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Abstract

Within the intracranial vasculature, atherosclerosis occurs in two distinctive patterns: (1) in 

Western populations who have severe extracranial and systemic atherosclerosis, the severity of 

intracranial involvement is consistently less than that within extracranial arteries; and (2) in 

Asians, Africans, and Hispanics, who often have isolated intracranial arterial disease that is found 

to be more often accompanied by brain infarction than comparable extracranial atherosclerotic 

disease. Compared to coronary and extracranial carotid atherosclerosis, intracranial atherosclerosis 

has distinct pathological characteristics compared to that of extracranial arteries. Intracranial 

atherosclerosis (ICAS) had been understudied due to the relative inaccessibility of cerebral artery 

specimens under current treatment strategies. Acquiring post-mortem cerebral vessel specimens 

for histology processing is the most direct method to analyze the pathological characteristics of 

ICAS, in order to analyze both lumen stenosis and plaque components contributing to brain 

infarctions. The developments in high resolution magnetic resonance imaging (HRMRI) make it 

feasible to assess human ICAS in vivo. It is nevertheless challenging to understand vessel wall 

changes within brain vasculature demonstrated on HRMRI, as well as to identify biomarkers for 

stroke risk stratification and treatment strategy modification. Knowledge about intracranial 

atherosclerosis remains limited due to lack of human arterial specimens, and the development of 

proper animal models of human cerebral atherosclerosis is necessary to explore the pathogenesis 

of intracranial atherosclerosis and to assess various strategies preventing or treating ICAS-related 

stroke.

Atherosclerosis involves multiple arteries throughout the body, including the aorta, coronary 

arteries, and the limb arteries. Within the intracranial vasculature, atherosclerosis occurs in 

two separate patterns: (1) in Western populations who have severe extracranial and systemic 

atherosclerosis [1–6], the severity of which is consistently less than that of the extracranial 

arteries; and (2) in Asians, Africans, and Hispanics who often have isolated intracranial 

arterial disease with little evidence of extracranial, coronary or systemic disease. Similar to 

coronary or carotid artery atherosclerosis, conventional risk factors [7–12] such as age [13], 

gender, hypertension, diabetes mellitus, hyperlipidemia and cigarette smoking, may account 

for the occurrence of intracranial atherosclerosis. It remains unclear, whether race-ethnicity 
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is an independent risk factor of intracranial atherosclerosis (ICAS) or is confounded by 

differences in stroke risk factors among different ethnic groups.

Atherosclerosis is a lifetime illness evolving slowly over many years [14], beginning with 

inflammatory reactions and endothelial injury. Platelets gather at sites of endothelial 

disruption, followed by smooth muscle proliferation and thickening of the arterial wall. 

Although cholesterol accumulation in the endothelial cells of the arterial wall influences the 

course and maturation of atherosclerosis [15], the process of atherosclerosis is a complex 

interaction of cellular events [16] involving intercellular messengers, shear stress, elevated 

or modified low-density lipoproteins (LDL), free radicals, and vascular risk factors [17]. The 

cellular contributors to plaque development include monocytes/macrophages, endothelial 

cells, smooth muscle cells, and, to a lesser degree, lymphocytes and platelets. Circulating 

monocytes and later macrophages precipitate the formation of early plaque with foam cells, 

which leads to plaque growth and maturation.

Hemodynamic factors also influence the atherosclerotic process in determining the location 

of early plaques and subsequently contributing to their eventual destabilization [18]. Within 

the cerebral vasculature, the origin of the internal carotid artery (ICA) is the most frequent 

site for severe atherosclerosis in subjects of European ancestry [19], whereas intracranial 

arteries, especially the first portion (M-1 segment) of middle cerebral artery (MCA), are 

most commonly affected among persons of African or Asian heritage [8, 20–24]. In the 

vertebrobasilar system, plaques are most commonly found at the origin of the vertebral 

artery (VA) and in the proximal portion of the basilar artery (BA).

Compared to extracranial carotid atherosclerosis, ICAS has been understudied due to the 

relative inaccessibility of specimens. Intracranial vessels have a thinner media, less abundant 

adventitia, and fewer elastic fibers compared to extracranial arteries of similar size [25] (fig. 

