Neurobiology of Aging 105 (2021) 16–24

Contents lists available at ScienceDirect

Neurobiology of Aging
journal homepage: www.elsevier.com/locate/neuaging.org

Intracranial arteriosclerosis is related to cerebral small vessel
disease: a prospective cohort study
Elisabeth J. Vinke a,b,#, Pinar Yilmaz a,b,#, Janine E. van der Toorn a,b, Rahman Fakhry b,
Kate Frenzen b, Florian Dubost a, Silvan Licher b, Marleen de Bruijne a,c, Maryam Kavousi b,
M. Arfan Ikram b, Meike W. Vernooij a,b, Daniel Bos a,b,d,∗
a

Department of Radiology and Nuclear Medicine, Erasmus MC University Medical Center, Rotterdam, The Netherlands
Department of Epidemiology, Erasmus MC University Medical Center, Rotterdam, The Netherlands
Department of Computer Science, University of Copenhagen, Copenhagen, Denmark
d
Department of Clinical Epidemiology, Harvard T.H. Chan School of Public Health, Boston, MA, USA
b
c

a r t i c l e

i n f o

a b s t r a c t

Article history:
Received 30 October 2020
Revised 8 April 2021
Accepted 10 April 2021
Available online 22 April 2021

Intracranial arteriosclerosis has been increasingly recognized as a risk factor for cognitive impairment
and even dementia. A possible mechanism linking intracranial arteriosclerosis to cognitive impairment
and dementia involves structural brain changes including cerebral small vessel disease (CSVD). To assess
whether intracranial carotid artery calciﬁcation (ICAC) and vertebrobasilar artery calciﬁcation (VBAC), as
proxies for intracranial arteriosclerosis, are related to CSVD.
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Within the population-based Rotterdam Study, between 2003 and 2006 a computed tomography (CT)based measurement of ICAC and VBAC and at least one magnetic resonance imaging (MRI) measurement
of structural brain changes were performed from 2005 onwards in 1,489 participants. To estimate the burden of calciﬁcation independent of age, we computed age-adjusted percentile curves for ICAC and VBAC
separately, based on the calciﬁcation volumes. Using the longitudinal MRI data, we assessed whether a
larger calciﬁcation burden accelerates structural brain changes using appropriate statistical models for
repeated outcome measures. A larger burden of ICAC and VBAC was associated with an increase of CSVD
markers accelerating over time. A larger burden of ICAC and VBAC was not signiﬁcantly (p > 0.05) associated with accelerated brain atrophy. Arteriosclerosis is related to accelerating structural brain changes
over time.
© 2021 The Authors. Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction
Increasing evidence suggests an important role for arteriosclerosis in the etiology of cognitive decline, and even dementia.
(Bos et al., 2015; Dolan et al., 2010) The potential mechanism
underlying the link of arteriosclerosis with cognitive decline and
dementia may be the presence of subclinical, structural brain
changes, including cerebral small vessel disease (CSVD). Indeed,
previous studies have shown that markers of systemic arteriosclerosis are associated with white matter hyperintensities (WMH)
and cerebral microbleeds (CMB), and smaller brain tissue volumes.
∗
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(Della-Morte et al., 2018; Devantier et al., 2016; Gustavsson et al.,
2020; Moroni et al., 2016; Muller et al., 2011; Vidal et al., 2010)
Despite these important insights into the role of arteriosclerosis in
the etiology of structural brain changes, important knowledge gaps
remain.
First, most studies focusing on the link between arteriosclerosis and structural brain changes were cross-sectional and thus
unable to capture the aging process in the relation between arteriosclerosis and brain structure. Longitudinal data combining
image-based measurements of arteriosclerosis (CT) with those assessing brain structure (MRI) are needed. Linkage of such data in
a population-based setting with a broad age-span could answer
the question whether arteriosclerosis is associated with accelerated
brain structure changes, or whether this is merely an overall difference in brain structure for which it is unclear when this difference
originated.
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Second, during the last decade it has become increasingly evident that the burden of arteriosclerosis, although a systemic disease, may differ considerably across arteries within the same person. (Odink et al., 2007) This has also shown to translate into a
differential predictive value for various clinical manifestations of
arteriosclerosis depending on the proximity of the artery to the
organ under study. (Bos et al., 2015; Folsom et al., 2008) Hence,
vascular disease in the intracranial arteries in particular may play
an important role in the etiology of structural brain changes. Yet,
until now, most studies that investigated the effect of arteriosclerosis on brain structure focused on the coronary or carotid arteries only. (Bos et al., 2011; Bos et al., 2012b; Moroni et al.,
2016; Muller et al., 2011; Romero et al., 2009; Rosano et al., 2005;
Vidal et al., 2010) Moreover, if studies investigated intracranial arteriosclerosis at all, these generally focused on the anterior cerebral circulation.(Bos et al., 2012b; Erbay et al., 2008) Yet, the posterior, vertebrobasilar arterial system accommodates critical blood
supply to the posterior structures of the brain, but little is known
regarding the inﬂuence of arteriosclerosis in this vascular system
on brain structure in aging.
To address these two major knowledge gaps, we investigated
whether intracranial carotid artery calciﬁcation (ICAC) and vertebrobasilar artery calciﬁcation (VBAC), as proxies for intracranial
arteriosclerosis, are associated with accelerated structural brain
changes over time.
2. Methods and materials
2.1. Study population
This study is embedded within the Rotterdam Study, an ongoing population-based study designed to investigate causes and
determinants of age-related diseases since 1990. Participants aged
