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Intracranial vessel wall lesions on 7T MRI
and MRI features of cerebral small vessel
disease: The SMART-MR study
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Theo DWitkamp1, Rashid Ghaznawi1,3 , Jeroen Hendrikse1 and
Mirjam I Geerlings3; on behalf of the UCC-SMART
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Abstract

The etiology of cerebral small vessel disease (CSVD) is the subject of ongoing research. Although intracranial athero-

sclerosis (ICAS) has been proposed as a possible cause, studies on their relationship remain sparse. We used 7T vessel

wall magnetic resonance imaging (MRI) to study the association between intracranial vessel wall lesions—a neuroimaging

marker of ICAS—and MRI features of CSVD. Within the SMART-MR study, cross-sectional analyses were performed in

130 patients (68� 9 years; 88% male). ICAS burden—defined as the number of vessel wall lesions—was determined on

7 T vessel wall MRI. CSVD features were determined on 1.5 T and 7 T MRI. Associations between ICAS burden and

CSVD features were estimated with linear or modified Poisson regression, adjusted for age, sex, vascular risk factors,

and medication use. In 125 patients, �1 vessel wall lesions were found (mean 8.5� 5.7 lesions). ICAS burden

(perþ 1 SD) was associated with presence of large subcortical and/or cortical infarcts (RR¼ 1.65; 95%CI: 1.12–2.43),

lacunes (RR¼ 1.45; 95% CI: 1.14–1.86), cortical microinfarcts (RR¼ 1.48; 95%CI: 1.13–1.94), and total white matter

hyperintensity volume (b¼ 0.24; 95%CI: 0.02–0.46). Concluding, patients with a higher ICAS burden had more CSVD

features, although no evidence of co-location was observed. Further longitudinal studies are required to determine if

ICAS precedes development of CSVD.
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Introduction

Cerebral small vessel disease (CSVD), a common find-

ing in the ageing brain, is used to describe a group of

pathological changes affecting the small arteries, arte-

rioles, capillaries, and venules of the brain.1 It is

thought to be one of the major causes of ischemic

stroke.1 Furthermore, it is one of the leading causes

of vascular dementia and is a key contributor to the

incidence of Alzheimer’s disease.1 Magnetic resonance

imaging (MRI) features of CSVD include: recent small

subcortical infarcts, white matter hyperintensities,

microbleeds, lacunes of presumed vascular origin,

prominent perivascular spaces, and brain atrophy.2

Although the MRI features are generally considered

to be caused by ischemia, the etiological mechanisms
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leading up to this stage remain to be elucidated.3

A wide range of potential mechanisms has been pro-
posed, going from intrinsic disease of the smaller ves-
sels (e.g. lipohyalinosis) to more extrinsic causes, e.g.
emboli, atheroma of parent artery, or perforating arte-
riole, impaired cerebral blood flow, to non-ischemic
causes, e.g. capillary endothelial failure.3,4

The current view is that intrinsic changes of the
small vessels are likely the dominant etiology.4

Intracranial atherosclerosis (ICAS)—which can cause
atheroma, emboli, and impaired cerebral blood
flow—has largely been dismissed as a major CSVD eti-
ology.4–6 However, in the well-known (clinico)patho-
logical study on lacunes by Fisher, ICAS and emboli
accounted for the majority of lacunes.7 Several studies
in Asian populations have observed this association in
vivo as well.8,9 In our view, this warrants further study,
because a better understanding of the cause of MRI
features of CSVD might help explain the heteroge-
neous results regarding risk factors and clinical
symptoms.10

A limitation of prior neuroimaging studies into
ICAS is that most are based on angiography or trans-
cranial Doppler, which can only assess luminal stenosis
in the larger proximal cerebral arteries. Hence, plaques
without stenosis, e.g. because of arterial remodeling,
cannot be assessed. This is of importance because
most CSVD lesions are chronic, which means that
arterial remodeling—leading to a normalization of the
arterial lumen—could have taken place in the meantime,
hindering the ability to find a potential association
between ICAS and CSVD lesions.11 Furthermore,
non-stenotic plaques can still cause emboli or stenosis
of the ostia of subcortical perforators.

