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CLINICAL AND POPULATION SCIENCES

Morphological Subtypes of Intracranial Internal 
Carotid Artery Arteriosclerosis and the Risk of 
Stroke
Tim C. van den Beukel , BSc*; Janine E. van der Toorn , MSc*; Meike W. Vernooij , MD, PhD;  
Maryam Kavousi , MD, PhD; Ali C. Akyildiz , PhD; Pim A. de Jong, MD, PhD; Aad van der Lugt , MD, PhD;  
M. Kamran Ikram , MD, PhD; Daniel Bos , MD, PhD

BACKGROUND: Accumulating evidence highlights the existence of distinct morphological subtypes of intracranial carotid 
arteriosclerosis. So far, little is known on the prevalence of these subtypes and subsequent stroke risk in the general 
population. We determined the prevalence of morphological subtypes of intracranial arteriosclerosis and assessed the risk of 
stroke associated with these subtypes.

METHODS: Between 2003 and 2006, 2391 stroke-free participants (mean age 69.6, 51.7% women) from the population-
based Rotterdam Study underwent noncontrast computed tomography to visualize calcification in the intracranial carotid 
arteries as a proxy for intracranial arteriosclerosis. Calcification morphology was evaluated according to a validated grading 
scale and categorized into intimal, internal elastic lamina (IEL), or mixed subtype. Follow-up for stroke was complete until 
January 1, 2016. We used multivariable Cox regression to assess associations of each subtype with incident stroke.

RESULTS: The prevalence of calcification was 82% of which 39% had the intimal subtype, 48% IEL subtype, and 13% a 
mixed subtype. During a median follow-up of 10.4 years, 155 participants had a stroke. All 3 subtypes were associated with a 
higher risk of stroke (adjusted hazard ratio [95% CI] for intimal: 2.11 [1.07–4.13], IEL: 2.66 [1.39–5.11], and mixed subtype 
2.57 [1.18–5.61]). The association of the IEL subtype with stroke was strongest among older participants. The association 
of the intimal subtype with stroke was noticeably stronger in women than in men.

CONCLUSIONS: Calcification of the IEL was the most prevalent subtype of intracranial arteriosclerosis. All 3 subtypes were 
associated with an increased risk of stroke, with noticeable age and sex-specific differences.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.

Key Words:  carotid arteries ◼ follow-up studies ◼ intracranial arteriosclerosis ◼ multidetector computed tomography ◼ vascular calcification

Within the multifactorial etiology of stroke, intracra-
nial arteriosclerosis is increasingly recognized as 
the most important risk factor, possibly contribut-

ing to up to 75% of all strokes.1,2

An important, novel insight into the cause of intra-
cranial arteriosclerosis pertains to the occurrence and 

coexistence of distinct morphological disease subtypes. 
Apart from the most well-known subtype of intracranial 
arteriosclerosis; intimal atherosclerosis (ie, formation of 
plaques through the accumulation of lipids and calcium in 
the intimal layer of the artery), specific circular calcifica-
tion of the internal elastic lamina (IEL) is also commonly 
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observed.3,4 From a clinical perspective, it is conceivable 
that these 2 morphological subtypes may harbor a dif-
ferential influence on the risk of stroke given their poten-
tially divergent effects on the arterial wall structure and 
the accompanying hemodynamics within the artery.

Until now, population-based studies on the preva-
lence of morphological subtypes of intracranial arterio-
sclerosis, and the risk of stroke associated with these 
subtypes are lacking. Such data could greatly contrib-
ute to advancing insights into the cause of stroke.5 
Against this background, we investigated the preva-
lence of morphological subtypes of intracranial inter-
nal carotid arteriosclerosis, as proxy for intracranial 
arteriosclerosis, and the association of these subtypes 
with the risk of stroke in a large sample of community-
dwelling elderly.

METHODS
Data Availability
Requests to access the data may be sent to the management 
team of the Rotterdam Study (secretariat.epi@erasmusmc.nl), 
which has a protocol for approving data requests. Because of 
restrictions based on privacy regulations and informed consent 
of the participants, data cannot be made freely available in a 
public repository.