1). Vessel wall metabolism of intracranial arteries is distinct from that of extracranial arteries 

[25], suggesting that ICAS may demonstrate distinct pathological characteristics from 

coronary or carotid artery atherosclerosis. To delineate the pathology of ICAS, acquiring 

post-mortem brain vessel specimens for histology processing is crucial [10, 26–28]. A 

complete examination of the brain vasculature should include the entire ICA, MCA, VA and 

the circle of Willis (fig. 2). Pathological examination should include gross (macroscopic) 

examination using the method of Baker et al. [26]. The narrowest parts of the individual 

arteries should then be taken for histological sectioning (microscopic examination). The 

presence of thrombotic or embolic occlusion and ulceration should also be recorded. During 

the process, caution should be taken to ensure perpendicular cutting and embedding. Careful 

use of correct terminology is a requirement [29].

During the 1960s, several autopsy studies were performed in exploring the distribution and 

natural history of ICAS [30–33]. A large-scale autopsy study of asymptomatic cohorts 

extending to patients in their 10th decade of life revealed intracranial atherosclerotic changes 

occurring from the first to second decade and progressing with age [30–32]. Compared to 

the relatively linear progression of aortic atherogenesis, ICAS increased more slowly 

initially and paralleled aortic lesions. Advanced atherosclerotic lesions were almost 

nonexistent up to the fourth decade [33]. Increased activity of antioxidant enzymes in 
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intracranial arteries may contribute to their greater resistance to atherogenesis; with 

increasing age intracranial arteries respond with accelerated atherosclerosis probably 

because their antioxidant protection decreases relatively more than that of extracranial 

arteries [34]. In Japan, a nation-wide study [35] in 1988 examined atherosclerosis in 

autopsied patients (from 1 month to 39 years old). This study showed that ICAS occurred 

later and was less extensive than aortic or coronary artery disease. A later autopsy study 

among Chinese individuals showed that the extent of ICA was much more severe, while 

atherosclerotic narrowing of the extracranial ICA was less severe, than that shown in white 

and Japanese populations [10].

The distribution of atherosclerosis within the brain vasculature shown by early autopsy 

studies is also consistent with current knowledge from recent epidemiologic and clinical 

studies [8, 23, 36, 37]. Overall, American and European studies showed a similar pattern: 

The ICA and intracranial VA were most commonly affected, followed by the BA, MCA, 

posterior cerebral artery (PCA), and anterior cerebral artery (ACA) [30, 38, 39]. The MCA 

was most often involved in Asians, followed by the ICA, BA, VA, PCA, and ACA [36, 40]. 

In all cohorts, cerebellar and communicating arteries were rarely affected. Atherosclerosis of 

the intracranial ICA was observed mainly in the cavernous and supraclinoid segments [38, 

41]. The BA was commonly affected in the upper and lower regions, and less affected in the 

mid-basilar region [26].

Atherosclerotic plaques consist of cells, connective tissue extracellular matrix, and intra- and 

extracellular lipid deposits. The proportion of these three components varies in different 

atherosclerotic plaques, which affects plaque stability (fig. 3) and give rise to a wide 

spectrum of lesions [42–44]: (1) The so-called fatty streaks are characterized by adhesion of 

monocytes to the endothelium and migration to the subendothelial potions of the arterial 

wall [17] in the aorta and the coronary arteries of adolescents and young adults; (2) With 

increasing age, fatty streaks are transformed into fibrous plaques consisting of a core of 

cellular debris, free extracellular lipid, and cholesterol crystals under a ‘cap’ of foam cells, 

transformed smooth muscle cells, lymphocytes, and connective tissue [17]; (3) The most 

advanced stage of atherosclerosis is the complicated lesion, which includes calcification, 

hemosiderin deposition, and lumen surface disruption. Coronary artery atherosclerosis has 

been well-studied and rupture-prone plaques, the so-called ‘vulnerable plaques’, are 

described as having a thin fibrous cap and a large lipid core, which may lead to acute 

coronary syndromes [44]. For extracranial carotid atherosclerosis, the procedure of carotid 

endarterectomy provides specimens to examine the pathology and components of carotid 

atherosclerotic plaques [45]. Conventional pathologic and imaging markers of plaque 

vulnerability include carotid artery intima/media thickness (IMT), status of fibrous caps, 

erosion or ulceration, status of the lipid core, intraplaque hemorrhage or neovascularization, 

thrombus, extent of plaque inflammation, and microembolic signals detected by transcranial 

Doppler [46–48].