Vessel wall MRI can be used to image the actual
vessel wall, making it possible to detect arterial vessel
wall thickening independently from stenosis, leading to
a significant improvement in plaque detection,12,13 with
7T MRI adding further improvement.14,15 Of note,
intracranial vessel wall lesions have been associated
with vascular risk factors16 and markers of extracranial
atherosclerosis,17 supporting its use as a neuroimaging
marker of ICAS burden.

In the current study, we set out to determine the
association between the number of vessel wall lesions
and MRI features of CSVD in a population of older
adults with a history of vascular disease.

Materials and methods

Study sample

The Second Manifestations of ARTerial disease—
Magnetic Resonance (SMART-MR) study, an ongoing
prospective cohort study at our institution, focuses on

neuroimaging MRI markers in patient with symptom-
atic atherosclerotic disease.18 From May 2001 to
December 2005, patients newly referred to our institu-
tion with coronary artery disease, cerebrovascular
disease, peripheral artery disease, or an abdominal
aortic aneurysm, and without contraindications for
MRI, were included. On a one-day visit, patients
underwent extensive examinations, including a 1.5 T
brain MRI, physical examination, ultrasonography of
the carotid arteries, blood and urine sampling, and
questionnaires to assess risk factors, medical history,
and daily functioning.19 Follow-up of 1.5 T brain
MRI, cognitive functioning, and depression assessment
were performed from 2006 to 2009,20 and from 2013 to
2017.16 During the most recent follow-up, a 7T brain
MRI was included in the standard research protocol.
Within this period, from June 2016 to October 2017, a
vessel wall MRI sequence was added to the 7T brain
MRI protocol.

In this study, we included all patients who had 7T
vessel wall MRI performed during this period, which
led to a total of 147 patients.16 We excluded 17 patients
from the final analysis, leaving 130 patients, because of
artifacts inhibiting vessel wall assessment of �1 major
segment of the Circle of Willis (major segments includ-
ed the distal internal carotid artery and primary
branches (M1, A1, P1) of the anterior, middle, and
posterior cerebral artery). Excluded patients did not
differ in sex (88% vs. 88% male; p¼ 0.95, v2-test)
and were not significantly older (70� 7 vs. 68�
9 years; p¼ 0.11, Student’s t-test). Vascular risk factor
assessment, including questionnaire data and blood
and urine sampling, was available from median
(range) 2.3 (0.6–8.6) years prior to the 7T brain MRI.

The SMART-MR study was approved by the med-
ical ethics committee of the University Medical Center
Utrecht according to the guidelines of the Declaration
of Helsinki of 1975 and written informed consent was
obtained from all participants.

Covariates

Questionnares were used to assess age, sex, educational
level, alcohol use, smoking habits, and medication use.
Weight and height measurements were taken for calcu-
lation of the body mass index (BMI; kg/m2).
Educational level was classified into seven categories,
ranging from primary school to academic degree,
according to the Dutch educational system. Systolic
blood pressure (SBP; mmHg) and diastolic blood pres-
sure (DBP; mmHg) were measured with a sphygmoma-
nometer and defined as the average of three separate
measurements. Venous blood samples were taken after
an overnight fast. Diabetes was defined as a fasting
serum glucose level of > 11.1mmol/L, a history of
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diabetes, or use of antidiabetic medication at baseline

or follow-up. Cholesterol levels were determined. An

experienced technician performed carotid ultrasonog-

raphy with a 10MHz linear-array transducer. Carotid

stenosis was defined according to standard criteria

based on the peak systolic velocity.21 Mean carotid

intima-media thickness was calculated from six meas-

urements (anterolateral, posterolateral, and mediolat-
eral in both common carotid arteries). Ankle–brachial

index measurement was performed by experienced

technicians, and was calculated from the highest SBP

measured in both brachial arteries (using a semiauto-

matic oscillometric device in supine position), and the

posterior tibial and dorsal pedal arteries (using

Doppler ultrasound).

1.5t MRI protocol

A 1.5T whole-body system (Gyroscan ACS-NT,

Philips Medical Systems, Best, the Netherlands) was
used performing a standard protocol: a T1-weighted

sequence (3D acquisition; repetition time (TR)/echo

time (TE): 7.0/3.2ms; voxel size¼ 0.94� 0.94�
1.0mm3 isotropic), a T1-weighted inversion recovery

sequence (2D acquisition; TR/TE: 2900/22ms;

TI¼ 410ms), a T2-weighted sequence (2D acquisition;

TR/TE: 2200/10.5ms), and a fluid-attenuated inversion

recovery (FLAIR) sequence (2D acquisition; TI/TR/

TE: 2000/6000/100ms). All two-dimensional sequences

were acquired with a voxel size of 1.0� 1.0� 4.0mm3

and contiguous slices. A phase-contrast MR angiogra-

phy sequence (2D slice acquisition; TR/TE: 16/9ms;

voxel size¼0.98� 0.98� 5.00mm3; velocity sensitivity
100 cm/s; acquisition at the level of the proximal cav-

ernous segment of the ICA and prepontine basilar

artery) was also performed.