Setting
The current study was embedded in the Rotterdam Study, a 
prospective, population-based cohort study ongoing since 
1990, which aims at investigating the prevalence and deter-
minants of commonly observed age-related diseases.6 At study 
entry, all participants were interviewed at home by a trained 
research assistant and underwent clinical examinations and 
blood sampling at the research center. Follow-up examinations 
take place every 3 to 5 years. The current study includes par-
ticipants who underwent a noncontrast multidetector computed 
tomography (MDCT) scan of the intracranial carotid arteries, as 
part of a larger project on visualization of arterial calcification, 
during a visit to the research center between 2003 and 2006.1 
We scanned 2524 participants (response rate, 78%). Follow-up 
for incident stroke took place continuously and was completed 
for the current study on January 1, 2016.

The Rotterdam Study has been approved by the Medical 
Ethics Committee of the Erasmus MC (registration number 
MEC 02.1015) and by the Dutch Ministry of Health, Welfare 
and Sport (Population Screening Act WBO, license num-
ber 1071272-159521-PG). The Rotterdam Study has been 
entered into the Netherlands NTR (National Trial Register; 
www.trialregister.nl) and into the WHO ICTRP (International 
Clinical Trials Registry Platform; www.who.int/ictrp/network/
primary/en/) under shared catalogue number NTR6831. All 
participants provided written informed consent to participate in 
the study and to have their follow-up information obtained from 
treating physicians.

Morphological Subtypes of Intracranial 
Arteriosclerosis
We visualized intracranial carotid artery calcification (ICAC), as 
proxy for intracranial arteriosclerosis,7 using a 16-slice (n=775) 
or 64-slice (n=1720) MDCT scanner (Somatom Sensation, 
Siemens, Forchheim). Detailed information on the scanning 
protocol is provided elsewhere.8 We investigated the presence 
and morphology of calcifications (Figure 1) in the left and right 
intracranial internal carotid artery, from the horizontal part of the 
petrous segment until the confluence with the other arteries 
of the Circle of Willis. To distinguish between the calcification 
subtypes, we used a method previously validated against histol-
ogy.9 With this method, morphological subtypes were determined 
using a composite score comprised of specific weighting for cal-
cification circularity, thickness, and continuity. Based upon this 
score, both the left and right arteries were categorized as having 
predominantly atherosclerotic intimal calcifications (<7 points; ie, 
thick, small, and irregular), predominantly IEL calcifications (≥7 
points; ie, elongated, circular, and thin), or no calcifications. Then, 
based upon the following combinations, we classified partici-
pants into different morphological subtype groups. Participants 
with bilateral predominant intimal calcifications or intimal calci-
fications combined with absent contralateral calcifications were 
classified as intimal subtype. Similarly, participants with bilateral 
predominant IEL calcifications or IEL calcifications combined 
with absent contralateral calcifications were classified as IEL 
subtype. Participants with predominant intimal or IEL calcifica-
tions on one side and a contrasting contralateral subtype were 
classified as the mixed subtype. Participants without calcifica-
tions were classified as absent. The calcification subtypes were 
classified by 2 observers. A consensus evaluation was performed 
in case of a discrepancy between the observers. The level of 
interobserver agreement was expressed in the proportion of 
agreement and Cohen kappa value (κ) and previously reported 
to be good (total agreement 93.9%; κ=0.88).10

Assessment of Stroke
Stroke was defined based on the World Health Organization cri-
teria as a syndrome of rapidly developing clinical signs of focal 
(or global) disturbance of cerebral function, with symptoms last-
ing ≥24 hours or leading to death, with no apparent cause other 
than of vascular origin.11,12 History of stroke was assessed at 
baseline and verified by reviewing medical records. After enroll-
ment, participants were continuously monitored for incident 
stroke through linkage of the study databases with medical 
records from general practitioners. All potential strokes were 

Nonstandard Abbreviations and Acronyms

HDL	 high-density lipoprotein
HR	 hazard ratio
ICAC	 intracranial carotid artery calcification
ICTRP	� International Clinical Trials Registry 