≥45 years are interviewed at home and examined at the research
center at baseline and during follow-up visits every 3−4 years.
The design of the Rotterdam Study has been described previously.
(Ikram et al., 2020)
Between 2003 and 2006, participants were invited to undergo
multi-detector computed tomography (MDCT) of the intracranial
internal carotid arteries and vertebrobasilar arteries, as part of a
CT-imaging study aimed to visualize calciﬁcation in major arteries. In total, 2,524 participants were scanned (response rate, 78%).
Due to imaging artefacts, 60 examinations were not gradable for
the presence of calciﬁcation in above mentioned arteries, leaving
a total of 2,464 participants available for analyses. Since August
2005, brain MRI was implemented in the core Rotterdam Study
protocol, and repeated brain imaging was performed during consecutive research visits. (Ikram et al., 2020) out of the 2,464 participants with complete CT examination, 1,681 participants underwent ≥1 MRI scan(s). A ﬂowchart of the number of in- and excluded participants with a CT, and the number of MRI scans for
each individual is shown in Supplemental Figure 1. All available
MRI scans from participants with a complete CT examination were
included (n = 3,322) of which brain MRI with incomplete acquisition, processing or CSVD ratings were excluded (n = 250). Additionally, scans from participants who had a history of dementia
or symptomatic stroke (n =153) and scans with MRI-deﬁned cortical infarcts (n = 69) were excluded. In total, 2,850 MRI scans from
1,489 participants were available for analysis.
2.2. Assessment of intracranial arteriosclerosis
A 16-slice (n = 724) or 64-slice (n = 1690) MDCT scanner (Somatom Sensation 16 or 64, Siemens, Forchheim, Germany) was
used to perform non-contrast CT scanning. Detailed information
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regarding imaging parameters is described elsewhere. (Odink et al.,
2007) On a scan, ranging from the aortic root to the Circle of
Willis, calciﬁcation in the intracranial carotid arteries was quantiﬁed from the horizontal segment of the petrous internal carotid
artery to the top of the internal carotid artery. (Bos et al., 2012a)
Calciﬁcation in the intracranial vertebral arteries was assessed
from the level at which the vertebral arteries enter the skull to the
level of merging into the basilar artery. Calciﬁcation in the basilar
artery was assessed from the merge of the vertebral arteries to the
top of the basilar artery. (van der Toorn et al., 2019)
ICAC and VBAC were quantiﬁed by a semiautomatic scoring
method that allows for manual segmentation of calciﬁcation on CTimages (Bos et al., 2012a; van der Toorn et al., 2019). After manual
delineation of the calciﬁcation, calciﬁcation volumes (mm3 ) were
computed by multiplying the number of pixels within the delineated area above 130 Hounsﬁeld units by the pixel-size and slice
increment. (Bos et al., 2011) The total volume of ICAC was calculated by summing up the calciﬁcation volumes of the left and
right intracranial carotid arteries. VBAC was calculated as the sum
of the calciﬁcation volumes of the vertebral arteries and the basilar
artery.
2.3. Assessment of structural brain changes
Brain MRI scanning was performed in all participants during the entire study period on the same single 1.5-tesla MRI
scanner (GE Signa Excite; GE Healthcare, Milwaukee, USA). The
scan protocol and sequence details have been described elsewhere. (Ikram et al., 2020) In short, the protocol comprised of T1weighted, PD, Fluid-attenuated inversion recovery (FLAIR) and T2∗
gradient-recalled echo images for assessment of focal CSVD markers and quantiﬁcation of volumetric markers.
2.4. Focal markers
Trained research physicians rated the presence, number and location of cortical infarcts and lacunes, CMB and PVS. (Ikram et al.,
2020) Infarcts showing involvement of cortical gray matter were
classiﬁed as cortical infarcts. Lacunes were deﬁned as subcortical
lesions between ≥3mm and <15mm with signal intensity similar
to CSF on all sequences, and a hyperintense rim on the FLAIR sequence when located supratentorially. (Vernooij et al., 2007) CMB
were rated as focal areas <10mm of very low signal intensity on
T2∗ -weighted imaging. (Ikram et al., 2020) PVS were determined
according to a standardized protocol and deﬁned as linear, ovoid
or round-shaped hyperintensities of ≥1mm and <3mm on proton
density-weighted images. (Adams et al., 2013) The numbers of enlarged PVS in the midbrain, hippocampi, basal ganglia and centrum
semiovale were quantiﬁed using an automated PVS algorithm, developed by Dubost et al. (Dubost et al., 2019) Further description
of the PVS algorithm can be found in the Supplemental Materials.
Fluid-attenuated inversion recovery (FLAIR) scans were used for
the automated segmentation of WMH volume, which is described
in further detail for the brain atrophy measures.
2.5. Volumetric markers
For brain atrophy, T1-weighted (voxel size 0.49 × 0.49 ×
1.6mm3 ), proton density weighted (voxel size 0.6 × 0.98 ×
1.6mm3 ), and FLAIR (voxel size 0.78 × 1.12 × 2.5mm3 ) scans were
used for automated segmentation of supratentorial gray matter,
white matter, cerebrospinal ﬂuid (CSF) and WMH. This automated
segmentation was based on a k-nearest neighbor classiﬁcation algorithm. (de Boer et al., 2009; Vrooman et al., 2007) All scans were
transformed to the high-resolution data set (256 × 256 × 128)
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Fig. 1. Trajectories of focal markers and white matter hyperintensity volume in aging for different ICAC and VBAC percentiles. The x-axis represents the age at time of
the MRI scan, the y-axis represents the natural log-transformed volume in ml (estimated for a subject with an average intracranial volume) for the cerebral white matter
hyperintensities, the probability of having one or more microbleeds and lacunes and the number of enlarged perivascular spaces. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the Web version of this article).

