substantiated an association
between IAC and the risk of stroke.

According to the Trial of Org 10172 in Acute Stroke Treatment
(TOAST), ischemic stroke can be classified into five subtypes: (1)
large-artery atherosclerosis, (2) cardioembolism, (3) small-vessel
occlusion, (4) stroke of other determined etiology, and (5) stroke
of undetermined etiology (Adams et al., 1993). IAC might have
different contributions to different stroke subtypes. VC, especially
intimal calcification, is generally considered to be a marker of
atherosclerosis (Wu et al., 2016). A postmortem study recruited
32 cases with 96 arteries analyzed and found that in IAC, intimal
calcification is most common and is related with progressive
atherosclerotic lesions (Yang et al., 2018). This is contradictory
to a histological study involving 20 cases and 39 arteries
which showed that calcifications in IICA were predominantly
located around the internal elastic lamina and that this type of
calcification was not related to atherosclerosis (Vos et al., 2016).
More studies with larger sample sizes are needed to determine the
dominant type of calcification in intracranial arteries.

Recently, a retrospective study included 1,161 patients and
used a visual score to assess the calcification in the cavernous
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(A,B) Were from Wu et al. (2016).

FIGURE 2 | CT images of intracranial artery calcification. According to Babiarz’s method, calcifications were graded as follows: (A) Calcifications in the right internal
carotid artery (green), 3 for extent and 2 for thickness; left internal carotid artery (white), 4 for extent and 3 for thickness. (B) Calcifications in the right vertebral artery
(yellow), 3 for extent and 3 for thickness; left vertebral artery (blue), 2 for extent and 2 for thickness. According to Woodcock scoring, calcifications were graded as

follows: (C) Calcifications in the basilar artery, severe (thick, continuous). (D) Calcifications in the middle cerebral artery calcification, moderate (thick, discontinuous).

portion of IICA. They found that calcification score could reflect
the overall cerebral atherosclerosis burden and the presence of
calcification could be used to detect cerebral atherosclerosis with
a high sensitivity of 84% (Kim et al., 2019). Yilmaz et al.’s study
revealed that patients with severe IICAC were more likely to have
large-artery atherosclerosis or cardioembolism as the underlying
cause of stroke. Moreover, they found that the severity of IICAC
was associated with atherosclerotic vascular risk factors and the
presence of calcification in other vascular beds, including the
aorta arch, carotid artery, extracranial vertebral artery, and other

intracranial arteries (Yilmaz et al.,, 2015). This is in line with
another study which showed that there was a weak correlation
between the calcium volume of the intracranial carotid artery
and vertebrobasilar artery (VBA) (van der Toorn et al.,, 2019).
In addition, IAC is found to significantly correlate with CAC for
both Agatston score and calcium volume (Ahn et al., 2013b).
Taken together, the above findings might indicate that IICAC
or IAC is a marker of atherosclerotic burden in the whole
body. However, it is worth noting that large calcifications and
small calcifications might own different pathologies and their
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FIGURE 3 | CT images of calcifications in different layers of intracranial internal carotid arteries. Intimal calcification (the left) and medial calcification (the right) are

marked by blue circles. Adapted from Kockelkoren et al. (2017).

relationships with atherosclerosis differ (Shioi and Ikari, 2018).
Recently, a histopathological study categorized calcifications in
the circle of Willis into large calcifications (“coalescent”), which
can be detected on CT, and small calcifications (“scattered”),
which are likely undetectable on CT. They found that small
calcifications were associated with cholesterol-driven intracranial
large artery atherosclerosis while large calcifications were not
associated with atherosclerosis (Shapiro et al, 2019). Small
calcification, or microcalcification, is not merely a process
induced by atherosclerotic inflammation but it can also elicit
a pro-inflammatory response in macrophages (Nadra et al,
2005). In contrast, large calcification, or macrocalcification,
is linked with a healing process after inflammatory response
(Shioi and Ikari, 2018).

Cerebral small vessel disease (SVD) is a term used to describe
all the pathological processes that affect the small vessels of the
brain, including small arteries, arterioles, venules, and capillaries
(Pantoni, 2010). The consequences of SVD are lacunar infarcts,
white matter lesions (WML) or white matter hyperintensities
(WMHs), cerebral microbleeds (CMBs), enlarged perivascular
spaces (EPVS), which are easily identified on brain MRI and
are considered markers of SVD. SVD is also a common cause
of stroke (Pantoni, 2010). Recently, a number of studies have
identified the association between IAC and SVD. Chen et al.
(2019) found that the severity of IAC was associated with the
presence of WMHs and lacunes. Another two studies also showed
that calcifications in the carotid siphon were associated with
moderate-to-severe WMHs and lacunar infarcts (Hong et al.,
2011; Del Brutto et al., 2016). However, when it comes to the
correlation between IAC and CMBs or EPVS, research findings
are rather inconsistent. In 2011, research based on the Rotterdam
Study including 885 people aged 60 years or older showed that
there was no association between IICAC and CMBs (Bos et al,,
2011). Later, a prospective study enrolled 834 patients and used
a visual score to assess IICAC. They found that IICAC was
associated with a higher risk of CMBs (Chung et al., 2014).
Then in 2019, Chen et al. conducted a cross-sectional study
and used the Agatston score to analyze the calcification of 276

patients with AIS or TIA. They reported that IAC severity was
associated with the presence of CMBs (Chen et al., 2019). The
inconsistency between these studies might be due to differences
in study populations, the definition of CMBs and calcification
measurements. In 2017, a retrospective study enrolled 189
patients with ischemic stroke due to MCA occlusion and used
the Woodcock visual score to assess calcification. They found
that calcification in the carotid siphon was negatively correlated
with perivascular spaces (Tao et al., 2017). In 2019, Chen et al.
(2019) found no association between IAC and EPVS. In 2020,
an observational study categorized 581 community-dwelling
individuals into low calcium group and high calcium group by
the Woodcock visual score. They found that high calcium content
in the carotid siphon was independently associated with the
presence of >10 EPVS in the basal ganglia (Del Brutto et al,
2020). The three studies are highly contradictory to each other
and more studies are needed to figure out whether there is a
relationship between IAC and EPVS.

To take a further step, the reason why calcifications in large
cerebral arteries can affect SVD involving small vessels still
requires extensive research. Calcification might cause arterial
stiffening and thus limitation of vasodilation, which leads to
chronic hypoperfusion in the small perforating artery territory
resulting in parenchymal damage such as WMHs or lacunar
infarcts (Chung et al., 2010). Besides, calcification might also
cause arterial stenosis (Baradaran et al., 2017; Yang et al,
2018), which also leads to hypoperfusion in the small arteries
(Del Brutto et al., 2016).

Intracranial artery calcification is also linked with stroke of
undetermined etiology, or cryptogenic stroke. A study showed
that in patients with cryptogenic stroke, the calcium burden
was greater in the IICA on the affected side than that in the
IICA on the unaffected side, while in patients with cardioembolic
stroke as the control group, no differences were found between
calcium burden in the ICA on the affected and the unaffected
side (Kamel et al.,, 2017). This suggests that some cryptogenic
stroke is in fact due to upstream artery atherosclerosis and
should be classified as large-artery atherosclerotic stroke. Hence,
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incorporating IAC into the classification system of ischemic
stroke might be promising since it can help determine some of
the so-called “cryptogenic stroke” as large-artery atherosclerotic
stroke, and thus is good for the treatment or prevention therapies
of this subtype of stroke.

The mechanism behind the association between IAC and
stroke has drawn researchers’ interest. IAC not only is a marker
of atherosclerosis, but also can cause cerebral hemodynamic
impairment. Wu et al. investigated the effect of IAC on cerebral
hemodynamic parameters and found that heavier TAC was
associated with higher MCA velocity, higher VBA velocity, and
higher VBA pulsatility index, suggesting that IAC might cause
generalized artery flow velocity elevation within the whole brain
vasculature and arterial stiffness in VBA (Wu et al., 2018).

Although all the above mentioned studies suggest that the
presence or severity of IAC is linked with a higher risk of
stroke, it might be the opposite when stenosis already exists.
A cross-sectional study showed that among stenotic vessel
segments, JAC may decrease the risk of downstream stroke/TIA
compared with non-calcified stenosis (Quiney et al., 2017). In
patients with ischemic stroke who had MCA stenosis, MCA
calcification was independently associated with asymptomatic
MCA stenosis (stenotic MCA when there is no infarction in
the ipsilateral MCA territory) (Baek et al., 2017). Another
study also found that there was no significant association
between a higher degree of MCA calcification and higher
risk of ischemic stroke, after adjustment for the presence of
MCA calcification and the confounding factors (Kao et al.,
2015). Besides, a histological study involved plaques taken from
patients undergoing endarterectomy of the internal carotid
artery and showed that enlarged calcifications (calcifications that
occupy over half of the plaques” thickness) were independently
associated with the asymptomatic characteristic of the plaques
(Masztalewicz et al., 2019). An explanation is that although IAC is
an indicator of atherosclerosis, calcification itself might increase
the stability of the plaque (Wu et al,, 2014; Jin et al, 2021),
reducing the risk of plaque rupture and stroke. However, this
should be interpreted cautiously since the association between
calcification and plaque stability is rather complex, which
depends on the size, spacing, location, and other characteristics
of calcification (Maldonado et al., 2012; Hutcheson et al., 2016;
Shioi and Tkari, 2018). In summary, IAC is a reliable marker of
atherosclerosis and can be used to predict the risk of stroke but
when there is already arterial stenosis in patients, calcification
might decrease the risk of stroke by stabilizing the plaque.