Platform
IEL	 internal elastic lamina
MDCT	 multidetector computed tomography
NTR	 National Trial Register
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reviewed by research physicians, and verified by an experienced 
stroke neurologist. Stroke subtype (hemorrhagic or ischemic) 
were based on neuroimaging reports or hospital discharge let-
ters. In addition, information all-cause mortality was obtained 
through continuous linkage with data from general practitioners 
as well as from municipal records.13 Data on cause-specific 
mortality were available until January 1, 2015. Cause of death 
was recoded according to International Classification of Diseases, 
Tenth Revision codes. We categorized the events as deaths due 
to cancer, dementia, cardiovascular disease, and other causes.

Assessment of Cardiovascular Risk Factors
Cardiovascular risk factors were assessed by means of inter-
view, clinical examination, and blood sampling.8,13 Body mass 
index was calculated as weight divided by height squared (kg/
m2). Obesity was defined as a body mass index of ≥30 kg/m2. 
Smoking status was dichotomized into current smoking (includ-
ing recurrent smokers) or noncurrent smoking (ie, former and 
never smokers). Blood pressure was measured twice at the right 
arm using a random zero-sphygmomanometer. The average of 
the 2 measurements was used. Hypertension was defined as a 
systolic blood pressure ≥140 mm Hg and/or a diastolic blood 
pressure ≥90 mm Hg and/or the use of blood pressure-low-
ering medication. Serum total cholesterol and HDL (high-den-
sity lipoprotein) cholesterol were assessed using an automatic 
enzymatic procedure (Hitachi Analyzer, Roche Diagnostics). 
Hypercholesterolemia was defined as a serum total cholesterol 
of ≥6.2 mmol/L (≥240.0 mg/dL) and/or the use of lipid-low-
ering medication.14 Low HDL cholesterol was defined as <1.0 
mmol/L (<40.0 mg/dL).14 Fasting plasma glucose was deter-
mined enzymatically by the Hexokinase method. Diabetes was 
defined as fasting plasma glucose ≥7.0 mmol/L (126.0 mg/dL) 
and/or the use of antidiabetic medication.15 History of coronary 

heart disease was defined as previous myocardial infarction, 
percutaneous transluminal coronary angioplasty, or coronary 
artery bypass graft of which definitions have been previously 
described.13 By use of ultrasound, we evaluated the common 
carotid artery, carotid bifurcation, and internal carotid artery bilat-
erally for the presence of atherosclerotic plaques. Using previ-
ously described methodology, a weighted atherosclerotic plaque 
score was derived. In short, a composite score ranging from 0 
to 6 was computed by adding the number of sites at which a 
plaque was detected, divided by the total number of sites for 
which an ultrasonographic image was available, multiplied by 
6 (the maximum number of sites). The interrater reproducibility 
coefficient for this score on either side was κ=0.67, indicating 
moderate agreement.16

Population for Analysis
Out of the 2524 participants from the Rotterdam Study that 
underwent a MDCT scan, 29 were excluded due to image arti-
facts. Participants with a history of stroke at the time of MDCT 
(n=99) and those that did not participate in stroke follow-
up (n=5) were excluded (details on monitoring for stroke is 
described in the assessment of stroke). This resulted in 2391 
participants available for analysis. A flowchart is provided in the 
Supplemental Material (Figure S1).

Statistical Analysis
Baseline characteristics of the total study population, stratified 
by presence of each morphological subtype and absence of 
calcification, were presented as means with SD or absolute 
values with percentages. We calculated the overall, artery and 
age-specific (5-year age categories) prevalence of the mor-
phological subtypes of intracranial arteriosclerosis.