To help define pathological characteristics of intracranial atherosclerosis, we searched the 

literature for relevant histology information. In Caucasians, Daemen et al. [25] screened 283 

circles of Willis segments from 18 asymptomatic elderly individuals (mean age, 70.2 years) 

to investigate the basic structural features of intracranial arteries (ICA, MCA, VA, and BA) 
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including the smaller arteries (ACA, PCA, and cerebellar and communicating arteries). This 

study reported an intermediate phenotype sharing structural features of both the larger 

extracranial and the smaller intracranial arteries, such as the lack of vasa vasorum and an 

external elastic lamina and only a few medial elastic fibers compared with extracranial 

arteries (table 1). The study also detected mainly early lesions (63%) and only a few 

advanced atherosclerotic lesions (15%), within which calcifications were rare and 

macrophage load was relatively low, consistent with a previous study [25]: 0.9 ± 0.7% CD68 

positivity per plaque area compared with 1.8 ± 2.4% in coronary arteries [49]. In 1966, 

Moossy et al. [7] also reported that hemorrhage, ulceration, and calcification in intracranial 

plaques were much less frequent as compared to extracranial atherosclerotic disease. In a 

recent study, eight subjects with a history of stroke had atherosclerotic lesions present in 

seven basilar arteries, with a mean estimated stenosis of 34% [50]; lumenal thrombus with 

disrupted fibrous cap was seen in 1 lesion, neovascularity and calcification were seen in 1 

lesion, mild to moderate inflammation was seen in 3 lesions, and necrotic core was present 

in 4/7 lesions (with one plaque rupture).

Among Asian populations (based on a series of Chinese autopsy adults, mean age, 74.7 

years; range, 46–99 years), Chen et al. [51] reported that 69 MCAs out of 152 had more than 

40% cross-sectional area luminal narrowing, among which calcification was detected in 

nearly 30% of atherosclerotic lesions and intraplaque hemorrhage in 20% of lesions. They 

also found that in addition to lumen stenosis, the percentage of lipid core and intraplaque 

neovasculature played a key role in leading to clinical ischemic events [52] (table 2); this 

partly verified the previously hypothesized stroke mechanisms caused by intracranial 

atherosclerosis [53]. Narrowing of the involved vessel leads to reduced blood flow supplying 

brain tissue [14], a major mechanism of ischemic stroke related to ICAS [53]. Moreover, 

vulnerable plaques (those with a large lipid core, intraplaque hemorrhage, or a thin or 

ruptured fibrous cap) may be prone to rupture, exposing the thrombogenic core to tissue and 

clotting factors, resulting in thrombus that either occludes the artery locally or embolizes 

distally; note that artery-to-artery embolism has been verified in stroke patients by multiple 

clinical studies using TCD monitoring [54–58]. Thirdly, unique to ICAS, plaque extension 

over small penetrating artery ostia (also known as branch atheromatous disease) [53, 59] 

results in reduced blood flow in the penetrators, leading to single subcortical infarctions 

[60].

In clinical practice, current imaging techniques such as CT angiography, digital subtraction 

angiography, and magnetic resonance angiography (MRA) are of limited utility in the 

diagnosis of intracranial arterial disease, because they show only the arterial lumen status of 

intracranial vessels [61]. These methods may underestimate the presence of intracranial 

arterial pathology because of the presence of non-occlusive atherosclerotic disease (due to 

arterial remodeling). Detailed visualization of vessel wall changes and the ability to derive 

information about plaque composition may be clinically important, because rupture of a 

non-occlusive plaque can potentially cause ischemic stroke [53]. Compared to carotid artery 

disease, a key factor that complicates detection of intracranial arterial pathology is the 

smaller diameter of the cerebral arteries, ranging from 2 to 3 mm proximally to 1 mm more 

distally [25].
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The advent of high resolution MRI (3.0T or 7.0T) has been a major advance in image 

resolution, making it potentially feasible to yield excellent visualization of vessel wall 

changes by modified scanning techniques [62–64]. Clinical HRMRI studies in recent years 

have demonstrated the ability of HRMRI vessel wall imaging for quantitative measurement 

of plaque burden or vessel wall area [65–67]. This technique is more accurate than lumen 

stenosis in reflecting the degree of intracranial arterial stenosis, especially in the case of non-

stenotic atherosclerotic disease. In addition, evaluating thickness of the fibrous cap or 

identifying intraplaque hemorrhage or lipid component by HRMRI vessel wall imaging has 

the potential to indicate whether intracranial atherosclerotic plaques are vulnerable [28, 68]. 