Intracranial Artery Calcification and
Prognosis of Stroke

Besides being an indicator for the risk of stroke, IAC is
also associated with the prognosis of stroke. Several studies
have demonstrated that IAC is associated with recurrence and
mortality in stroke patients. Bugnicourt et al. (2011) used a
scoring method that scores the number of calcified intracranial
arteries instead of the severity of calcification of each artery
and found that in patients with stroke or TIA, a higher IAC
score was associated with a higher risk of a major clinical event

(including all-cause death, ischemic stroke, TIA, cardiovascular
ischemic event, and peripheral artery event) after hospital
discharge. Another study used the same scoring method to
measure IAC and discovered that IAC score was an independent
predictor for the recurrent event (including ischemic stroke,
TIA, and ischemic heart disease) or death (Ovesen et al,
2013). Similarly, IAC Agatston score is related to a higher
risk of stroke recurrence or post-stroke mortality (Wu et al,
2020)and IAC visual score is associated with an increased risk
of early progression/recurrence and poor functional outcomes
(Koton et al,, 2012; Lee et al, 2014). In patients with TIA,
a higher calcium volume was associated with a higher risk
of recurrent TIA or AIS (Kong et al, 2019). In addition,
two studies found that in patients with AIS, the presence of
VBA calcification is also associated with long-term risk of
recurrent stroke (Gokgal et al, 2018)and mortality (Magdic
et al., 2020). As for stroke subtypes, IAC was associated with
a higher risk of recurrence only in patients with index small-
vessel occlusive stroke (Wu et al., 2020), suggesting that IAC
might serve as a valuable predictor of recurrence in this
subtype of stroke.

Intracranial Artery Calcification and
Response to Revascularization

Treatment

Treatment of ischemic stroke includes intravenous thrombolysis
(IVT) and endovascular thrombectomy, which both reduce
disability (Campbell et al, 2019). However, intravenous
thrombolysis is accompanied by an approximate 5.6% risk
of symptomatic intracranial hemorrhage (sICH), a severe
complication that is associated with high mortality (Seet and
Rabinstein, 2012). Recent studies have shown that IAC can
probably affect the prognosis of ischemic stroke patients after
these revascularization treatments. In 2015, a study enrolled
80 patients who received IVT or endovascular thrombectomy
for MCA trunk occlusion and categorized them into the low
or high calcification burden (LCB or HCB) group according to
IAC scores determined by the number of calcified intracranial
arteries. They found that compared with the LCB group, the
HCB group exhibited poorer outcomes after treatment. In this
study, treatment outcome was measured by National Institutes
of Health Stroke Scale (NIHSS) score indicating the severity of
stroke and the modified Rankin Scale (mRS) score indicating
functional dependence of patients (Lee et al., 2015).

Four studies have investigated the relationship between
IAC and the prognosis of patients undergoing endovascular
thrombectomy. In 2014, a retrospective study of 117 patients
showed that IICAC did not influence recanalization or mRS
score after endovascular thrombectomy (Haussen et al., 2014). In
2017, an observational study used the calcium volume to measure
IICAC in 285 patients with AIS of the anterior circulation treated
with mechanical thrombectomy. They found that both larger
IICAC volume in the symptomatic carotid artery and larger
total IICAC volume were associated with worse post-procedural
revascularization and poorer functional outcome (Hernandez-
Pérez et al., 2017). However, another randomized controlled
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study assessed the IICAC volume of 344 AIS patients and
found that IICAC volumes were not associated with functional
outcome, final recanalization status, and final infarct volume
(Compagne etal., 2018). The discrepancy between the two studies
might be due to the differences in selection of patients and
study design. In the former study, patients were only eligible
for endovascular thrombectomy if they had contraindication
for intravenous thrombolysis and specific clinical and imaging
criteria (NIHSS score > 6, etc.) were met. In contrast, the
patients included in the latter study could more reflect the general
population encountered in clinical practice. The randomized
controlled design of the latter study might also be better. In
2020, a study enrolled 64 patients who underwent endovascular
thrombectomy for posterior circulation large vessel occlusion and
explored the relationship between VBA calcification (VBAC) and
outcome after therapy. They found that both the presence of
VBAC and larger VBAC volume were associated with reduced
functional independence (mRS score 0-2) and increased 7-day
and 90-day mortality (Diprose et al., 2020).

When it comes to the effect of IAC on the prognosis after
IVT, research findings are inconsistent. In 2013, a retrospective
and multicenter study by Lin et al. classified 297 patients into
two groups (no to mild IICAC and moderate to severe IICAC)
based on Woodcock visual score and found that moderate to
severe IICAC were independent predictors of ICH after IVT. In
addition, they found that moderate to severe IICAC increased
the odds of functional dependency (mRS score 3-6) at 1 month
and 1 year, though this association was confounded by other
stroke risk factors (Lin et al., 2013). In 2018, a unicenter
study included 448 AIS patients undergoing IVT and used
Barbiarz’s method to assess total carotid siphon calcification
(TCSC). They found that TCSC was an independent predictor
of mortality but it did not predict sICH, recanalization or good
functional outcome (mRS score 0-2) (Tabuas-Pereira et al., 2018).
Later, a study enrolled 232 patients with AIS and performed
an assessment of IICAC through modified Woodcock scale.
No associations were found between IICAC score and sICH,
functional outcome and mortality after IVT in AIS patients
(He et al., 2019). In 2020, a retrospective study included 242
patients and found that IAC volume on the lesion side was
associated with ICH and that the presence of IAC and the
number of calcified intracranial arteries were associated with
poor prognosis (mRS score > 2) (Yu et al, 2020). Overall,
the results are highly controversial, which is likely due to
the inconsistency of calcification measurements, inclusion and
exclusion criteria and definition of sICH. Besides, evaluating the
whole calcification range allows slight differences in calcification
to be captured and might outperform dichotomized grouping
methods used in the study by Lin et al. (2013). Further studies
with larger sample sizes and better designs are needed to clarify
the relationship between IAC and prognosis after IVT, including
the occurrence of sICH, functional outcome, recanalization
rate, and mortality.

Calcification in different layers of the artery might have
different impacts on the prognosis after revascularization
treatments. Therefore, several studies classified calcification into
intimal and medial calcification using a previously described

scoring method (Kockelkoren et al., 2017) and investigated the
effect of different calcification patterns on the prognosis after
treatment. In 2018, a MR CLEAN group analysis was conducted
and 344 AIS patients undergoing endovascular thrombectomy
or no treatment were included. A significant treatment effect,
measured by mRS score, was only observed in patients with
medial IICAC but not in patients with intimal IICAC (Compagne
et al, 2018). Then in 2021, a perspective and multicenter
study also reported similar findings. They enrolled 982 patients
undergoing IVT or no treatment and found that the beneficial
effect of IVT on the 90-day mRS was significant in the group
with medial IICAC and in the group without IICAC, but not
in the group with intimal IICAC. They also found that IVT
was significantly associated with recanalization only in the group
with medial IICAC and a medial IICAC pattern was significantly
associated with good collateral status. Besides, no significant
associations were observed between IVT and ICH in any IICAC
groups (Kauw et al.,, 2021). These two studies have shown that
the treatment effect of IVT or endovascular thrombectomy is
better in patients with medial calcification rather than intimal
calcification. Medial calcification leads to arterial stiffening and
high pulse pressures, which could impair the distal cerebral
microcirculation and then trigger the formation of collateral
vessels (Kauw et al., 2021). Nonetheless, a former study reported
that the presence of medial IICAC was negatively linked with
early dramatic response to IVT and the frequency of sICH was
higher in patients with medial calcification (Gocmen et al., 2018).
However, the study only included cardioembolic and cryptogenic
stroke patients with a relatively small sample size (n = 91) and the
two associations observed were only marginally significant.

In summary, IAC can not only serve as a predictor of
stroke recurrence and mortality, but also has a probable effect
on the prognosis after revascularization therapies, including
sICH, recanalization rate, functional outcome, and post-
intervention mortality.

CORONARY ARTERY CALCIFICATION

Measurements of Coronary Artery

Calcification

The most classic and commonly used scoring method of CAC
is the Agatston score, which has been mentioned above. In
1991, Janowitz et al. (1991) described a method for assessing
the magnitude of CAC based on a single score that quantified
the extent and density of computed tomography CAC, which
became known as the Agatston score. Clinical risk increases with
each increment of CAC score, as consistently demonstrated in
numerous studies.

Recently, studies have begun to address what additional
information can be derived from CAC scanning (radiography
images are shown in Figure 4). Budoft et al. (2007) and Tota-
Maharaj et al. (2015a,b) demonstrated that the number of vessels
with CAC score > 100, location of CAC, and the number of
calcific lesions were all predictors of coronary events. In another
study, Criqui et al. (2014) found that CAC density was inversely
related to cardiovascular disease (CVD) events for a given CAC
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FIGURE 4 | Two different CT images of coronary artery calcification. (A) Calcifications in the right coronary artery indicated by a red square. (B) Calcifications in the

circumflex branch of the left coronary artery indicated by a red square.

Im:
Thk: 1.0 mm

volume and was more predictive than the CAC score. This
observation supports the concept that denser plaques are likely
to be older healed plaques, whereas less dense plaques may be
more likely to represent newer, more active plaques, with higher
lipid content, and greater likelihood of inflammation (Motoyama
etal., 2007, 2015).