Figure 1. Example of morphological subtypes of intracranial arteriosclerosis. 
The mixed subtype is not depicted as the mixed subtype is based on having predominant intimal or internal elastic lamina (IEL) calcifications on 
one side of the brain and a contrasting subtype on the contralateral side of the brain. The computed tomography images are obtained from the 
axial plane (left), coronal plane (middle), and sagittal plane (right).
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Next, we examined the association between each morpho-
logical subtype and the risk of stroke using the following strategy. 
First, we estimated the cumulative proportion of participants with 
a stroke according to the presence of each subtype and absence 
of calcification using the Kaplan-Meier method and compared 
the between-group cumulative incidence using the log-rank test. 
Additionally, we used the Kaplan-Meier method to compare the 
cumulative incidence of death between the subtypes. We also pro-
vided information on the causes of death of the total population. 
Second, we determined the association of each subtype with the 
risk of any stroke, and with the risk of ischemic stroke using Cox 
proportional hazard models. We made 2 comparisons, namely the 
presence of each subtype versus no calcifications, and the pres-
ence of each morphological subtype versus the presence of the 
other subtypes. Model 1 was adjusted for age, sex, and scanner 
type. Model 2 was additionally adjusted for hypercholesterolemia, 
low HDL cholesterol, non-HDL cholesterol, current smoking, 
hypertension, diabetes, obesity, and history of coronary heart 
disease. Third, we calculated the population attributable risk for 
stroke of each calcification subtype using the following formula17:

PAR PD
RR

RR
%=

−





×
1

100

In this formula, PD is the proportion of cases exposed to 
the calcification subtypes, and RR represents the relative risk 
for stroke associated with each subtype, that is, the adjusted 
hazard ratio (HR) for presence of a subtype compared with 
absence of calcification.17 Fourth, based on previous research 
showing that the presence of IEL calcification is particularly 
age-related,18 we investigated the associations of each subtype 
versus no calcifications with the risk of any stroke while strati-
fying by median age of the population. Also, considering differ-
ences in stroke pathophysiology between women and men,19 
we similarly performed stratified analyses by sex. In addition, we 
formally tested interaction by adding multiplicative interaction 
terms of age and sex to the model. For all Cox proportional haz-
ard models, we used follow-up time as timescale starting from 
date of MDCT scan until date of incident stroke, death, loss to 
follow-up, or January 1, 2016, whichever came first.

Finally, we performed 3 sensitivity analyses. First, to mini-
mize potential overlap between the intimal and IEL subtypes, we 
redefined the subtypes by using only the most extreme scores to 
classify individuals. Accordingly, we defined the intimal subtype 
as a score of 1 to 4, the IEL subtype as ≥9, and assessed the 
associations of these redefined subtypes with stroke. Second, 
to assess whether the associations between the subtypes and 
stroke were independent of atherosclerosis, we performed a 
sensitivity analysis for the associations between the subtypes 
and any stroke in the total population in which model 2 was 
additionally adjusted for ultrasound-assessed carotid plaque 
score. Third, similarly, we performed a sensitivity analysis in 
which model 2 was additionally adjusted for ICAC volume.

We accounted for missing values of covariables (maximum 
amount of missing values, 6%) using multiple imputation by 
chained equations (n=5 imputations) along with age, sex, sub-
types of arteriosclerosis, and cardiovascular risk factors.20 Data 
were analyzed using STATA v.15 (StataCorp), R (R Foundation 
for Statistical Computing, Vienna, Austria, URL: http://www.R-
project.org/), and RStudio 3.4.4 (Boston, MA, URL: http://
www.rstudio.org/). We followed the STROBE guidelines for 
reporting of cohort studies.21

RESULTS
Baseline characteristics of the study population accord-
ing to each subtype are shown in Table 1. A total of 2391 
participants were included with a mean age of 69.5 (SD: 
6.7), of whom 1245 (52.1%) were women. Participants 
with the IEL subtype were generally older (71.7 years, 
SD: 7.4) and more often women (54.6%) than those with 
presence of other subtypes or absence of calcification.

Prevalence of Morphological Subtypes of 
Intracranial Arteriosclerosis
Of participants with presence of ICAC (n=1952; 81.6%), 
765 (39.2%) participants had a predominantly intimal 
subtype, 936 (48.0%) a predominantly IEL subtype, and 
251 (12.9%) the mixed subtype (Figure 2 and Table S1 
for artery-specific prevalence). The intimal subtype was 
most prevalent up to the age category of 65 to 70 years, 
after which IEL became and remained the most preva-
lent subtype over the age range (Figure 3).