using tri-linear interpolation. Automated processing tools from
the Brain Imaging Center, Montreal Neurological Institute and
McGill University (www.bic.mni.mcgill.ca) were used to co-register
MRI data (based on mutual information) and subsequently normalize the intensities for each feature image volume using N3
(Sled et al., 1998). All segmentations were visually inspected and
manually corrected if needed. Total cerebral volume was the sum
of gray matter, normal appearing white matter and WMH volumes. Supratentorial intracranial volume was estimated by summing gray and white matter (including the sum of normal appearing white matter and WMH volumes) and CSF volumes (de Boer
et al., 2009). Furthermore, T1-weighted scans were processed using
FreeSurfer(Fischl, 2012) (version 5.1) to obtain white matter and
cortex volumes of the cerebellum.
2.6. Statistical analysis
Characteristics of the study population at time of MDCT scan
are presented in means ± standard deviations or medians with interquartile ranges for (skewed) continuous variables and in counts
and percentages for categorical variables. We determined the number of repeated MRI scans available for analyses. Since the time
between the intracranial calciﬁcation assessment and the ﬁrst MRI
was variable (a difference ranging from 0 to 12 years), the increase in calciﬁcation at the time of the MRI scans in this longitudinal study design was taken into account by creating age-adjusted
percentiles of calciﬁcation volumes. These percentile curves describe the burden of calciﬁcation in comparison to the ‘average’
amount of calciﬁcation in an aging population. Using this calciﬁcation percentile as the measure of calciﬁcation, we assume that
at the times that the follow-up MRI scans are performed, the increase in calciﬁcation in that participant is in accordance with the
expected increase of calciﬁcation of the percentile curve. In other
words, although the calciﬁcation is expected to increase with age,
a participants’ percentile remains stable over age. These percentiles
were created using the following strategy. First, to assure standard normal distributed (natural log-transformed) calciﬁcation values at each age, we used natural log-transformed values of the
calciﬁcation volume and participants with absence of calciﬁcation
were not used for the estimation of the percentile curves. Second, ICAC percentile curves were ﬁtted on 2,021 participants and
VBAC percentile curves were ﬁtted on 515 participants with presence of calciﬁcation (Online Fig. 1) using the Lambda-Mu-Sigma