However, there are also several factors that have a huge
impact. The spherical shape and pericardial-sided location of
CAC are associated with fewer CVD events and may represent
morphological features related to stable coronary plaques
(Foldyna et al.,, 2019). High calcified plaque volume (CPV) was
associated with incident major adverse cardiac events (Jin et al.,
2021), which is not included in the Agaston score. The role
of CAC density, distribution, morphology, and location should
be considered when evaluating current CAC scoring systems.
Although there are studies trying to add more properties to the
Agaston score (Blaha et al., 2016), we might need a new scoring
method that can fully include the various properties of CAC.

In 2018, Khera et al. (2018) developed a mobile application
and web-based tool to facilitate clinical application of the
Astro-CHARM tool, which is the first integrated atherosclerotic
cardiovascular disease (ASCVD) risk calculator to incorporate
risk factors including CAC.

Coronary Artery Calcification and Risk of
Stroke

Some studies have tracked the association between the severity
of CAC and the increased risk of stroke over a long period of
time. The Multi-Ethnic Study of Atherosclerosis (MESA) showed
that the presence of CAC was linked with lower cerebrovascular
event-free survival and that In (CAC + 1) was an independent
predictor for stroke in both univariate and multivariable models.
Incorporating CAC into the Framingham stroke risk score could
improve the discrimination for cerebrovascular events (Gibson
et al.,, 2014). In 2020, research showed that atrial fibrillation

(AF) patients with incidental CAC depicted on chest CT had an
increased risk of stroke and mortality beyond established risk
factors (Hillerson et al., 2020), which is also supported by a recent
study (Wang et al., 2021). In a study combining two large cohorts,
a high CAC burden was predictive of stroke risk in the overall
cohort and Blacks (Mehta et al., 2020). Ten-year ASCVD event
rates increased steadily across CAC categories regardless of age,
sex, or race/ethnicity. For each doubling of CAC, there is a 14%
relative increment in ASCVD risk, holding all other risk factors
constant (Budoff et al., 2018). In addition, patients whose CAC
Agatston scores were greater than 1,000 had a serious risk of
stroke (Rosenblit, 2019).

Subclinical cerebrovascular diseases (SCVDs) play a vital
pathogenetic role in stroke (Oh et al., 2015). In 2020, a study
(Khan et al., 2020) evaluated the clinical relationship between
CAC and SCVDs in a healthy Japanese male population. The
research used Agatston method to score CAC and categorized the
participants into no CAC (0), mild CAC (1-100), and moderate-
to-severe CAC (>100). Logistic regression was used to calculate
the adjusted odds ratio for universal SCVDS with CAC free
group as the reference. The results showed significant trends that
higher CAC scores were associated with a higher incidence of
the following SCVDs: lacunar infarction, deep, and subcortical
white matter hyperintensity, and intracranial arterial stenosis. It
directly proved that CAC and SCVDs coexist. The presence and
degree of CAC may be a useful indicator for SCVDs involving
small and large vessels. The coexistence of CAC and SCVDs
provides a mechanism that may be used to predict stroke in
the early stage.

From 1997 to 2009, a total of 23,637 participants without
ASCVD underwent CAC scoring. Results were assessed using
Cox proportional risk models, controlling for baseline risk
factors, atrial fibrillation, and competitive mortality. The
results showed that CAC scores were positively related with
the risk of stroke. CAC scores significantly improved the
accuracy of long-term prognosis for major adverse cardiovascular
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events and mortality, regardless of age and risk factors.
These results support CAC screening to improve individual
ASCVD risk assessment and prevention in low-risk youth
(Mitchell et al., 2018b).

Coronary Artery Calcification and
Prevention of Stroke

Aside from being an indicator for the risk of stroke, CAC can
also play a role in the prevention of ischemic stroke. In 2018,
a study tracked a total of 4,720 individuals from the Multi-
Ethnic Study of Atherosclerosis to evaluate those in most need
of statin therapy to reduce ischemic stroke/transient ischemic
attack risk (TIA), with a medium follow-up of 13.1 years
(Osawa et al,, 2018). All participants were 45-84 years old
and had no known clinical CVD at the time of enrollment.
In addition to traditional risk factors, the researchers used
the Cox proportional hazards models to examine CAC and
carotid artery intima-media thickness (CIMT) as predictors of
ischemic stroke/TIA. After adjustment for traditional risk factors,
the risk of stroke/TIA increased progressively with each CAC
category (0, 1-100, >100) in individuals with CIMT > 75%,
compared with those without CAC and with CIMT < 75%.
The results showed that a combination of CAC and CIMT
information is promising for more accurate risk assessment of
ischemic stroke/TIA, and this approach may identify individuals
at low or high risk of ischemic stroke/TIA for statin therapy in
primary prevention.

In 2018, a study (Mitchell et al., 2018a) identified consecutive
subjects without pre-existing ASCVD or malignancy who
underwent CAC scoring from 2002 to 2009 at Walter Reed
Army Medical Center. A total of 13,644 patients (mean age
50 years; 71% men) were followed for a median of 9.4 years.
The results showed that the effect of statin use on major
adverse cardiovascular event (MACE) was significantly related
to the severity of CAC. Therefore, the presence and severity
of CAC identified patients without baseline ASCVD who are
most likely to benefit from statins for the primary prevention of
cardiovascular diseases.

In addition to statin, aspirin can be used for primary
prevention of CVD, although with an increased risk of bleeding.
Recent studies suggested that CAC score might also aid in
selecting suitable patients that benefit from aspirin therapy.
Cainzos-Achirica et al. included 6,470 participants from the
Multi-Ethnic Study of Atherosclerosis (MESA) and proved that
CAC might outperform the Pooled Cohort Equations (PCE) in
guiding allocation of aspirin in primary prevention. The study
showed that a CAC score of at least 100 could identify patients
most likely to gain a net benefit from aspirin therapy, while
those with CAC score = 0 should avoid the use of aspirin for
prevention (Cainzos-Achirica et al., 2020). Likewise, Ajufo et al.
(2021) included 2,191 participants from the Dallas Heart Study
and observed a net benefit in patients with CAC of at least 100,
but only in the setting of lower bleeding risk and PCE > 5%.

In conclusion, CAC can be used as an important indicator of
stroke, and the severity of CAC determines whether the use of
statins or aspirin to prevent future stroke can be effective.

CAROTID ARTERY CALCIFICATION

Although the association between intracranial cervical
calcification and stroke has been well-proved in many studies,
the extracranial segment of the carotid artery has received lesser
attention. Carotid artery calcification can be seen on panoramic
dental radiographs (Friedlander, 2013), which is usually located
posterior to and above the mandibular angle, approximately at
the lower edge of the third cervical spine near the hyoid bone
(Friedlander and Baker, 1994) (shown in Figure 5). According
to the identification method of carotid artery calcification
that Friedlander and Lande proposed, at C3-C4 disk level or
below the posterior mandibular area, about 10 lumps of radial
colliculate mass adjacent to the cervical spine, which are not
attached to the hyoid and usually at an angle of 45° from the
mandible angle, are considered as carotid artery calcification
(Friedlander and Lande, 1981).

Studies have shown that carotid artery calcification is
associated with a history or future diagnostic events of stroke
(Christou et al., 2010; Johansson et al., 2015). In 2019, a study
searched for evidence of carotid calcifications from individuals
(60-96 years) with no previous history of stroke and/or ischemic
heart diseases. The data showed a significant association between
carotid calcification and a future event of stroke and/or ischemic
heart diseases. And the association was more pronounced in
the younger group (60-72 years). The results still persisted after
adjusting for other factors (hypertension, type 2 diabetes, and
BMI). Also, individuals with positive carotid artery calcification
had a lower mean cumulative stroke survival time (Bengtsson
et al,, 2019). This indicates that carotid artery calcification can
increase the risk of stroke. The occurrence of carotid artery
calcification was significantly correlated with the history of
cerebral infarction (Kumagai et al., 2007). A study in 2020
also came to the conclusion that accidental detection of carotid
artery calcification in standard panoramic radiographs for dental
patients may be an important marker for preventing serious risks
such as coronary artery disease, stroke, and death (Agacayak
et al, 2020). Therefore, more attention should be paid to
the lateral area during examination (Baumann-Bhalla et al,

FIGURE 5 | Dental Pantomogram (DPT) in which arrows indicate carotid
artery calcifications. Reproduced from Ribeiro et al. (2018). Copyright© 2018
Elsevier Masson SAS. All rights reserved.

Frontiers in Cellular Neuroscience | www.frontiersin.org

May 2022 | Volume 16 | Article 845215


https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Wang et al.

Arterial Calcification and Stroke

IAC: intracranial artery calcification
CSVD: cerebral small vessel disease
CAC: coronary artery calcification
CaAC: carotid artery calcification

: having correlation

FIGURE 6 | Clinical implications of large artery calcifications and possible roles of vascular calcification. The CT image of IAC was from Rahmani et al. (2022). The
CT angiogram of carotid artery calcification was reused with permission of American Society of Neuroradiology, from Tsutsumi et al. (2008); permission conveyed

through Copyright Clearance Center, Inc.