Morphological Subtypes of Intracranial 
Arteriosclerosis and Risk of Stroke
During 21 549 person-years of follow-up (median 10.4 
years), 155 strokes occurred, of which 124 (80.0%) were 
ischemic. Of the ischemic strokes, 26 (21.0%) strokes 
originated from cardioembolism, 10 (8.1%) from large-
artery atherosclerosis, 2 (1.6%) from small-vessel occlu-
sion, 1 (0.8%) from other causes, 81 (65.3%) had an 
undetermined cause, and 4 (3.2%) were unknown. The 
location of ischemic strokes involved the anterior circula-
tion in 38 cases (30.7%), posterior location in 12 cases 
(9.7%), both the anterior and posterior circulation in 1 
case (0.8%), and in 73 cases (58.9%) the location was 
unspecified. The cumulative incidence of stroke was high-
est among participants with the IEL subtype (Figure 4). In 
addition, 510 participants died during follow-up. Overall, 
the cumulative incidence of death was highest among 
participants with the IEL subtype (Figure S2). Information 
on cause-specific mortality is provided in Table S2.

Compared with the absence of calcification, intimal (HR 
[95% CI], 2.11 [1.07–4.13]), IEL (2.66 [1.39–5.11]), and 
mixed subtypes (2.57 [1.18–5.61]) were all associated with 
an increased risk of stroke in the total population (Table 2, 
model 2). When using other subtypes as reference cat-
egory we found that the IEL subtype was most strongly 
associated with ischemic stroke (HR, 1.47 [95% CI, 0.99–
2.16];Table 2, model 2). Overall, effect estimates for isch-
emic stroke were of similar magnitudes compared with any 
stroke (Table 2). The proportion of strokes attributable to 
the IEL subtype was 33%. The intimal subtype contributed 
to 14% and the mixed subtype to 7% of all strokes.

After stratifying for median age, we found that the IEL 
subtype in particular was associated with a higher risk 
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of stroke among older participants (HR, 95% CI for the 
IEL subtype compared with absence of calcification: 3.20 
[1.26–8.13]; Table S3, model 2 in the Supplemental Mate-
rial). In women, all 3 subtypes were strongly associated 
with a higher risk of stroke, but the mixed subtype did not 
reach statistical significance in the adjusted model (HR, 
95% CI for the IEL subtype compared with absence of 
calcification: 3.26 [1.12–9.48], the mixed subtype: 3.20 
[0.88–11.64], the intimal subtype: 3.14 [1.05–9.35]). In 
men, the IEL subtype was most strongly associated with 
a higher risk of stroke (HR, 95% CI for the IEL subtype: 
2.51 [1.10–5.76], the mixed subtype: 2.21 [0.81–6.08], 
the intimal subtype: 1.58 [0.66–3.78]). Multiplicative inter-
action tests of age and sex did not reach statistical sig-
nificance (P>0.05). The use of redefined subtypes based 
on the most extreme scores did not materially change the 
results (Table S4) nor did adjustment for carotid plaque 
score or ICAC volume (Tables S5 and S6).

DISCUSSION
In this population-based study, we found that calcifica-
tion of the IEL was the most common form of intracranial 
arteriosclerosis, followed by intimal calcification. A mixed 
subtype was least common. In the total population, all 3 
subtypes similarly increased the risk of stroke >2-fold. 
The presence of an IEL subtype contributed to 33%, the 

intimal subtype to 14% and the mixed subtype to 7% of 
all strokes in the total population. The association of the 
IEL subtype with stroke was especially evident among 
older participants. The association of the intimal subtype 
was noticeably stronger in women than in men.

From a historical perspective, the presence of arterial 
calcification has mostly been directly translated to the 
presence of atherosclerotic disease. Yet, especially in 
the intracranial arteries, intimal calcifications—that exist 
within atherosclerotic plaque—can be distinguished from 
IEL calcifications, which are not linked to atherosclerotic 
disease, as was highlighted in a recent study on the cor-
relation of imaging and histopathology.9 In line with this, 
within our population-based sample, we identified the 
presence of IEL, intimal, and mixed subtypes of intra-
cranial arteriosclerosis and found that IEL calcifications 
were even more prevalent than the intimal subtype in the 
intracranial internal carotid artery.