This assumes that intracranial atherosclerosis pathophysiology parallels that in the carotid 

artery [25, 25]. Histologic validation of HRMRI findings on intracranial vessel walls is 

needed to confirm the validity of HRMRI as a useful tool for stroke risk stratification and 

treatment strategy medication.

Pathological data from post-mortem brain artery specimens provide the basis to compare 

plaque morphology to corresponding vessel wall changes on in-vivo HRMRI. In a histology-

MRI comparative study, Chen et al. [27] adopted 1.5T MRI to scan the cross-sections of 

bilateral MCAs in a series of Chinese autopsy adults and showed agreement between ex vivo 

MRI and histopathology in identifying MCA stenosis (fig. 4), as well as the relationship 

between MCA stenosis identified by MRI and radiologically- or histopathologically-evident 

brain infarcts. For example, a hyperintense signal in T1 sequences was shown to be 

intraplaque hemorrhage by histology (fig. 5) [28]. Compared to 1.5T MRI, 3.0T or even 

7.0T HRMRI is a particularly promising tool for studying intracranial arterial disease in-

vivo, with enhanced resolution [64, 69]. In one patient with symptomatic left cavernous 

carotid stenosis, Turan et al. [70] showed a correlation between atherosclerotic plaque 

components visualized on in-vivo 3T HRMRI images and pathological findings in 

postmortem artery specimens. Majidi et al. [71] also performed an in vitro comparative 

study and showed that virtual histology-intravascular ultrasonography and HRMRI are 

reliable imaging tools to detect atherosclerotic plaques within the intracranial arterial wall, 

although both imaging modalities have some limitations in accurate characterization of 

plaque components (fig. 6). A more recent study attempted to adopt 7T HRMRI to establish 

the clinical indications of HRMRI sequences by scanning five specimens of the circle of 

Wills [72]. This analysis showed that 7.0T MRI has the capability to identify focal 

intracranial vessel wall thickening and distinguish areas of different signal intensities 

spatially corresponding to plaque components within more advanced atherosclerotic plaques 

(fig. 7). Considering that signal intensity changes on HRMRI vessel wall images have not 

been well-interpreted, additional studies that further validate signal characteristics will 

improve in vivo characterization of intracranial atherosclerotic plaques and determine the 

clinical utility of defining plaque morphology and composition.

The development of proper animal models simulating human cerebral atherosclerosis is 

required to further explore the pathogenesis of ICAS and to assess various strategies to 

prevent or treat ICAS-related stroke [73–75]. Various species, including swine, chickens, 

dogs, rabbits, rats, and monkeys [73–80] have been used to evaluate atherosclerosis in 

intracranial arteries. Although systemic atherosclerosis can be produced in rabbits taking an 

atherogenic diet [81] or in Watanabe heritable hyperlipidemic (WHHL) rabbits [82], it is 
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difficult to induce atherosclerosis in intracranial arteries. In homozygous WHHL rabbits that 

are known to have hypercholesterolemia and severe coronary atherosclerosis, Ito et al. [83] 

described spontaneously developing cerebral atherosclerosis beginning at 9 months of age. 

To produce cerebral artery atherosclerosis, additional application of hypertension was more 

effective than inducing hyperlipidemia alone [82–88], which was found to be successful in a 

cynomolgus monkey [85]. Aside from high blood pressure, hemodynamic derangement was 

also found to be effective for the development of fat deposition in cerebral arteries. Yamori 

et al. [89] successfully produced fat deposition in the posterior communicating arteries in 

normotensive rats by 10 weeks’ feeding with high-fat cholesterol, following ligation of one 

or both ICAs or the BA.

Successful animal models of cerebral atherosclerosis have shown morphological features of 