2. cause stiffening and
hemodynamic impairment

3. increase the stability of
plaque

2012). Multislice spiral CT can also be used to assess the
relationship between carotid artery aortic arch and coronary
artery calcification and stroke. A total of 2,521 persons (mean
age 69.7 + 6.8 years, 48% male) were included in the Rotterdam
study. Results showed that there was a strong hierarchical
association between prevalence of stroke and carotid artery
calcification [OR quartile 4 vs. 1 (95% CI): 5.0 (2.2-11.0)],
independent of cardiovascular risk factors. And after additional
adjustment for calcification in other vascular beds, common
stroke was still significantly associated with carotid artery
calcification (Elias-Smale et al., 2010).

In summary, carotid artery calcification is significantly
associated with a future event of stroke, which may serve as an
indicator to assess the risk of stroke.

CONCLUSION

In summary, arterial calcification including IAC, CAC, and
carotid calcification can predict the risk of stroke and it also
affects treatment response and prognosis of stroke patients.
Arterial calcifications and stroke share many risk factors, and
in fact, history of ischemic stroke is one of the risk factors
for TAC. Arterial calcification might affect plaque stability
or cause hemodynamic changes, and therefore increase the
risk of stroke. Besides, IAC or CAC indicates atherosclerosis,
which is one of the main causes of stroke (Figure 6). It is
worth noting that besides the total amount of calcification, the
morphology, distribution, and size (large or small) of calcification
can also impact on the risk of stroke. Intimal calcification and
medial calcification have distinct implications and should be
studied separately.

Previously published studies are quite inconsistent, which
might be due to different study populations and different
scoring methods. More studies involving large populations are
still needed to resolve those discrepancies. Current calcification
scoring methods have their limits and a more comprehensive,
accurate, and practical scoring method is urgently needed.
In the future, more advanced detection techniques, like
SWI, might replace CT, and accelerate the clinical use of
arterial calcification.

ETHICS STATEMENT

This study was approved by the Ethics Committee of Xiangya
Hospital of Central South University. Written informed consent
was obtained from the patients in this study.

AUTHOR CONTRIBUTIONS

XW and XC: writing-original draft preparation. ZC:
conceptualization, supervision, and writing-review and editing.
MZ: conceptualization, supervision, funding acquisition, and
validation. All authors have read and agreed to the published
version of the manuscript.

FUNDING

This work was supported by the Natural Science Foundations
for Excellent Young Scholars of Hunan Province under grant
(N0.2021JJ20095); the Key Research and Development Program
of Hunan Province under grant (No. 2020SK2063); Research

Frontiers in Cellular Neuroscience | www.frontiersin.org

May 2022 | Volume 16 | Article 845215


https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Wang et al.

Arterial Calcification and Stroke

Project on Education and Teaching Innovation of Central South
University under grant (No. 2021jy145); the Natural Science
Foundations of Hunan Province under grant (No. 2020]J4134);
and the National Natural Science Foundation of China under
grant (No. 81501025).

REFERENCES

Abdelbaky, A., Corsini, E., Figueroa, A. L., Fontanez, S., Subramanian, S., Ferencik,
M., et al. (2013). Focal arterial inflammation precedes subsequent calcification
in the same location: a longitudinal FDG-PET/CT study. Circ. Cardiovasc.
Imaging 6, 747-754. doi: 10.1161/circimaging.113.000382

Adams, H. P. Jr., Bendixen, B. H., Kappelle, L. ]., Biller, J., Love, B. B., Gordon, D. L.,
et al. (1993). Classification of subtype of acute ischemic stroke. Definitions for
use in a multicenter clinical trial. TOAST. Trial of Org 10172 in Acute Stroke
Treatment. Stroke 24, 35-41. doi: 10.1161/01.str.24.1.35

Adams, L. C., Boker, S. M., Bender, Y. Y., Fallenberg, E. M., Wagner, M., Liebig,
T., et al. (2017). Detection of vessel wall calcifications in vertebral arteries
using susceptibility weighted imaging. Neuroradiology 59, 861-872. doi: 10.
1007/500234-017-1878-z

Agacayak, K. S., Guler, R., and Sezgin Karatas, P. (2020). Relation between the
incidence of carotid artery calcification and systemic diseases. Clin. Interv.
Aging 15, 821-826. doi: 10.2147/cia.S256588

Agatston, A. S., Janowitz, W. R,, Hildner, F. J., Zusmer, N. R., Viamonte, M. Jr., and
Detrano, R. (1990). Quantification of coronary artery calcium using ultrafast
computed tomography. J. Am. Coll. Cardiol. 15, 827-832. doi: 10.1016/0735-
1097(90)90282-t

Ahn, S. S., Nam, H. S., Heo, J. H., Kim, Y. D., Lee, S. K., Han, K., et al. (2013a).
Quantification of intracranial internal carotid artery calcification on brain
unenhanced CT: evaluation of its feasibility and assessment of the reliability of
visual grading scales. Eur. Radiol. 23, 20-27. doi: 10.1007/s00330-012-2586-z

Ahn, S. S., Nam, H. S, Heo, J. H., Kim, Y. D,, Lee, S. K., Han, K. H.,, et al. (2013b).
Ischemic stroke: measurement of intracranial artery calcifications can improve
prediction of asymptomatic coronary artery disease. Radiology 268, 842-849.
doi: 10.1148/radiol.13122417

Aikawa, E., Nahrendorf, M., Figueiredo, J. L., Swirski, F. K., Shtatland, T., Kohler,
R. H,, et al. (2007). Osteogenesis associates with inflammation in early-stage
atherosclerosis evaluated by molecular imaging in vivo. Circulation 116, 2841~
2850. doi: 10.1161/circulationaha.107.732867

Ajufo, E., Ayers, C. R,, Vigen, R, Joshi, P. H., Rohatgi, A., de Lemos, J. A., et al.
(2021). Value of coronary artery calcium scanning in association with the
net benefit of aspirin in primary prevention of atherosclerotic cardiovascular
disease. JAMA Cardiol. 6,179-187. doi: 10.1001/jamacardio.2020.4939

Babiarz, L. S., Yousem, D. M., Wasserman, B. A., Wu, C,, Bilker, W., and
Beauchamp, N. J. Jr. (2003). Cavernous carotid artery calcification and white
matter ischemia. AJNR Am. J. Neuroradiol. 24, 872-877.

Baek, J. H., Yoo, J., Song, D., Kim, Y. D., Nam, H. S, and Heo, J. H. (2017). The
protective effect of middle cerebral artery calcification on symptomatic middle
cerebral artery infarction. Stroke 48, 3138-3141. doi: 10.1161/strokeaha.117.
017821

Baradaran, H., Patel, P., Gialdini, G., Giambrone, A., Lerario, M. P., Navi, B. B,,
et al. (2017). Association between intracranial atherosclerotic calcium burden
and angiographic luminal stenosis measurements. AJNR Am. J. Neuroradiol. 38,
1723-1729. doi: 10.3174/ajnr.A5310

Baumann-Bhalla, S., Meier, R. M., Burow, A., Lyrer, P., Engelter, S., Bonati, L.,
et al. (2012). Recognizing calcifications of the carotid artery on panoramic
radiographs to prevent strokes. Schweiz. Monatsschr. Zahnmed. 122,1016-1029.

Bengtsson, V. W, Persson, G. R., Berglund, J., and Renvert, S. (2019). Carotid
calcifications in panoramic radiographs are associated with future stroke or
ischemic heart diseases: a long-term follow-up study. Clin. Oral Investig. 23,
1171-1179. doi: 10.1007/s00784-018-2533-8

Blaha, M. J., Budoff, M. J., Tota-Maharaj, R., Dardari, Z. A., Wong, N. D., Kronmal,
R. A, etal. (2016). Improving the CAC score by addition of regional measures
of calcium distribution: multi-ethnic study of atherosclerosis. JACC Cardiovasc.
Imaging 9, 1407-1416. doi: 10.1016/j.,jcmg.2016.03.001

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fncel.
2022.845215/full#supplementary- material

Bos, D., Ikram, M. A., Elias-Smale, S. E., Krestin, G. P., Hofman, A., Witteman,
J. C,, et al. (2011). Calcification in major vessel beds relates to vascular brain
disease. Arterioscler. Thromb. Vasc. Biol. 31, 2331-2337. doi: 10.1161/atvbaha.
111.232728

Bos, D., Portegies, M. L., van der Lugt, A., Bos, M. ]., Koudstaal, P. J., Hofman,
A., et al. (2014). Intracranial carotid artery atherosclerosis and the risk of
stroke in whites: the Rotterdam Study. JAMA Neurol. 71, 405-411. doi: 10.1001/
jamaneurol.2013.6223

Budoff, M. J., Shaw, L. J.,, Liu, S. T., Weinstein, S. R., Mosler, T. P., Tseng,
P. H., etal. (2007). Long-term prognosis associated with coronary calcification:
observations from a registry of 25,253 patients. J. Am. Coll. Cardiol. 49,
1860-1870. doi: 10.1016/j.jacc.2006.10.079

Budoff, M. J., Young, R., Burke, G., Jeffrey Carr, J., Detrano, R. C., Folsom,
A. R, et al. (2018). Ten-year association of coronary artery calcium with
atherosclerotic cardiovascular disease (ASCVD) events: the multi-ethnic study
of atherosclerosis (MESA). Eur. Heart J. 39, 2401-2408. doi: 10.1093/eurheartj/
ehy217