The strong association of the intimal subtype with the 
risk of stroke in the total population is in line with our 
expectations based on atherosclerotic pathophysiology 
and is further supported by previous literature on intracra-
nial atherosclerotic disease and stroke risk.22 Interestingly, 
we found that the IEL subtype, compared with the intimal 
subtype, yielded a similar effect estimate for the risk of 
stroke in the total population. The strength of the associa-
tions did not change after adjustment for carotid plaques 

Table 1.  Baseline Characteristics of the Study Population, According to Morphological Subtypes of 
Intracranial Arteriosclerosis

Characteristics

Morphological subtypes

Intimal Mixed IEL Absent* P value†

N 765 251 936 439  

Women, n (%) 370 (48.4) 123 (49.0) 511 (54.6) 241 (54.9) 0.030

Age, mean (SD), y 68.1 (5.7) 69.5 (6.0) 71.7 (7.4) 67.1 (5.3) <0.001

Body mass index, mean (SD), kg/m2 27.7 (3.9) 28.2 (4.0) 27.4 (4.2) 27.6 (4.0) 0.049

Obesity, n (%), ≥30 kg/m2 190 (24.8%) 78 (31.1%) 204 (21.8%) 94 (21.4%) 0.010

Systolic blood pressure, mean (SD), mm Hg 145.8 (19.6) 145.7 (19.6) 149.4 (21.2) 142.8 (17.8) <0.001

Diastolic blood pressure, mean (SD), mm Hg 81.6 (10.4) 80.5 (10.6) 78.3 (11.3) 81.5 (10.0) <0.001

Blood pressure-lowering medication use, n (%) 297 (39.3) 115 (46.4) 413 (44.9) 116 (26.7) <0.001

Hypertension, n (%) 564 (74.1) 196 (78.4) 724 (77.5) 292 (66.7) <0.001

Serum HDL cholesterol (SD), mmol/L 1.4 (0.4) 1.4 (0.4) 1.5 (0.4) 1.5 (0.4) 0.069

Serum total cholesterol, mean (SD), mmol/L 5.7 (1.0) 5.7 (1.0) 5.6 (1.0) 5.7 (1.0) 0.380

Non-HDL cholesterol, mean (SD), mmol/L 4.2 (1.0) 4.3 (1.0) 4.3 (1.0) 4.2 (1.0) 0.370

Lipid-lowering medication use, n (%) 178 (23.6) 79 (31.9) 240 (26.1) 62 (14.3) <0.001

Hypercholesterolemia, n (%) 318 (41.6) 122 (48.6) 399 (42.6) 152 (34.6) 0.003

HDL<1 mmol/L, n (%) 85 (11.1) 36 (14.3) 93 (9.9) 46 (10.5) 0.250

Current smoking, n (%) 124 (16.2) 44 (17.5) 149 (15.9) 58 (13.2) 0.410

Diabetes, n (%) 83 (11.4) 38 (16.3) 131 (14.9) 35 (8.5) 0.003

History of CHD, n (%) 54 (7.1) 18 (7.2) 123 (13.1) 8 (1.8) <0.001

Values are based on nonimputed data. CHD indicates coronary heart disease; HDL, high-density lipoprotein; and IEL, internal 
elastic lamina.

*Absent indicates that intracranial calcifications were not present.
†P values for differences in baseline characteristics between the subtypes were estimated using ANOVA for continuous variables and 

χ2 tests for categorical variables.D
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nor after adjustment for ICAC volume, indicating both sub-
types of arteriosclerosis independently increase the risk 
of stroke. Yet, carotid plaques were assessed outside the 
cranium and may, therefore, not adequately reflect plaque 
in the intracranial internal carotid arteries.23 Nonetheless, 
on histology the IEL subtype was previously found to be 
unrelated to the occurrence of atherosclerotic lesions 
within the intracranial internal carotid arteries specifically.4 
This suggests that the IEL subtype itself could play an 
important role in the cause of stroke, independently of 

atherosclerotic plaque. We found that the presence of 
an IEL subtype contributes to 33% of all strokes indicat-
ing that the occurrence of stroke may be reduced by this 
percentage if IEL calcifications could be eliminated. This 
large population attributable risk illustrates great promise 
for stroke risk reduction on public health level.