(LMS) method. (Cole and Green 1992) In the Supplemental Materials further explanation of this method can be found. Third, using
the percentile curve models which were ﬁtted on participants with
presence of calciﬁcation, subject speciﬁc percentile values of all
2,464 participants with a complete calciﬁcation assessment were
determined for ICAC and VBAC. In this step, to deal with calciﬁcation values of zero, 1mm3 was added to the non-transformed values [Ln(calciﬁcation volume + 1.0mm3 )]. Accordingly, the ICAC and
VBAC percentile values were used as the main determinants in this
study, and higher percentile values are interpreted as a larger burden of calciﬁcation.
We analyzed the relation between the percentile values, that is
age-adjusted calciﬁcation burden, and brain structure changes. We
used generalized estimating equations (GEE) for repeatedly measured categorical outcomes, and linear mixed models for repeatedly measured continuous outcomes. Both GEE and linear mixed
models are statistical models that can deal with data from participants with only a single MRI, as well as participants that have
multiple MRI scans. Accordingly, GEE models were used to assess
the probability of having at least one microbleed or lacune. To account for possible nonlinear trajectories, exploratory analyses were
performed to assess whether splines of age (with increasing degrees of freedom) improved the model compared with a linear age
term. As a result of these analyses, splines of age with 1 knot were
used in GEE analyses. An interaction of the calciﬁcation percentile
and the spline-coeﬃcients of age was included, to allow slope differences in the relation of age and outcome explained by the burden of calciﬁcation. Other covariables in the model were intracranial volume, sex, the interaction sex and the spline-coeﬃcients of
age, to take potential slope differences between men and women
into account. In addition, stratiﬁed GEE analyses were performed
for the location of CMB (lobar, deep, infratentorial) and lacunes
(supratentorial, infratentorial).
Analysis of WMH and the total number of enlarged PVS were
assessed using linear mixed models with random intercepts and
slopes. The total number of enlarged PVS was calculated by summing up the number of PVS in the midbrain, hippocampi, basal
ganglia and centrum semiovale. WMH was natural log-transformed
to account for the skewed distribution. In each linear mixed model,
age of the participant at each MRI measurement was used as the
time variable. Similar to the construction of the GEE to account
for possible nonlinear trajectories, exploratory analyses were performed to assess whether splines of age (with increasing degrees
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Table 1
Characteristics of the study population.
Characteristic

Mean (SD), N = 1489

Age at CT, years
Sex, women
ICAC volumea , mm3
ICAC absent
ICAC present (> 0 mm3 )
ICAC percentile
VBAC volumeb , mm3
VBAC absent
VBAC present (> 0 mm3 )
VBAC percentile
Availability of MRI scans with acceptable segmentation
Number of participants with a single MRI scan
Number of participants with two MRI scans
Number of participants with three MRI scans
Number of participants with four MRI scans
Number of available MRI scans with acceptable segmentation
Scan interval between MRI scans,years

67.9 (5.7)
774 (52.0)
31 (98.8)
313 (21.0)
1176 (79.0)
37.7 (32.5)
0 - 211.9
1237 (83.1)
252 (16.9)
24.3 (16.4)
650 (43.7)
367 (24.6)
422 (28.3)
50 (3.4)
2850
3.3 (1.1)

Continuous variables are presented as means (standard deviations) and categorical variables
as number (percentages).
Key: ICAC, intracranial carotid artery calciﬁcation; N: number of participants; VBAC: vertebrobasilar artery calciﬁcation.
a
ICAC volume is presented as median (interquartile range).
b
VBAC volume is presented as minimum and maximum value.