7T MRI protocol

A 7.0T whole-body MRI system (Philips Healthcare,

Cleveland, OH, USA) with a 32-channel receiver head

coil (Nova Medical, Wilmington, MA, USA) was used.

The standard MRI protocol consisted of: a T1-weighted

(3D acquisition; TI/TR/TE¼ 1225/4.8/2.2ms; acquired

voxel size¼ 1.00� 1.00� 1.00mm3; reconstructed¼
0.66� 0.66� 0.50mm3), T2-weighted Turbo-Spin Echo

(3D acquisition; TR/TE¼ 3158/301ms; acquired voxel

size¼ 0.70� 0.70� 0.70mm3; reconstructed¼ 0.35�
0.35� 0.35mm3), magnetization-prepared FLAIR (3D

acquisition; TR/TE¼ 8000/300ms; acquired voxel

size¼ 0.80� 0.80� 0.80mm3; reconstructed¼ 0.49�
0.49� 0.49mm3), and a dual echo susceptibility-

weighted imaging (SWI) (TR/TE1/TE2¼ 20/6.9/

15.8ms; acquired voxel size¼ 0.50� 0.50� 0.70 mm3;

reconstructed¼ 0.40� 0.40� 0.35mm3) sequence.

Vessel wall MRI was performed with a T1-weighted
Magnetization-Prepared Inversion Recovery Turbo
Spin Echo sequence with the following settings: field

of view 250� 250� 190mm3, acquired resolution 0.8�
0.8� 0.8mm3 (reconstructed to 0.49� 0.49� 0.4mm3),
TR/TI/TE¼ 3952/1375/37ms.22

Assessment of ICAS

All patients were assessed by a trained observer
(MHTZ) blinded to patient characteristics.16 MHTZ
was trained by an experienced observer with eight
years of experience with 7T vessel wall MRI 7T assess-
ment (AGvdK). Of note, 7 T vessel wall assessment was
not blinded to the brain parenchyma, the latter of
which is also visible on the vessel wall sequence,

although with low tissue contrast. Therefore, assess-
ments were performed zooming in on the vessel wall
of interest. Lesions were rated according to recently
published criteria.16,23 A lesion was defined as a diffuse
or focal thickening of �50% of the arterial wall, com-
pared to the expected normal thickness, using the con-

tralateral artery, or neighboring arterial segment as
reference. Assessment was performed visually, and we
did not measure lesion thickness. Lesions which were
uncertain were assessed in multiple planes for verifica-
tion. Lesions were rated per arterial segment, with each
segment being able to contain multiple lesions, making
the maximum lesion count theoretically unlimited. We

rated the following segments: the anterior cerebral
arteries (A1, A2 segments), middle cerebral arteries
(M1, M2 segments), distal internal carotid arteries
(ICA; supraclinoid (C6) and communicating segment
(C7)), posterior communicating arteries, posterior cere-
bral arteries (P1, P2 segments, P1–P2 bifurcation), bas-

ilar artery, and vertebral arteries. A lesion which
stretched into multiple segments was counted as a sep-
arate lesion for each segment. Lesions with eccentric
and concentric components were regarded as separate
lesions for each segment. An MR angiography
sequence was not included in the 7T brain MRI pro-
tocol because of logistical reasons. As a result, we were

not able to assess luminal stenosis.

Assessment of MRI markers of cerebrovascular

disease

All assessments were performed by an experienced
observer (MHTZ) blinded to patient characteristics.
Assessment of 1.5 T MRI was performed blinded to
7T MRI assessment and vice versa. Cortical infarcts,
large subcortical infarcts, cerebellar infarcts, and

lacunes of presumed vascular origin were visually
rated on 1.5 T MRI images, on the T1-weighted,
T2-weighted, and FLAIR images. Cortical infarcts
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were defined as a cortical or cortico-subcortical area of

tissue necrosis with a minimum diameter of 4mm to

distinguish from cortical microinfarcts. Large subcorti-

cal infarcts were defined as a subcortical area of cavi-

tated tissue necrosis >15mm in minimum diameter to

distinguish from lacunes. Cortical and subcortical

infarcts were combined into “large subcortical and/or

cortical infarcts” for further analyses, because both are

thought to be primarily caused by large artery disease.