Bugnicourt, J. M., Leclercq, C., Chillon, J. M., Diouf, M., Deramond, H., Canaple,
S., et al. (2011). Presence of intracranial artery calcification is associated with
mortality and vascular events in patients with ischemic stroke after hospital
discharge: a cohort study. Stroke 42, 3447-3453. doi: 10.1161/strokeaha.111.
618652

Cainzos-Achirica, M., Miedema, M. D., McEvoy, ]. W., Al Rifai, M., Greenland, P.,
Dardari, Z., et al. (2020). Coronary artery calcium for personalized allocation
of aspirin in primary prevention of cardiovascular disease in 2019: the MESA
study (multi-ethnic study of atherosclerosis). Circulation 141, 1541-1553. doi:
10.1161/circulationaha.119.045010

Campbell, B. C. V., De Silva, D. A., Macleod, M. R, Coutts, S. B., Schwamm,
L. H., Davis, S. M., et al. (2019). Ischaemic stroke. Nat. Rev. Dis. Primers 5:70.
doi: 10.1038/s41572-019-0118-8

Chen, Y. C., Wei, X. E, Lu, J., Qiao, R. H., Shen, X. F., and Li, Y. H. (2019).
Correlation between intracranial arterial calcification and imaging of cerebral
small vessel disease. Front. Neurol. 10:426. doi: 10.3389/fneur.2019.00426

Christou, P., Leemann, B., Schimmel, M., Kiliaridis, S., and Miiller, F. (2010).
Carotid artery calcification in ischemic stroke patients detected in standard
dental panoramic radiographs - a preliminary study. Adv. Med. Sci. 55, 26-31.
doi: 10.2478/v10039-010-0022-7

Chung, P. W,, Park, K. Y., Kim, J. M., Shin, D. W., and Ha, S. Y. (2014). Carotid
artery calcification is associated with deep cerebral microbleeds. Eur. Neurol.
72, 60-63. doi: 10.1159/000358513

Chung, P. W, Park, K. Y., Moon, H. S, Kim, Y. B., Youn, Y. C, Byun, J. S,, et al.
(2010). Intracranial internal carotid artery calcification: a representative for
cerebral artery calcification and association with white matter hyperintensities.
Cerebrovasc. Dis. 30, 65-71. doi: 10.1159/000314622

Compagne, K. C. ], Clephas, P. R. D., Majoie, C., Roos, Y., Berkhemer, O. A., van
Oostenbrugge, R. J., et al. (2018). Intracranial carotid artery calcification and
effect of endovascular stroke treatment. Stroke 49, 2961-2968. doi: 10.1161/
strokeaha.118.022400

Criqui, M. H,, Denenberg, J. O,, Ix, J. H., McClelland, R. L., Wassel, C. L., Rifkin,
D. E, et al. (2014). Calcium density of coronary artery plaque and risk of
incident cardiovascular events. JAMA 311, 271-278. doi: 10.1001/jama.2013.
282535

de Weert, T. T., Cakir, H., Rozie, S., Cretier, S., Meijering, E., Dippel, D. W.,
et al. (2009). Intracranial internal carotid artery calcifications: association
with vascular risk factors and ischemic cerebrovascular disease. AJNR Am. .
Neuroradiol. 30, 177-184. doi: 10.3174/ajnr.A1301

Del Brutto, O. H., Del Brutto, V. J., Mera, R. M., Pérez, P., Recalde, B. Y., Costa,
A. F., et al. (2020). Prevalence and correlates of intracranial atherosclerotic
disease among community-dwelling older adults of Amerindian ancestry.

Frontiers in Cellular Neuroscience | www.frontiersin.org

May 2022 | Volume 16 | Article 845215


https://www.frontiersin.org/articles/10.3389/fncel.2022.845215/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fncel.2022.845215/full#supplementary-material
https://doi.org/10.1161/circimaging.113.000382
https://doi.org/10.1161/01.str.24.1.35
https://doi.org/10.1007/s00234-017-1878-z
https://doi.org/10.1007/s00234-017-1878-z
https://doi.org/10.2147/cia.S256588
https://doi.org/10.1016/0735-1097(90)90282-t
https://doi.org/10.1016/0735-1097(90)90282-t
https://doi.org/10.1007/s00330-012-2586-z
https://doi.org/10.1148/radiol.13122417
https://doi.org/10.1161/circulationaha.107.732867
https://doi.org/10.1001/jamacardio.2020.4939
https://doi.org/10.1161/strokeaha.117.017821
https://doi.org/10.1161/strokeaha.117.017821
https://doi.org/10.3174/ajnr.A5310
https://doi.org/10.1007/s00784-018-2533-8
https://doi.org/10.1016/j.jcmg.2016.03.001
https://doi.org/10.1161/atvbaha.111.232728
https://doi.org/10.1161/atvbaha.111.232728
https://doi.org/10.1001/jamaneurol.2013.6223
https://doi.org/10.1001/jamaneurol.2013.6223
https://doi.org/10.1016/j.jacc.2006.10.079
https://doi.org/10.1093/eurheartj/ehy217
https://doi.org/10.1093/eurheartj/ehy217
https://doi.org/10.1161/strokeaha.111.618652
https://doi.org/10.1161/strokeaha.111.618652
https://doi.org/10.1161/circulationaha.119.045010
https://doi.org/10.1161/circulationaha.119.045010
https://doi.org/10.1038/s41572-019-0118-8
https://doi.org/10.3389/fneur.2019.00426
https://doi.org/10.2478/v10039-010-0022-7
https://doi.org/10.1159/000358513
https://doi.org/10.1159/000314622
https://doi.org/10.1161/strokeaha.118.022400
https://doi.org/10.1161/strokeaha.118.022400
https://doi.org/10.1001/jama.2013.282535
https://doi.org/10.1001/jama.2013.282535
https://doi.org/10.3174/ajnr.A1301
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Wang et al.

Arterial Calcification and Stroke

the three villages study. J. Stroke Cerebrovasc. Dis. 29:105135. doi: 10.1016/j.
jstrokecerebrovasdis.2020.105135

Del Brutto, O. H., Mera, R. M., Gillman, J., Ha, J. E., and Zambrano, M. (2016).
Calcifications in the carotid siphon correlate with silent cerebral small vessel
disease in community-dwelling older adults: a population-based study in rural
Ecuador. Geriatr. Gerontol. Int. 16, 1063-1067. doi: 10.1111/ggi.12599

Demer, L. L., and Tintut, Y. (2014). Inflammatory, metabolic, and genetic
mechanisms of vascular calcification. Arterioscler. Thromb. Vasc. Biol. 34,
715-723. doi: 10.1161/atvbaha.113.302070

Diprose, W. K., Diprose, J. P., Tarr, G. P., Sutcliffe, J., McFetridge, A., Brew, S.,
et al. (2020). Vertebrobasilar artery calcification and outcomes in posterior
circulation large vessel occlusion thrombectomy. Stroke 51, 1301-1304. doi:
10.1161/strokeaha.119.027958

Elias-Smale, S. E., Odink, A. E., Wieberdink, R. G., Hofman, A., Hunink, M. G,,
Krestin, G. P, et al. (2010). Carotid, aortic arch and coronary calcification are
related to history of stroke: the Rotterdam Study. Atherosclerosis 212, 656-660.
doi: 10.1016/j.atherosclerosis.2010.06.037

Foldyna, B., Eslami, P., Scholtz, J. E., Baltrusaitis, K., Lu, M. T., Massaro, J. M., et al.
(2019). Density and morphology of coronary artery calcium for the prediction
of cardiovascular events: insights from the Framingham Heart Study. Eur.
Radiol. 29, 6140-6148. doi: 10.1007/s00330-019-06223-7

Friedlander, A. H. (2013). Recognizing calcifications of the carotid artery on
panoramic radiographs to prevent strokes. Schweiz. Monatsschr. Zahnmed.
123:545.

Friedlander, A. H., and Baker, J. D. (1994). Panoramic radiography: an aid in
detecting patients at risk of cerebrovascular accident. . Am. Dent. Assoc. 125,
1598-1603. doi: 10.14219/jada.archive.1994.0237

Friedlander, A. H., and Lande, A. (1981). Panoramic radiographic identification
of carotid arterial plaques. Oral Surg. Oral Med. Oral Pathol. 52, 102-104.
doi: 10.1016/0030-4220(81)90181-x

Gibson, A. O., Blaha, M. J., Arnan, M. K., Sacco, R. L., Szklo, M., Herrington,
D. M, et al. (2014). Coronary artery calcium and incident cerebrovascular
events in an asymptomatic cohort. The MESA Study. JACC Cardiovasc. Imaging
7,1108-1115. doi: 10.1016/j.jcmg.2014.07.009

Gocmen, R, Arsava, E. M, Oguz, K. K., and Topcuoglu, M. A. (2018).
Atherosclerotic intracranial internal carotid artery calcification and intravenous
thrombolytic therapy for acute ischemic stroke. Atherosclerosis 270, 89-94.
doi: 10.1016/j.atherosclerosis.2018.01.035

Gokgal, E., Niftaliyev, E., Ozdemir, T., Kolukisa, M., and Asil, T. (2018). The
association of vertebrobasilar calcification with etiological subtypes, stroke
recurrence and outcome in acute brainstem ischemic stroke. Neurol. Neurochir.
Pol. 52, 188-193. doi: 10.1016/j.pjnns.2017.09.010

Goliike, N. M. S., de Brouwer, E. J. M., de Jonghe, A., Claus, J. J., Staekenborg, S.
S., Emmelot-Vonk, M. H., et al. (2020). Intracranial artery calcifications: risk
factors and association with cardiovascular disease and cognitive function. J.
Neuroradiol. doi: 10.1016/j.neurad.2020.08.001 [Epub ahead of print].