of freedom) improved the model compared with the linear age
term. As a result, splines of age with 2 knots were used in the linear mixed models. Similar to the GEE models, in the linear mixed
models an interaction of the calciﬁcation percentile, the splinecoeﬃcients of age, and the abovementioned covariables were included.
To assess the relation of ICAC and VBAC burden, as expressed
in percentile values, with brain atrophy, we also used linear mixed
models with random intercepts and slopes. The brain atrophy measures were global volumetric imaging markers including volumes
of white matter, normal appearing white matter, gray matter; total cerebral volume; cerebellar white matter and cerebellar cortex
volume. The linear mixed models were constructed similarly as described above.
Two sensitivity analysis were performed: (1) to assess the
role of cardiovascular risk factors and extracranial carotid artery
calciﬁcation on the relation between intracranial arteriosclerosis
and structural brain changes in aging, we corrected for hypertension, type 2 diabetes mellitus, current smoking, obesity, hypercholesterolemia and extracranial carotid artery calciﬁcation volume
(mm3 ) in all participants of whom information on these factors
was available at the time of the ﬁrst MRI scan (787 participants
with in total 1544 MRI scans) and (2) to assess whether our statistical approach handles the time between CT and MRI suﬃciently,
we performed our analysis in only the participants who had their
ﬁrst MRI within 1 year after the CT (641 participants with in total
1567 MRI scans).
Statistical analyses were performed with R statistical software (R-project, Institute for Statistics and Mathematics, R Core
Team (2013), Vienna, Austria, version 3.4.1) using the “geeglm”
and “lme” functions from the R-packages “geepack” and “nlme”
(Højsgaard et al., 2005; Pinheiro et al., 2015).
3. Results
In total 1,489 participants had a CT as well as at least one brain
MRI available [2,850 MRI scans in total were included in this study
(Supplemental Figure 1)]. Out of 1,489 participants, 650 participants had a single brain MRI scan, 367 participants had two MRI
scans, 422 participants had three MRI scans and 50 participants
had four MRI scans available for analysis. Characteristics of the par-

ticipants included in this study are presented in Table 1. The mean
age at CT in this population was 67.9 years (range 59.0–91.9 years)
and 52.0% were women. The average time difference between CT
and ﬁrst MRI was 5.4 years (range 0.06–12.2 years). In Supplemental Table 1, the brain structure characteristics of the study population are shown.
The ICAC and VBAC percentile curves are shown in Supplemental Figure 2. The ICAC percentile curves showed a larger calciﬁcation volume with increasing age, whereas for the VBAC percentile
this increase in volume over age was less apparent.
3.1. Trajectories of focal markers and white matter hyperintensities
The estimated trajectories of focal markers in aging for
the different calciﬁcation percentiles are depicted in Fig. 1. In
Table 2 the trajectories of microbleeds and lacunes were quantiﬁed by showing the probability difference at age 60 and 80, representing the difference in probability between the trajectory of percentile 0 at that speciﬁc age, compared to the percentile curve. For
white matter hyperintensity volume, the difference at age 60 and
difference at age 80 was expressed in ml (back-transformed). For
enlarged perivascular spaces, the difference at age 60 and difference at age 80 was expressed in number of enlarged perivascular spaces. A larger burden of ICAC and VBAC, that is higher percentile values, resulted in either intercept differences, slope differences or both. Overall, trajectories of CSVD markers showed more
WMH and a higher probability of microbleeds and lacunes with
increasing burden of ICAC or VBAC. Increasing ICAC or VBAC burden signiﬁcantly increased WMH volume, however the slope was
not signiﬁcantly affected by the burden of calciﬁcation. For microbleeds, the effect of a larger ICAC burden seemed to be rather constant, whereas a larger VBAC burden seemed to mainly inﬂuence
the slope of the microbleeds probability over age.
Trajectories of location-speciﬁc microbleeds showed the same
patterns for lobar, deep and infratentorial microbleeds with larger
ICAC and VBAC burden (Supplemental Figure 3 and Supplemental Figure 4), where especially the probability of deep microbleeds
is signiﬁcantly affected by the main effect of ICAC and the interaction of VBAC and age (p = 0.041 and p = 0.031, Supplemental
Table 2) .
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Table 2
Overview of the quantitative measures of the trajectories of focal markers and white matter hyperintensity volume shown in Fig. 1, with the addition of values for the
percentile curves 25 and 75. The probability difference at age 60 and 80 represents the difference in probability between the trajectory of percentile 0 at that speciﬁc age,
compared to the percentile curve. A negative difference means a lower volume compared to percentile 0. p-values below 0.05 were marked bold.