Cerebellar cortical infarcts were defined as areas of

tissue necrosis with involvement of the cerebellar

cortex. Lacunes of presumed vascular origin were

defined according to the STRIVE criteria.2 In brief, a

lacune was defined as a round or ovoid cerebrospinal

fluid-filled subcortical lesion, 3–15mm in size, with a

variable FLAIR rim, and not being a perivascular

space. A consensus was performed with an experienced

neuroradiologist (TDW) for uncertain lesions. Cerebral

cortical microinfarcts were rated on 7T MRI, using the

T1-weighted, T2-weighted, FLAIR, and SWI images,

using standard rating criteria.24 In short, a microinfarct

was defined as a strictly intracortical lesion, visible in

two or more directions, with a maximum diameter

of 4mm, which had to be hyperintense to cortex

on T2-weighted imaging and hypointense on

T1-weighted imaging, without an accompanying micro-

bleed on SWI. Cerebral microbleeds were rated on the

7T SWI source data and a reconstructed minimum

intensity projection (slice thickness 4mm, overlap

2mm).25 We distinguished lobar and deep microbleeds

according to the Microbleed Anatomical Rating

Scale.26

White matter hyperintensity, gray matter, white

matter, and CSF volumes were obtained with a previ-

ously validated probabilistic segmentation technique

using k-nearest neighbor classification, on the 1.5 T

T1-weighted, FLAIR, and T2-weighted inversion

recovery sequences of the MR scans.27 An investigator

(RG) checked all white matter hyperintensity segmen-

tations using an image processing framework

(MeVisLab 2.7.1., MeVis Medical Solutions AG,

Bremen, Germany) and manually adjusted incorrect

segmentations. Infarcts were manually segmented

(MHTZ) and subtracted from the other segmentation

volumes in three-dimensional space. Volumes of gray

matter, white matter, total white matter hyperintensity,

and brain infarcts were summed to obtain total brain

volume. Total intracranial volume was calculated by

summing the total brain volume and the volume of

the cerebrospinal fluid. Deep white matter hyperinten-

sity was defined as >1 cm from the lateral ventricles,

while periventricular white matter hyperintensity was

defined as �1 cm of the lateral ventricles.

Statistical analysis

All analyses were performed using IBM SPSS Statistics
version 25 for Windows (IBM Corporation, Armonk,
NY, USA).

We performed multiple imputation with 10 datasets
to address missing values. Analyses were performed by
pooling the 10 imputed datasets.

ICAS burden, defined as the total number of vessel
wall lesions per patient, was standardized into a
Z-score and was used as the independent variable in
all analyses. Modified Poisson regression with robust
standard errors was used to calculate relative risks
(RRs) for binary dependent variables. Standard linear
regression was used to calculate unstandardized regres-
sion coefficients (b) for continuous dependent varia-
bles. Analyses were adjusted for age and sex in model
1, and additionally for educational level, BMI, smoking
pack-years, alcohol use, diabetes, systolic and DBP,
total cholesterol level, total high-density lipoprotein
level, and use of antihypertensive, lipid-lowering, anti-
platelet, or oral anticoagulant medication (model 2). In
model 3, additional adjustments were made for carotid
stenosis �50%, carotid intima-media thickness, and
ankle–brachial index. All models of cerebral blood
flow were additionally adjusted for total brain
volume. All models of total brain volume and white
matter hyperintensity volume were additionally adjust-
ed for intracranial volume. White matter hyperintensity
volumes were natural-log transformed before being
entered into the model, to obtain a normal distribution.
Residual plots of all linear regression analyses were
checked for regression assumptions (e.g. normal
distribution).

Finally, we stratified the study sample into a right-,
left-dominant, or symmetric ICAS distribution and
calculated descriptives of ICAS distribution and
CSVD lesion distribution per hemisphere to explore
co-localization between ICAS burden and CSVD.
ICAS hemispheric dominance was defined as an inter-
hemispheral difference of one or more vessel wall
lesions. An interhemispheral difference of zero was
defined as symmetric.