Haussen, D. C., Gaynor, B. G., Johnson, J. N., Peterson, E. C., Elhammady,
M. S., Aziz-Sultan, M. A, et al. (2014). Carotid siphon calcification impact on
revascularization and outcome in stroke intervention. Clin. Neurol. Neurosurg.
120, 73-77. doi: 10.1016/j.clineuro.2014.02.021

He, X. W,, Zhao, R,, Li, G. F., Zheng, B, Wu, Y. L,, Shi, Y. H,, et al. (2019). Lack of
correlation between intracranial carotid artery modified woodcock calcification
score and prognosis of patients with acute ischemic stroke after intravenous
thrombolysis. Front. Neurol. 10:696. doi: 10.3389/fneur.2019.00696

Hernéndez-Pérez, M., Bos, D., Dorado, L., Pellikaan, K., Vernooij, M. W., Lopez-
Cancio, E., et al. (2017). Intracranial carotid artery calcification relates to
recanalization and clinical outcome after mechanical thrombectomy. Stroke 48,
342-347. doi: 10.1161/strokeaha.116.015166

Hillerson, D., Wool, T., Ogunbayo, G. O., Sorrell, V. L., and Leung, S. W. (2020).
Incidental coronary artery calcification and stroke risk in patients with atrial
fibrillation. AJR Am. J. Roentgenol. 215, 344-350. doi: 10.2214/ajr.19.22298

Hong, N. R, Seo, H. S., Lee, Y. H., Kim, J. H,, Seol, H. Y., Lee, N. ], et al. (2011).
The correlation between carotid siphon calcification and lacunar infarction.
Neuroradiology 53, 643-649. doi: 10.1007/s00234-010-0798-y

Hutcheson, J. D., Goettsch, C., Bertazzo, S., Maldonado, N., Ruiz, J. L,
Goh, W., et al. (2016). Genesis and growth of extracellular-vesicle-derived
microcalcification in atherosclerotic plaques. Nat. Mater. 15, 335-343. doi: 10.
1038/nmat4519

Janowitz, W. R., Agatston, A. S., and Viamonte, M. Jr. (1991). Comparison of
serial quantitative evaluation of calcified coronary artery plaque by ultrafast
computed tomography in persons with and without obstructive coronary artery
disease. Am. J. Cardiol. 68, 1-6. doi: 10.1016/0002-9149(91)90700-u

Jin, H. Y., Weir-McCall, J. R, Leipsic, J. A., Son, J. W., Sellers, S. L., Shao, M.,
et al. (2021). The relationship between coronary calcification and the natural
history of coronary artery disease. JACC Cardiovasc. Imaging 14, 233-242.
doi: 10.1016/j.jcmg.2020.08.036

Johansson, E., Ahlqvist, J., Garoff, M., Levring Jaghagen, E., Meimermondt, A., and
Wester, P. (2015). Carotid calcifications on panoramic radiographs: a 5-year
follow-up study. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. 120, 513-520.
doi: 10.1016/j.0000.2015.06.026

Kamel, H., Gialdini, G., Baradaran, H., Giambrone, A. E., Navi, B. B., Lerario,
M. P, et al. (2017). Cryptogenic stroke and nonstenosing intracranial
calcified atherosclerosis. J. Stroke Cerebrovasc. Dis. 26, 863-870. doi: 10.1016/
j.jstrokecerebrovasdis.2016.10.035

Kao, H. W,, Liou, M., Chung, H. W,, Liu, H. S,, Tsai, P. H., Chiang, S. W, et al.
(2015). Middle cerebral artery calcification: association with ischemic stroke.
Medicine (Baltimore) 94:¢2311. doi: 10.1097/md.0000000000002311

Kauw, F., de Jong, P. A,, Takx, R. A. P., de Jong, H., Kappelle, L. J., Velthuis, B. K.,
et al. (2021). Effect of intravenous thrombolysis in stroke depends on pattern
of intracranial internal carotid artery calcification. Atherosclerosis 316, 8-14.
doi: 10.1016/j.atherosclerosis.2020.11.019

Khan, M. M. H., Fujiyoshi, A., Shiino, A., Hisamatsu, T., Torii, S., Suzuki, S., et al.
(2020). The association between coronary artery calcification and subclinical
cerebrovascular diseases in men: an observational study. J. Atheroscler. Thromb.
27,995-1009. doi: 10.5551/jat.51284

Khera, A., Budoff, M. J., O’Donnell, C. J., Ayers, C. A., Locke, J., de Lemos,
J. A, et al. (2018). Astronaut cardiovascular health and risk modification
(Astro-CHARM) coronary calcium atherosclerotic cardiovascular disease risk
calculator. Circulation 138, 1819-1827. doi: 10.1161/circulationaha.118.033505

Kim, J. M., Park, K. Y., Bae, J. H,, Han, S. H,, Jeong, H. B., and Jeong, D. (2019).
Intracranial arterial calcificationes can reflect cerebral atherosclerosis burden.
J. Clin. Neurol. 15, 38-45. doi: 10.3988/jcn.2019.15.1.38

Kockelkoren, R., Vos, A., Van Hecke, W., Vink, A,, Bleys, R. L., Verdoorn, D., et al.
(2017). Computed tomographic distinction of intimal and medial calcification
in the intracranial internal carotid artery. PLoS One 12:¢0168360. doi: 10.1371/
journal.pone.0168360

Kong, W. Y., Tan, B. Y., Ellis, E. S., Ngiam, N. J., Goh, W. G., Sharma, V. K,, et al.
(2019). Intracranial artery calcium burden predicts recurrent cerebrovascular
events in transient Ischaemic attack patients. J. Stroke Cerebrovasc. Dis. 28,
2332-2336. doi: 10.1016/j.jstrokecerebrovasdis.2019.05.027

Koton, S., Tashlykov, V., Schwammenthal, Y., Molshatzki, N., Merzeliak, O.,
Tsabari, R., et al. (2012). Cerebral artery calcification in patients with acute
cerebrovascular diseases: determinants and long-term clinical outcome. Eur. J.
Neurol. 19, 739-745. doi: 10.1111/j.1468-1331.2011.03620.x

Kumagai, M., Yamagishi, T., Fukui, N., and Chiba, M. (2007). Carotid artery
calcification seen on panoramic dental radiographs in the Asian population in
Japan. Dentomaxillofac. Radiol. 36, 92-96. doi: 10.1259/dmfr/79378783

Lee, J. G, Lee, K. B, Roh, H., Ahn, M. Y., Bae, H. ], Lee, J. S., et al. (2014).
Intracranial arterial calcification can predict early vascular events after acute
ischemic stroke. J. Stroke Cerebrovasc. Dis. 23, e331-e337. doi: 10.1016/j.
jstrokecerebrovasdis.2013.12.022

Lee, S. J., Hong, J. M., Lee, M., Huh, K., Choi, J. W., and Lee, J. S. (2015). Cerebral
arterial calcification is an imaging prognostic marker for revascularization
treatment of acute middle cerebral arterial occlusion. J. Stroke 17, 67-75. doi:
10.5853/j0s.2015.17.1.67

Lin, T. C, Chao, T. H., Shieh, Y., Lee, T. H., Chang, Y. J,, Lee, J. D, et al. (2013).
The impact of intracranial carotid artery calcification on the development of
thrombolysis-induced intracerebral hemorrhage. J. Stroke Cerebrovasc. Dis. 22,
e455-e462. doi: 10.1016/j.jstrokecerebrovasdis.2013.05.008

Magdic, J., Cmor, N., Kaube, M., Hojs Fabjan, T., Hauer, L., Sellner, J., et al. (2020).
Intracranial vertebrobasilar calcification in patients with ischemic stroke is a
predictor of recurrent stroke, vascular disease, and death: a case-control study.
Int. ]. Environ. Res. Public Health 17:2013. doi: 10.3390/ijerph17062013x

Maldonado, N., Kelly-Arnold, A., Vengrenyuk, Y., Laudier, D., Fallon,
J. T., Virmani, R, et al. (2012). A mechanistic analysis of the role of
microcalcifications in atherosclerotic plaque stability: potential implications