White matter
hyperintensity
volume∗

Percentile

Difference in
probability at age 60

Difference in
probability at age 80

p-value
percentile term

ICAC

25

0.13

0.56

0.006

0.339

50
75
100
25
50
75
100
25
50
75
100
25
50
75
100
25
50
75
100
25
50
75
100
25

0.27
0.41
0.57
0.21
0.44
0.69
0.96
0.02
0.05
0.08
0.11
-0.02
-0.04
-0.05
-0.06
0.01
0.02
0.04
0.10
0.00
0.01
0.02
0.03
0.3

1.17
1.83
2.54
0.97
2.06
3.29
4.69
0.04
0.08
0.12
0.17
0.06
0.12
0.19
0.26
0.01
0.03
0.05
0.06
0.01
0.03
0.04
0.06
-0.08

0.021

0.136

0.092

0.078

0.435

0.044

50
75
100
25
50
75
100

0.59
0.89
1.19
0.86
1.73
2.59
3.46

-0.16
-0.24
-0.31
0.7
1.39
2.09
2.79

VBAC

Microbleeds

ICAC

VBAC

Lacunes

ICAC

VBAC

Enlarged perivascular
spaces∗∗

ICAC

VBAC

∗
∗∗

p-value percentile∗ age
interaction term

Calciﬁcation

8.8

∗

10−5

0.005

0.411

0.337

0.303

0.032

0.126

0.579

difference at age 60 and difference at age 80 expressed in ml (back-transformed);
difference at age 60 and difference at age 80 expressed in number of enlarged perivascular spaces.

For lacunes, ICAC signiﬁcantly increased the probability of lacunes and signiﬁcantly modiﬁed the slope, whereas larger burden
of VBAC did not signiﬁcantly affect the probability of lacunes. Trajectories of location-speciﬁc lacunes showed similar patterns with
signiﬁcant effects of ICAC for both the main effect and the interaction of ICAC and age on supratentorial lacunes. Only the main
effect of ICAC was statistically signiﬁcant for the infratentorial lacunes (p = 0.021). The main effect of VBAC was only signiﬁcant in
supratentorial lacunes (p = 0.023).
For the number of enlarged PVS, a larger burden of both ICAC
and VBAC did not signiﬁcantly affect the number of enlarged PVS,
nonetheless ICAC did signiﬁcantly modify the slope. Trajectories of
location-speciﬁc enlarged PVS showed different patterns with the
number of hippocampal PVS being the most affected by both ICAC
and VBAC, and a signiﬁcant increased number of PVS in the midbrain with signiﬁcant modiﬁed slopes of ICAC percentiles.
3.2. Trajectories of global volumetric markers
Trajectories of the global volumetric imaging markers in aging, for the different calciﬁcation percentiles are shown in Fig. 2.
Although the trajectories showed a pattern of smaller global volumes with larger burden of ICAC and VBAC, the main effect of
the percentiles on the volumetric outcomes and the interaction between age and the percentiles were not statistically signiﬁcant (p
> 0.05). The effect of the calciﬁcation burden on the volumetric
outcomes and the corresponding statistical signiﬁcance level of the

slope and interaction with age are presented in Table 3. To further
quantify these effects, we showed the volume difference at age 60
and age 80 between the trajectory of percentile 0 at that speciﬁc
age, compared to the percentile curve.
3.3. Sensitivity analyses
The associations between arteriosclerosis and structural brain
changes in aging showed similar effects and trends when corrected
for cardiovascular risk factors and extracranial carotid artery calciﬁcation, as without the correction for these factors. Supplemental Figure 5 and 6 show the trajectories of CSVD markers, including brain atrophy in aging for different arteriosclerosis percentiles when corrected for these factors. In Supplemental Table
3, an overview of the presence of cardiovascular risk factors within
the study population is shown. Furthermore the results within participants with less than 1 year between the CT and ﬁrst MRI were
similar to the results with all participants included.
4. Discussion
Within this population-based study, we found that a larger burden of ICAC and VBAC, as proxy of intracranial arteriosclerosis,
was associated with accelerating small vessel disease and overall
smaller brain volumes over time, which includes accelerated brain
atrophy in aging.
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Table 3
Overview of the quantitative measures of the global structural brain volume trajectories shown in Fig. 2, with the addition of values for the percentile curves 25 and 75. The
volume difference at age 60 and 80 represents the volume difference between the trajectory of percentile 0 at that speciﬁc age, compared to the percentile curve, expressed
in milliliter (ml). A negative difference means a lower volume compared to percentile 0.