Data availability statement

For use of anonymized data, a reasonable request has
to be made in writing to the study group, and the third
party has to sign a confidentiality agreement.

Results

Table 1 shows the characteristics of the study sample
(N¼ 130; 88% male; 68� 9 years). Table 2 gives an
overview of the MRI neuroimaging markers in the
study sample. Brain infarcts were commonly found,
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lacunes of presumed vascular origin being most
common with a frequency of 16%. In addition, there
was a high prevalence of microbleeds, with 57% of
participants having �1 microscopic hemorrhage.
Vessel wall lesions were found in 96% of patients,
with a mean ICAS burden of 8.5� 5.7 lesions
(median 7, range 0–32). A mean ICAS burden of
5.3� 3.2 lesions (median 4, range 0–14) was found in
the anterior circulation, and a mean ICAS burden of
3.8� 3.0 lesions (median 3; range 0–18) was found in
the posterior circulation. A detailed overview of the
vessel wall lesion distribution can be found in our
prior publication.16 Figure 1 presents an example of
vessel wall lesions on 7T vessel wall MRI and the
parenchymal lesions associated with a higher number
of vessel wall lesions (i.e. higher ICAS burden).

Table 3 presents the RR of brain infarcts perþ 1 SD
in ICAS burden, calculated using modified Poisson
regression analysis. ICAS burden was associated with
presence of large subcortical and/or cortical infarcts
(RR¼ 1.65; 95% CI: 1.12–2.43), lacunes of presumed
vascular origin (RR¼ 1.45; 95% CI: 1.14–1.86), and
cortical microinfarcts (RR¼ 1.48; 95% CI: 1.13–
1.94), after adjustment for age, sex, vascular risk fac-
tors, and medication use. Additional adjustment for
carotid stenosis �50%, carotid intima-media thickness,
and ankle–brachial index caused no considerable
change. No significant association was found with cer-
ebellar infarcts (RR¼ 1.15; 95% CI: 0.78–1.70), after
adjustment for age, sex, vascular risk factors, and med-
ication use.

Table 4 presents the RR of microbleeds perþ 1 SD
in ICAS burden, calculated using modified Poisson
regression analysis. As can be seen, no association
was found with presence of microbleeds at any, lobar,
or deep location.

Table 5 presents the unstandardized regression coef-
ficient estimates for total brain volume, white matter
hyperintensity volumes, and cerebral blood flow,
perþ 1 SD in ICAS burden. ICAS burden was associ-
ated with natural-log transformed total white matter
hyperintensity volume (b¼ 0.24; 95% CI: 0.02–0.46)
and natural-log transformed periventricular white
matter hyperintensity volume (b¼ 0.32; 95% CI:
0.08–0.56), but not deep white matter hyperintensity
volume, after adjustment for age, sex, intracranial
volume, vascular risk factors, and medication use.
Additional adjustment for carotid stenosis �50%,
carotid intima-media thickness, and ankle–brachial
index caused no considerable change. A non-
significant association between higher ICAS burden
and lower cerebral blood flow was found
(b¼ –15.24ml/min; 95% CI: –34.85 to 4.38). Note,
analyses of cerebral blood flow were additionaly
adjusted for total brain volume in all models. No

Table 1. Characteristics of study sample (N¼ 130).

Age (years) 68� 9

Men (%) 88%

Body mass index (kg/m2) 27.3� 3.7

Educational level (range 1–7)a 5 (2, 6)

Smoking pack-yearsa 19.8 (0.0, 43.4)

Alcohol use (%)

1–10 units/week 43%

>11 units/week 29%

Systolic blood pressure (mmHg) 139� 17

Diastolic blood pressure (mmHg) 79� 9

Cholesterol, mmol/L

LDL-C 2.4� 0.8

HDL-C 1.3� 0.4

Total 4.4� 0.9

Diabetes (%) 19%

Carotid stenosis �50% 10%

Carotid intima-media thickness (mm) 0.85� 0.23

Ankle–brachial index 1.09� 0.18

History of vascular disease (%)b

Coronary heart disease 82%

Cerebrovascular disease 19%

Peripheral arterial disease 19%

Abdominal aortic aneurysm 2%

Medication use (%)

Antihypertensive medication 83%

Lipid-lowering medication 90%

Antiplatelet medication 89%

Oral anticoagulants 10%

Note: Values are presented as mean� SD or frequencies (as %).
aMedian (10th, 90th percentile).
bComorbid disease is possible.