Several mechanisms may be involved in stroke caused 
by IEL arteriosclerosis. First, although the exact mecha-
nism is not fully understood, we may argue that the IEL 
subtype is accompanied by structural changes of the vessel 

Figure 2. Prevalence of morphological subtypes of intracranial arteriosclerosis.
Values represent the prevalence in absolute numbers (percentages). ICAC indicates intracranial carotid artery calcification; and IEL, internal 
elastic lamina.

Figure 3. Prevalence of morphological subtypes of arteriosclerosis across 5-y age categories.
IEL indicates internal elastic lamina.
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wall and subsequent loss of functional vessel capacity. In 
turn, this could result in increased blood flow pulsatility.24,25 
Increased hemodynamic pulsatility into the distal micro-
circulation might mechanically insult the endothelium of 
downstream arterioles, leading to lacunar infarcts. Indeed, 
it has been shown that calcification of the intracranial 
internal carotid artery is associated with increased trans-
mission of pulsatility into the middle cerebral artery,26 and 

pulsatility in cerebral perforators seems to be greater in 
patients with lacunar infarcts than in healthy controls.27 
Second, elaborating on the former, chronic hypertensive 
stress due to increased blood flow pulsation could lead 
to hemorrhagic stroke.27 Third, intracranial IEL arterio-
sclerosis might be a reflection of a systemic process also 
affecting other arteries. If so, aortic arteriosclerosis might 
cause aortic stiffening, which is associated with increased 

Figure 4. Cumulative incidence of stroke by 
each morphological subtype of intracranial 
arteriosclerosis.
Among participants with the intimal subtype, 
42 stroke cases were identified, among mixed 
19, among IEL 83, and among those without 
calcification 11 stroke cases were identified. IEL 
indicates internal elastic lamina.

Table 2.  Morphological Subtypes of Intracranial Arteriosclerosis and Risk of Stroke

ICAC subtype

Stroke, HR (95% CI)

Any Ischemic

N/n: 155/2391 N/n: 124/2391

Reference: no calcification Model 1 Model 2 Model 1 Model 2

  Intimal subtype 2.12 (1.08–4.13) 2.11 (1.07–4.13) 1.83 (0.87–3.88) 1.85 (0.87–3.94)

  Mixed subtype 2.63 (1.23–5.64) 2.57 (1.18–5.61) 2.61 (1.13–6.02) 2.63 (1.12–6.16)

  IEL subtype 2.95 (1.55–5.63) 2.66 (1.39–5.11) 3.13 (1.54–6.39) 2.79 (1.36–5.74)

Reference: other calcification subtypes Model 1 Model 2 Model 1 Model 2

  Intimal subtype 0.68 (0.47–0.98) 0.73 (0.50–1.05) 0.57 (0.37–0.87) 0.61 (0.40–0.94)

  Mixed subtype 1.03 (0.64–1.67) 1.06 (0.65–1.73) 1.09 (0.64–1.85) 1.12 (0.66–1.91)

  IEL subtype 1.40 (0.99–1.97) 1.30 (0.92–1.83) 1.58 (1.08–2.32) 1.47 (0.99–2.16)

HRs for stroke are presented for intimal, IEL, and mixed subtypes compared with absence of calcifications or any other subtype. Model 
1 is adjusted for age, sex, and scanner type. Model 2 is additionally adjusted for hypercholesterolemia, low HDL cholesterol, non-HDL cho-
lesterol, current smoking, hypertension, diabetes, obesity, and history of coronary heart disease. HDL indicates high-density lipoprotein; HR, 
hazard ratio; ICAC, intracranial carotid artery calcification; IEL, internal elastic lamina; N, number of strokes; and n, total number of individuals.
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left ventricular hypertrophy28,29 and atrial fibrillation30 which 
in turn could increase the risk for cardiogenic stroke.31 To 
further elucidate the role of the each subtype in the cause 
of stroke, future studies should investigate how the mor-
phological subtypes are related to central and intracranial 
hemodynamic changes, how they impact other important 
stroke risk factors, such as arterial stenosis, and how they 
relate to specific stroke subtypes, such as cardioembolism 
and small-vessel occlusion.32