Total cerebral volume

Percentile

Volume difference
at age 60

Volume difference
at age 80

p-value percentile
term

ICAC

25
50
75
100
25
50
75
100
25

-1.72
-3.45
-5.17
-6.89
-2.73
-5.47
-8.2
-10.94
-0.27

-2.53
-5.05
-7.58
-10.11
-3.37
-6.74
-10.11
-13.48
0.29

0.087

0.091

0.15

0.246

0.794

0.312

50
75
100
25
50
75
100
25

-0.54
-0.81
-1.08
-5.22
-10.45
-15.67
-20.9
-1.84

0.57
0.86
1.14
-1.03
-2.07
-3.1
-4.13
-2.8

0.057

0.167

0.223

0.563

50
75
100
25
50
75
100
25

-3.69
-5.53
-7.38
0.52
1.04
1.56
2.08
-2.23

-5.61
-8.41
-11.22
-1.87
-3.75
-5.62
-7.5
-3.54

0.878

0.466

0.135

0.626

50
75
100
25
50
75
100
25

-4.45
-6.68
-8.91
0.64
1.28
1.92
2.57
-0.06

-7.08
-10.61
-14.15
-2.63
-5.26
-7.89
-10.52
-0.02

0.872

0.374

0.162

0.155

50
75
100
25
50
75
100
25
50
75
100
25
50
75
100

-0.13
-0.19
-0.25
0.1
0.2
0.3
0.4
-0.1
-0.2
-0.31
-0.41
-0.47
-0.93
-1.4
-1.87
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Of all brain measurements, a larger burden of ICAC was most
strongly associated with WMH, deep microbleeds, supratentorial
and infratentorial lacunes, hippocampal and midbrain PVS. For
larger VBAC burden, we found signiﬁcant relations with WMH,
supratentorial lacunes, hippocampal PVS. Cross-sectionally, we previously reported that ICAC is related to larger WMH volume, and
presence of lacunes, though no relation with microbleeds was
found. (Bos et al., 2011) This could partially be explained by limited statistical power and the cross-sectional study design. Other
studies reported associations between arteriosclerosis in the internal carotid artery and WMH and lacunes which are consistent with
the ﬁndings in this study. (Chung et al., 2010) Other studies also
observed higher WMH burden, in population-based and patient
cohorts that used different imaging techniques like ultrasound

and MRI to visualize carotid atherosclerosis. (Della-Morte et al.,
2018; Devantier et al., 2016; Gustavsson et al., 2020; Moroni et al.,
2016,Romero et al., 2009)
To our knowledge, the current study is the ﬁrst that showed
the role of intracranial arteriosclerosis in the anterior- and posterior circulation on brain changes while capturing the concomitant
aging process using longitudinal data. Muller et al. concluded that
in patients with arteriosclerotic disease, only severe and bilateral
carotid stenosis were related to progression of brain atrophy with
4 years of follow-up. (Muller et al., 2011) We have shown a pattern
of a higher burden of arteriosclerosis being related to accelerated
brain atrophy over time, however these effects were not statistically signiﬁcant. Cross-sectional studies also found that markers
of carotid arteriosclerosis were associated with smaller brain vol-
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Fig. 2. Trajectories of the global structural brain volumes in aging for different ICAC and VBAC percentiles. The x-axis represents the age at time of the MRI scan, the y-axis
represents volume in ml, estimated for a subject with an average intracranial volume. (For interpretation of the references to color in this ﬁgure legend, the reader is referred
to the Web version of this article).

umes. (Bos et al., 2012b,Manolio et al., 1999;Romero et al., 2009)
In the Rotterdam study, we previously described this matter and
have found signiﬁcant results for smaller total brain and white
matter volumes, (Bos et al., 2012b) albeit we could not reproduce
these ﬁndings in the present study. A possible explanation for the
less pronounced ﬁnding in our study is that in the cross-sectional
study, the effect of carotid arteriosclerosis on brain atrophy may
be driven by age, simply because age was only corrected for linearly, whereas in this study we conclude that arteriosclerosis has
a non-linear relation with age. Furthermore, with the longitudinal
data we were able to account for the complex non-linear relations
between age and arteriosclerosis as well as age and brain structure.
Given potential variation in genetic susceptibility to arteriosclerosis, and differences in anatomical structure between the vertebrobasilar and intracranial carotid arteries in terms of curvatures and branches, consequences of arteriosclerosis are likely
to be artery-speciﬁc or at least – besides the inﬂuence of
systemic arteriosclerosis - contain an artery-speciﬁc component
(Adams et al., 2016; van der Toorn et al., 2019). Therein VBAC
is commonly neglected in studies as an investigation site for arterial lesion. (Caplan 2012) Identifying pathophysiological mechanisms of intracranial arteriosclerosis at large could aid development of location-speciﬁc therapeutic and preventive implications
(Yaghi et al., 2019). Beyond etiology, the predictive value of intracranial calciﬁcation needs to be evaluated for its potential as
a noninvasive marker to reﬂect the severity of intracranial vascular disease. Similar to the coronary artery calcium score predicting
acute coronary disease, (Wu et al., 2016) such insight could beneﬁt
the identiﬁcation of high risk individuals for neurological diseases.
The trajectories of brain structure changes in aging and how
these are related to the burden of intracranial arteriosclerosis provide insight in the effect of arteriosclerosis over time. However,
the current study does not address whether the relation between
intracranial arteriosclerosis and the structural brain changes is
causal. Although we performed a sensitivity analysis that showed
similar results when corrected for cardiovascular risk factors and