Frontiers in Cellular Neuroscience | www.frontiersin.org

May 2022 | Volume 16 | Article 845215


https://doi.org/10.1016/j.jstrokecerebrovasdis.2020.105135
https://doi.org/10.1016/j.jstrokecerebrovasdis.2020.105135
https://doi.org/10.1111/ggi.12599
https://doi.org/10.1161/atvbaha.113.302070
https://doi.org/10.1161/strokeaha.119.027958
https://doi.org/10.1161/strokeaha.119.027958
https://doi.org/10.1016/j.atherosclerosis.2010.06.037
https://doi.org/10.1007/s00330-019-06223-7
https://doi.org/10.14219/jada.archive.1994.0237
https://doi.org/10.1016/0030-4220(81)90181-x
https://doi.org/10.1016/j.jcmg.2014.07.009
https://doi.org/10.1016/j.atherosclerosis.2018.01.035
https://doi.org/10.1016/j.pjnns.2017.09.010
https://doi.org/10.1016/j.neurad.2020.08.001
https://doi.org/10.1016/j.clineuro.2014.02.021
https://doi.org/10.3389/fneur.2019.00696
https://doi.org/10.1161/strokeaha.116.015166
https://doi.org/10.2214/ajr.19.22298
https://doi.org/10.1007/s00234-010-0798-y
https://doi.org/10.1038/nmat4519
https://doi.org/10.1038/nmat4519
https://doi.org/10.1016/0002-9149(91)90700-u
https://doi.org/10.1016/j.jcmg.2020.08.036
https://doi.org/10.1016/j.oooo.2015.06.026
https://doi.org/10.1016/j.jstrokecerebrovasdis.2016.10.035
https://doi.org/10.1016/j.jstrokecerebrovasdis.2016.10.035
https://doi.org/10.1097/md.0000000000002311
https://doi.org/10.1016/j.atherosclerosis.2020.11.019
https://doi.org/10.5551/jat.51284
https://doi.org/10.1161/circulationaha.118.033505
https://doi.org/10.3988/jcn.2019.15.1.38
https://doi.org/10.1371/journal.pone.0168360
https://doi.org/10.1371/journal.pone.0168360
https://doi.org/10.1016/j.jstrokecerebrovasdis.2019.05.027
https://doi.org/10.1111/j.1468-1331.2011.03620.x
https://doi.org/10.1259/dmfr/79378783
https://doi.org/10.1016/j.jstrokecerebrovasdis.2013.12.022
https://doi.org/10.1016/j.jstrokecerebrovasdis.2013.12.022
https://doi.org/10.5853/jos.2015.17.1.67
https://doi.org/10.5853/jos.2015.17.1.67
https://doi.org/10.1016/j.jstrokecerebrovasdis.2013.05.008
https://doi.org/10.3390/ijerph17062013x
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Wang et al.

Arterial Calcification and Stroke

for plaque rupture. Am. J. Physiol. Heart Circ. Physiol. 303, H619-H628.
doi: 10.1152/ajpheart.00036.2012

Masztalewicz, M., Rotter, I, Nowacki, P., Szydfowski, £, Zukowski, M., and
Gutowski, P. (2019). The parameters of carotid plaques’ calcifications and
clinical nature of the lesions in the context of revascularization treatment. The
enlargement of calcifications is still the most important. Folia Neuropathol. 57,
63-71. doi: 10.5114/fn.2019.83832

Mehta, A., Pandey, A., Ayers, C. R., Khera, A., Sperling, L. S., Szklo, M. S., et al.
(2020). Predictive value of coronary artery calcium score categories for coronary
events versus strokes: impact of sex and race: MESA and DHS. Circ. Cardiovasc.
Imaging 13:¢010153. doi: 10.1161/circimaging.119.010153

Mitchell, J. D., Paisley, R., Moon, P., Novak, E., and Villines, T. C. (2018b).
Coronary artery calcium and long-term risk of death, myocardial infarction,
and stroke: the Walter reed cohort study. JACC Cardiovasc. Imaging 11, 1799-
1806. doi: 10.1016/j.jcmg.2017.09.003

Mitchell, J. D., Fergestrom, N., Gage, B. F., Paisley, R., Moon, P., Novak, E.,
et al. (2018a). Impact of statins on cardiovascular outcomes following coronary
artery calcium scoring. J. Am. Coll. Cardiol. 72, 3233-3242. doi: 10.1016/j.jacc.
2018.09.051

Motoyama, S., Ito, H., Sarai, M., Kondo, T., Kawai, H., Nagahara, Y., et al. (2015).
Plaque characterization by coronary computed tomography angiography and
the likelihood of acute coronary events in mid-term follow-up. J. Am. Coll.
Cardiol. 66, 337-346. doi: 10.1016/j.jacc.2015.05.069

Motoyama, S., Kondo, T., Sarai, M., Sugiura, A., Harigaya, H., Sato, T., et al. (2007).
Multislice computed tomographic characteristics of coronary lesions in acute
coronary syndromes. J. Am. Coll. Cardiol. 50, 319-326. doi: 10.1016/j.jacc.2007.
03.044

Nadra, I., Mason, J. C., Philippidis, P., Florey, O., Smythe, C. D., McCarthy, G. M.,
et al. (2005). Proinflammatory activation of macrophages by basic calcium
phosphate crystals via protein kinase C and MAP kinase pathways: a vicious
cycle of inflammation and arterial calcification? Circ. Res. 96, 1248-1256. doi:
10.1161/01.RES.0000171451.88616.c2

Oh, H. G, Chung, P. W,, and Rhee, E. J. (2015). Increased risk for intracranial
arterial stenosis in subjects with coronary artery calcification. Stroke 46, 151-
156. doi: 10.1161/strokeaha.114.006996

Osawa, K., Trejo, M. E. P, Nakanishi, R., McClelland, R. L., Blaha, M. J., Blankstein,
R., et al. (2018). Coronary artery calcium and carotid artery intima-media
thickness for the prediction of stroke and benefit from statins. Eur. J. Prev.
Cardiol. 25, 1980-1987. doi: 10.1177/2047487318798058

Ovesen, C., Abild, A., Christensen, A. F., Rosenbaum, S., Hansen, C. K., Havsteen,
L, et al. (2013). Prevalence and long-term clinical significance of intracranial
atherosclerosis after Ischaemic stroke or transient Ischaemic attack: a cohort
study. BMJ Open 3:e003724. doi: 10.1136/bmjopen-2013-003724

Pantoni, L. (2010). Cerebral small vessel disease: from pathogenesis and clinical
characteristics to therapeutic challenges. Lancet Neurol. 9, 689-701. doi: 10.
1016/s1474-4422(10)70104-6

Quiney, B., Ying, S. M., Hippe, D. S., Balu, N., Urdaneta-Moncada, A. R., and
Mossa-Basha, M. (2017). The association of intracranial vascular calcification
and stenosis with acute ischemic cerebrovascular events. J. Comput. Assist.
Tomogr. 41, 849-853. doi: 10.1097/rct.0000000000000629

Rahmani, F., Nguyen, M., Chen, C. D., McKay, N., Dincer, A., Joseph-Mathurin, N.,
etal. (2022). Intracranial internal carotid artery calcification is not predictive of
future cognitive decline. Alzheimers Res. Ther. 14:32. doi: 10.1186/s13195-022-
00972-2

Ribeiro, A., Keat, R., Khalid, S., Ariyaratnam, S., Makwana, M., do Pranto, M.,
et al. (2018). Prevalence of calcifications in soft tissues visible on a dental
pantomogram: a retrospective analysis. J. Stomatol. Oral Maxillofac. Surg. 119,
369-374. doi: 10.1016/j.jormas.2018.04.014

Rosenblit, P. D. (2019). Extreme atherosclerotic cardiovascular disease (ASCVD)
risk recognition. Curr. Diab. Rep. 19:61. doi: 10.1007/s11892-019-1178-6

Seet, R. C., and Rabinstein, A. A. (2012). Symptomatic intracranial hemorrhage
following intravenous thrombolysis for acute ischemic stroke: a critical
review of case definitions. Cerebrovasc. Dis. 34, 106-114. doi: 10.1159/00033
9675

Shapiro, S. D., Goldman, J., Morgello, S., Honig, L., Elkind, M. S. V., Marshall, R. S.,
et al. (2019). Pathological correlates of brain arterial calcifications. Cardiovasc.
Pathol. 38, 7-13. doi: 10.1016/j.carpath.2018.09.003

Shioi, A., and Ikari, Y. (2018). Plaque calcification during atherosclerosis
progression and regression. J. Atheroscler. Thromb. 25, 294-303. doi: 10.5551/
jat.RV17020

Strobl, F. F., Kuhlin, B., Stahl, R., Sabel, B. O., Helck, A. D., Schindler, A., et al.
(2018). Intracranial arterial calcifications as a prognostic factor for subsequent
major adverse cardiovascular events (MACE). Radiol. Med. 123, 456-462. doi:
10.1007/s11547-018-0856-9

Subedi, D., Zishan, U. S., Chappell, F., Gregoriades, M. L., Sudlow, C., Sellar, R.,
etal. (2015). Intracranial carotid calcification on cranial computed tomography:
visual scoring methods, Semiautomated scores, and volume measurements in
patients with stroke. Stroke 46, 2504-2509. doi: 10.1161/strokeaha.115.009716

Tabuas-Pereira, M., Sargento-Freitas, J., Silva, F., Parra, J., Mendes, P., Seara,
V., et al. (2018). Intracranial internal carotid artery wall calcification in
ischemic strokes treated with thrombolysis. Eur. Neurol. 79, 21-26. doi: 10.
1159/000477901

Tao, X. X, Li, G. F,, Wu, Y. L, Liu, Y. S, Zhao, Y., Shi, Y. H,, et al. (2017).
Relationship between intracranial internal carotid artery calcification and
enlarged cerebral perivascular space. Neuroradiology 59, 577-586. doi: 10.1007/
s00234-017-1838-7

Taoka, T., Iwasaki, S., Nakagawa, H., Sakamoto, M., Fukusumi, A., Takayama, K.,
et al. (2006). Evaluation of arteriosclerotic changes in the intracranial carotid
artery using the calcium score obtained on plain cranial computed tomography
scan: correlation with angiographic changes and clinical outcome. J. Comput.
Assist. Tomogr. 30, 624-628. doi: 10.1097/00004728-200607000-00012