ICAS. In hypertensive WHHL rabbits [82], atherosclerotic lesions developed near the 

vertebral-basilar arterial confluence and the circle of Willis 6 months after hypertension-

inducing surgery; the lesions remained less severe than in the aorta and coronary arteries and 

also had qualitative morphologic differences from extracranial atherosclerosis. Another 

study of experimental rabbits also produced early lesions of ICAS [84] with widespread 

thickening and contraction in almost all intracranial small arteries. Imai et al. [78] 

investigated diet-induced cerebral atherosclerosis in swine and observed the progression of 

lesions from proliferative to atheromatous stages. Animal models can also be used to study 

stroke mechanisms. For example, an animal model of cerebral athero-embolism was 

established by injecting human atheromatous material into the brain vasculature of rabbits 

via the common carotid artery [90]. Signs of neurologic deficit such as motor dysfunction 

were seen in some surviving animals; ischemic lesions were predominantly localized to 

ipsilateral cortical and subcortical areas within the territory of the MCA.
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Fig. 1. 
Major structural characteristics of intracranial and extracranial arteries. Intracranial arteries 

tend to be muscular arteries with a thin media and adventitia, few elastic medial fibers, 

thicker and denser internal elastic lamina (IEL), and lacking external elastic lamina (EEL) 

and vasa vasorum. With permission [91].

Chen and Fisher Page 12

Front Neurol Neurosci. Author manuscript; available in PMC 2018 July 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Circle of Willis from a 90-year-old subject. Atherosclerotic lesions are identified by white 

vessels, and non-diseased arteries appear transparent. This case shows prominent 

atherosclerosis in internal carotid, vertebral, basilar, middle cerebral, and posterior cerebral 

arteries. With permission [91].
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Fig. 3. 
Schematic overview of a stable atherosclerotic plaque (left) and an unstable atherosclerotic 

plaque (right). With permission [92].
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Fig. 4. 
Examples of the plaques leading to >30% (upper row) and >50% (lower row) stenosis in 

MCA, corresponding images in MRI T1 sequence (left) and in histopathology (right). With 

barium distending the artery lumen appears dark and vessel wall appears bright in T1 

sequence. With permission [94].
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Fig. 5. 
1.5T magnetic resonance imaging (MRI) (T1 sequence) shows hyperintense signal; 

histological demonstration of the haemorrhage within the plaque (haematoxylin and eosin 

(H&E) staining, magnification 1.6 × 1.6×). With permission [95].
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Fig. 6. 
a–d Four different histopathologic sections of intracranial vessels with atherosclerotic 

plaque and their corresponding 3D SPACE MR imaging (in the middle) and VH-IVUS (on 

the right) images. With permission [96]. SPACE = Sampling perfection with application-

optimized contrasts by use of different flip angle evolutions; VH-IVUS = virtual histology-

intravascular ultrasonography.
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Fig. 7. 
Four examples of atherosclerotic plaques with corresponding signal heterogeneity on 7T MR 

images. With permission [97].
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Table 1.

The morphological features of plaques associated and not associated with infarcts in the MCA territory. With 

permission [93]

Plaques associated
with infarct (n = 46)

Plaques not associated
with infarct (n = 65) p value 95% confidence

interval

Degree of area stenosis, % 62.2±16.8 52.4±10.5 0.001  −15.4 to −4.19

Fibrous cap 1.59±0.83 1.46±0.69 0.403  −0.42 to 0.17

Lipid core 2.48±0.91 1.98±0.82 0.004  −0.83 to −0.16

Intraplaque hemorrhage  14/46  10/65 0.066  0.958 to 6.045

Intraplaque neovasculature  13/46  5/65 0.008  1.549 to 14.423

Intraplaque thrombus  7/46  1/65 0.008  1.361 to 96.932

Intraplaque calcification  16/46  15/65 0.202  0.770 to 4.107

CD45RO 2.38±0.78 1.79±0.81 0.007 −0.968 to 0.158

CD68 3.07±0.64 2.58±0.70 0.009 −0.849 to −0.130
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Table 2.

Data from this review on the basic characteristics of the large intracranial arteries of 18 asymptomatic patients. 

With permission [91]

ICA VA MCA BA

Type of lesion, % (n/N)

 Early 57 (17/30) 54 (15/28) 68 (19/28) 75 (24/32)

 Advanced 33 (10/30) 25 (7/28) 25 (7/28) 16 (5/32)

High content of elastin fibers, % (n/N) 37 (11/30) 43 (12/28) 29 (8/28) 13 (4/32)

Continuous EEL, % (n/N) 17 (5/30) 79 (22/28) 21 (6/28)  9 (3/32)

Calcification, % (n/N) 20 (6/30) 18 (5/28) 14 (4/28)  9 (3/32)

Vasa vasorum, % (n/N) 53 (16/30) 43 (12/28) 11 (3/28) 16 (5/32)

Macrophages (mean ± SD), % 0.9±0.7 0.4±0.5 0.8±0.7 0.9±0.9
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