extracranial carotid artery calciﬁcation at the time of the ﬁrst MRI,
we did not account for time-dependent confounding of these factors. Therefore, the associations found in this study could be partly
driven by other factors, including changes in cardiovascular risk
factors over time and progression of arteriosclerosis at large instead of solely the burden of intracranial arteriosclerosis at the
time of the CT examination. However, identifying the potential effect of arteriosclerosis on brain structure changes is an important
step forward that can motivate future studies to explore the significance of these associations.
4.1. Strengths
Strengths of this study are the large study population including
extensive and longitudinal data on brain markers. Repeated measurements of brain MRI allowed us to take into account the effect
of arteriosclerosis on brain changes, longitudinally. To thoroughly
account for the effect of aging, which plays a pivotal role in development of arteriosclerosis, we applied age-adjusted percentile
curves. Moreover, we performed sensitivity analyses to account for
nonlinear trajectories with splines of age and interaction terms.
4.2. Limitations
Yet potential limitations also need to be addressed. First, to
quantify intracranial arteriosclerosis, only calciﬁed plaques were
assessed since non-calciﬁed plaques, also known as vulnerable soft
plaques are impossible to visualize with CT. Nevertheless, arterial
calciﬁcation has been recognized an adequate marker of the total
plaque burden (Sangiorgi et al., 1998). Second, although the average follow-up time was 5.4 years, which is a relatively long followup time within the ﬁeld, a longer follow-up time would better allow to capture the aging effect on brain health, especially in terms
of evaluating brain volumes. Third, as a subgroup of participants
had multiple scans available for analysis a healthy survivor effect
may have occurred, which could reduce the range of calciﬁcation
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in the vessels and thus attenuate true associations. Fourth, only
longitudinal measurements for brain MRI were available but we
had no follow-up CT measurements. With the use of the calciﬁcation percentiles we take into account the burden of calciﬁcation
with respect to the normal aging process. The percentile curves describe the burden of calciﬁcation in comparison to the ‘average’
amount of calciﬁcation in an aging population. Using this calciﬁcation percentile of a study participant at a certain age as our
measure of arteriosclerosis, we assume that at the times that the
follow-up MRI scans are performed, the increase in arteriosclerosis in that participant is in accordance with the expected increase
of the percentile curve. In other words, although the burden of
arteriosclerosis is expected to increase with age, the participants’
percentile remains stable over age. Whether this assumption holds
needs to be assessed in future research. Especially for VBAC it is
uncertain whether this assumption holds, since the prevalence of
VBAC in our population is rather low. Therefore the effect of the
volume of VBAC may be less apparent while we might fail to recognize the value of VBAC presence, and incidence during follow-up
of which the latter we have not been able to measure. Lastly, although a major strength of this study is that we addressed both
the anterior cerebral circulation and the posterior anterior cerebral circulation, we cannot rule out the possibility that our ﬁndings may partly reﬂect the inﬂuence of systemic arteriosclerosis..
However, cross-sectional studies within the same study populations have shown that arteriosclerosis within the intracranial arteries in particular, as compared to other major vessel beds, was
most strongly related to smaller white matter volume, and larger
WMH volumes (Bos et al., 2011; Bos et al., 2012b).
5. Conclusions
A larger burden intracranial arteriosclerosis is associated with
accelerating small vessel disease over time. Identifying pathophysiological mechanisms of intracranial arteriosclerosis could help to
lower the vascular burden in the brain and eventually prevent
stroke, cognitive impairment and dementia.
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