We showed, in accordance with previous research,18 
that individuals with a predominantly IEL subtype were 
generally older. We hypothesize that calcium accumula-
tion along the IEL of the intracranial artery is an almost 
inevitable result of advancing age and the parallel co-
occurrence of other cardiovascular risk factors. This 
hypothesis is strengthened by prior studies that demon-
strated progressive lipid depositions and calcium accu-
mulation with advancing age across the medial layer of 
the aortic wall.33,34 Also, the association between the IEL 
subtype and stroke was most evident in older partici-
pants. The different effect estimates for the risk of stroke 
according to age could partly be explained by the dichoto-
mization of the subtypes. It is plausible that while the IEL 
subtype becomes predominant with increasing age, the 
intimal subtype is still present. Regarding sex-differences, 
we observed a particularly striking contrast between men 
and women for the intimal subtype and the risk of stroke. 
Sex-specific differences in atherosclerosis and the risk of 
stroke have previously been reported.35 However, the sex-
specific mechanisms underlying the association of intra-
cranial atherosclerosis in particular with the risk of stroke 
are largely unknown. This should be further evaluated.

Strengths of the current study include the unique pop-
ulation-based setting and the image-based assessment of 
intracranial arteriosclerosis. As a result of the solid infra-
structure of the Rotterdam Study in terms of follow-up of 
stroke events, the follow-up in the current sample was vir-
tually complete. Yet, there are also several limitations. First, 
the current visual assessment scale for intracranial arterio-
sclerosis classifies calcification into either a predominantly 
intimal or IEL subtype, whereas co-occurrence is regularly 
seen.4 A quantitative method to assess the subtypes of 
calcification and their coexistence in the same artery 
would provide important additional information and should 
be sought for in the near future. Yet, a stricter redefinition 
of the subtypes—to capture only those individuals with the 
most prominent IEL or intimal subtype—resulted in simi-
lar effect estimates. Second, we lacked statistical power 
to further assess the association between subtypes of 
intracranial arteriosclerosis and stroke subtypes. Third, we 
evaluated the intracranial internal carotid arteries as proxy 
for arteriosclerosis of the anterior circulation, but posterior 
arteriosclerosis is also often observed.36,37 The prevalence 
and distribution of intracranial carotid arteriosclerosis dif-
fers from that of posterior intracranial arteries.4,38 How-
ever, as the CT classification method that we used is not 

histologically validated to determine posterior arterioscle-
rotic subtypes on CT, posterior arteries were not addressed 
in our study. Fourth, while calcification of other arteries of 
the Circle of Willis might also contribute to stroke risk, with 
the current generation CT scanners we were unable to 
detect calcification in small arteries of the Circle of Wil-
lis and adjacent branches. In addition, a histologically 
validated method to determine arteriosclerotic subtypes in 
these arteries remains to be developed. Lastly, no informa-
tion on the degree of intracranial stenosis was available as 
our sample was derived from the general population, and 
thus CT scans without contrast were used. However, we 
adjusted for the severity of carotid plaque on ultrasound, 
as a proxy for intracranial atherosclerosis, which did not 
change the results. To improve knowledge on stroke eti-
ology, we encourage future studies to further  the asso-
ciations of subtypes of anterior and posterior intracranial 
arteriosclerosis with hemodynamic changes, with different 
stroke subtypes, with stroke location.

CONCLUSIONS
Calcification of the IEL was the most prevalent subtype of 
intracranial arteriosclerosis among middle-aged and elderly 
persons from a general population. All subtypes increased 
the risk of stroke in the total population, with important dif-
ferences observed according to age and sex. To enable 
development of personalized preventive strategies for 
stroke, it is important to further determine the age and sex-
specific values of these subtypes for stroke risk prediction.
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