Tesauro, M., Mauriello, A., Rovella, V., Annicchiarico-Petruzzelli, M., Cardillo,
C., Melino, G., et al. (2017). Arterial ageing: from endothelial dysfunction to
vascular calcification. J. Intern. Med. 281, 471-482. doi: 10.1111/joim.12605

Tota-Maharaj, R., Al-Mallah, M. H., Nasir, K., Qureshi, W. T., Blumenthal, R. S.,
and Blaha, M. J. (2015a). Improving the relationship between coronary artery
calcium score and coronary plaque burden: addition of regional measures of
coronary artery calcium distribution. Atherosclerosis 238, 126-131. doi: 10.
1016/j.atherosclerosis.2014.11.008

Tota-Maharaj, R., Joshi, P. H., Budoff, M. J., Whelton, S., Zeb, L., Rumberger, J.,
et al. (2015b). Usefulness of regional distribution of coronary artery calcium to
improve the prediction of all-cause mortality. Am. J. Cardiol. 115, 1229-1234.
doi: 10.1016/j.amjcard.2015.01.555

Tsutsumi, M., Aikawa, H., Onizuka, M., Iko, M., Kodama, T., Nii, K., et al. (2008).
Carotid artery stenting for calcified lesions. AJNR Am. ]. Neuroradiol. 29,
1590-1593. doi: 10.3174/ajnr.A1126

van der Toorn, J. E., Engelkes, S. R, Ikram, M. K., Ikram, M. A., Vernooij, M. W.,
Kavousi, M., et al. (2019). Vertebrobasilar artery calcification: prevalence and
risk factors in the general population. Atherosclerosis 286, 46-52. doi: 10.1016/j.
atherosclerosis.2019.05.001

Vos, A., Kockelkoren, R., de Vis, J. B., van der Schouw, Y. T., van der Schaaf,
1. C., Velthuis, B. K., et al. (2018). Risk factors for atherosclerotic and medial
arterial calcification of the intracranial internal carotid artery. Atherosclerosis
276, 44-49. doi: 10.1016/j.atherosclerosis.2018.07.008

Vos, A., Van Hecke, W., Spliet, W. G., Goldschmeding, R., Isgum, I., Kockelkoren,
R., et al. (2016). Predominance of nonatherosclerotic internal elastic lamina
calcification in the intracranial internal carotid artery. Stroke 47, 221-223. doi:
10.1161/strokeaha.115.011196

Wang, T. K. M., Chan, N., Cremer, P. C., Kanj, M., Baranowski, B., Saliba, W.,
et al. (2021). Incorporating coronary calcification by computed tomography
into CHA2DS2-VASc score: impact on cardiovascular outcomes in patients
with atrial fibrillation. Europace 23, 1211-1218. doi: 10.1093/europace/euab032

Woodcock, R. J. Jr., Goldstein, J. H., Kallmes, D. F., Cloft, H. J., and Phillips, C. D.
(1999). Angiographic correlation of CT calcification in the carotid siphon. AJNR
Am. J. Neuroradiol. 20, 495-499.

Wu, B, Pei, X, and Li, Z. Y. (2014). How does calcification influence
plaque vulnerability? Insights from fatigue analysis. ScientificWorldJournal
2014:417324. doi: 10.1155/2014/417324

Wu, M., Rementer, C., and Giachelli, C. M. (2013). Vascular calcification: an update
on mechanisms and challenges in treatment. Calcif. Tissue Int. 93, 365-373.
doi: 10.1007/s00223-013-9712-z

Wu, X. H.,, Chen, X. Y., Wang, L. J., and Wong, K. S. (2016). Intracranial artery
calcification and its clinical significance. J. Clin. Neurol. 12, 253-261. doi: 10.
3988/jcn.2016.12.3.253

Frontiers in Cellular Neuroscience | www.frontiersin.org

May 2022 | Volume 16 | Article 845215


https://doi.org/10.1152/ajpheart.00036.2012
https://doi.org/10.5114/fn.2019.83832
https://doi.org/10.1161/circimaging.119.010153
https://doi.org/10.1016/j.jcmg.2017.09.003
https://doi.org/10.1016/j.jacc.2018.09.051
https://doi.org/10.1016/j.jacc.2018.09.051
https://doi.org/10.1016/j.jacc.2015.05.069
https://doi.org/10.1016/j.jacc.2007.03.044
https://doi.org/10.1016/j.jacc.2007.03.044
https://doi.org/10.1161/01.RES.0000171451.88616.c2
https://doi.org/10.1161/01.RES.0000171451.88616.c2
https://doi.org/10.1161/strokeaha.114.006996
https://doi.org/10.1177/2047487318798058
https://doi.org/10.1136/bmjopen-2013-003724
https://doi.org/10.1016/s1474-4422(10)70104-6
https://doi.org/10.1016/s1474-4422(10)70104-6
https://doi.org/10.1097/rct.0000000000000629
https://doi.org/10.1186/s13195-022-00972-2
https://doi.org/10.1186/s13195-022-00972-2
https://doi.org/10.1016/j.jormas.2018.04.014
https://doi.org/10.1007/s11892-019-1178-6
https://doi.org/10.1159/000339675
https://doi.org/10.1159/000339675
https://doi.org/10.1016/j.carpath.2018.09.003
https://doi.org/10.5551/jat.RV17020
https://doi.org/10.5551/jat.RV17020
https://doi.org/10.1007/s11547-018-0856-9
https://doi.org/10.1007/s11547-018-0856-9
https://doi.org/10.1161/strokeaha.115.009716
https://doi.org/10.1159/000477901
https://doi.org/10.1159/000477901
https://doi.org/10.1007/s00234-017-1838-7
https://doi.org/10.1007/s00234-017-1838-7
https://doi.org/10.1097/00004728-200607000-00012
https://doi.org/10.1111/joim.12605
https://doi.org/10.1016/j.atherosclerosis.2014.11.008
https://doi.org/10.1016/j.atherosclerosis.2014.11.008
https://doi.org/10.1016/j.amjcard.2015.01.555
https://doi.org/10.3174/ajnr.A1126
https://doi.org/10.1016/j.atherosclerosis.2019.05.001
https://doi.org/10.1016/j.atherosclerosis.2019.05.001
https://doi.org/10.1016/j.atherosclerosis.2018.07.008
https://doi.org/10.1161/strokeaha.115.011196
https://doi.org/10.1161/strokeaha.115.011196
https://doi.org/10.1093/europace/euab032
https://doi.org/10.1155/2014/417324
https://doi.org/10.1007/s00223-013-9712-z
https://doi.org/10.3988/jcn.2016.12.3.253
https://doi.org/10.3988/jcn.2016.12.3.253
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Wang et al.

Arterial Calcification and Stroke

Wu, X, Bos, D., Ren, L., Leung, T. W., Chu, W. C., Wong, L. K. S, et al. (2020).
Intracranial arterial calcification relates to long-term risk of recurrent stroke
and post-stroke mortality. Front. Neurol. 11:559158. doi: 10.3389/fneur.2020.
559158

Wu, X, Wang, L, Zhong, ], Ko, J, Shi, L, Soo, Y. et al. (2018).
Impact of intracranial artery calcification on cerebral hemodynamic
changes.  Neuroradiology ~ 60, 357-363. doi:  10.1007/s00234-018-
1988-2

Yang, W. ], Zheng, L., Wu, X. H,, Huang, Z. Q., Niu, C. B,, Zhao, H. L., et al.
(2018). Postmortem study exploring distribution and patterns of intracranial
artery calcification. Stroke 49, 2767-2769. doi: 10.1161/strokeaha.118.
022591

Yilmaz, A., Akpinar, E., Topcuoglu, M. A., and Arsava, E. M. (2015). Clinical
and imaging features associated with intracranial internal carotid artery
calcifications in patients with ischemic stroke. Neuroradiology 57, 501-506.
doi: 10.1007/500234-015-1494-8

Yu, Y., Zhang, F. L, Qu, Y. M., Zhang, P., Zhou, H. W,, Luo, Y., et al. (2020).
Intracranial calcification is predictive for hemorrhagic transformation
and prognosis after intravenous thrombolysis in non-Cardioembolic

stroke patients. J. Atheroscler. Thromb. 28, 356-364. doi: 10.5551/jat.
55889

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Wang, Chen, Chen and Zhang. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org

14

May 2022 | Volume 16 | Article 845215


https://doi.org/10.3389/fneur.2020.559158
https://doi.org/10.3389/fneur.2020.559158
https://doi.org/10.1007/s00234-018-1988-2
https://doi.org/10.1007/s00234-018-1988-2
https://doi.org/10.1161/strokeaha.118.022591
https://doi.org/10.1161/strokeaha.118.022591
https://doi.org/10.1007/s00234-015-1494-8
https://doi.org/10.5551/jat.55889
https://doi.org/10.5551/jat.55889
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

	Arterial Calcification and Its Association With Stroke: Implication of Risk, Prognosis, Treatment Response, and Prevention
	Introduction
	Intracranial Artery Calcification
	Measurements of Intracranial Artery Calcification
	Intracranial Artery Calcification and Risk of Stroke
	Intracranial Artery Calcification and Prognosis of Stroke
	Intracranial Artery Calcification and Response to Revascularization Treatment

	Coronary Artery Calcification
	Measurements of Coronary Artery Calcification
	Coronary Artery Calcification and Risk of Stroke
	Coronary Artery Calcification and Prevention of Stroke

	Carotid Artery Calcification
	Conclusion
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