Table 2. MRI markers of cerebrovascular disease in study
sample (N¼ 130).

Brain infarcts

Cortical infarcts 6.2%

Large subcortical infarcts 3.1%

Lacunes of presumed vascular origin 16.2%

Cerebellar infarcts 11.5%

Cortical microinfarcts 13.1%

Microbleeds

Any microbleeds 57%

Lobar microbleeds 53%

Deep microbleeds 32%

Brain volumes

Brain volume (ml) 1128� 98

Total WMH volume (ml)a 1.5 (0.3, 9.04)

Periventricular WMH volume (ml)a 1.2 (0.2, 8.5)

Deep WMH volume (ml)a 0.2 (0.0, 1.0)

Cerebral blood flow (ml/min) 526� 105

Note: Values are presented as mean� SD or frequencies (%).
aMedian (10th, 90th percentile).

WMH: white matter hyperintensities.
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association was found between ICAS burden and total
brain volume.

Table 6 shows the descriptives of the ICAS and
CSVD lesion distribution between the right and left
hemispheres stratified by ICAS distribution domi-
nance. As expected, the mean number of vessel wall

lesions was similar in the symmetric group, higher in
the left circulation in the left-dominant group, and
higher in the right circulation in the right-dominant
group. In the group with a right hemispheric domi-
nance of vessel wall lesions, the white matter hyperin-
tensity volume was quite symmetric. If anything,

Figure 1. Examples of intracranial vessel wall lesions on 7 T vessel wall MRI (a) and associated parenchymal lesions (b) to (e). (a):
Vessel wall lesions in the M1 segment on both sides (arrows) and M2 lesion on the right (arrowhead); (b): periventricular white matter
hyperintensities; (c): cortical infarct (arrow); (d): lacunes of presumed vascular origin (arrows); and (e): cortical microinfarct (arrow).

Table 3. Association between ICAS burden and presence of brain infarcts (yes vs. no).

Model

Large subcortical/

cortical infarctsb

RR (95% CI)

Lacunes

RR (95% CI)

Cerebellar

infarcts

RR (95% CI)

Cortical

microinfarcts

RR (95% CI)

ICAS burdena 1 1.71 (1.34–2.19) 1.50 (1.19–1.89) 1.28 (0.87–1.86) 1.62 (1.29–2.03)

2 1.65 (1.12–2.43) 1.45 (1.14–1.86) 1.15 (0.78–1.70) 1.48 (1.13–1.94)

3 1.56 (1.12–2.27) 1.41 (1.10–1.82) 1.10 (0.72–1.70) 1.43 (1.07–1.94)

Notes: Values are relative risks (RR) with 95% confidence intervals calculated with modified Poisson regression analysis with robust error variance.

Model 1: adjusted for age and sex. Model 2: model 1þ adjustment for educational level, body mass index, smoking pack-years, alcohol use, diabetes,

systolic/diastolic blood pressure, total cholesterol level, total high-density lipoprotein level, and use of antihypertensive, lipid-lowering, antiplatelet, or

oral anticoagulant medication. Model 3: model 2þ adjustment for carotid stenosis �50%, carotid intima-media thickness, or ankle–brachial index.
aStandardized into Z-score.
bDefined as presence of large subcortical infarcts and/or cortical infarcts.

Table 4. Association between ICAS burden and presence of cerebral microbleeds (yes vs. no).

Model

Any microbleed

RR (95% CI)

Lobar microbleeds

RR (95% CI)

Deep microbleeds

RR (95% CI)

ICAS burdena 1 1.04 (0.89–1.21) 1.03 (0.86–1.23) 1.14 (0.91–1.42)

2 1.09 (0.92–1.29) 1.10 (0.90–1.34) 1.18 (0.92–1.51)

3 1.10 (0.93–1.30) 1.11 (0.91–1.35) 1.19 (0.92–1.54)

Notes: Values are relative risks (RR) with 95% confidence intervals calculated with modified Poisson regression analysis with robust error variance.

Model 1: adjusted for age and sex. Model 2: model 1þ adjustment for educational level, body mass index, smoking pack-years, alcohol use, diabetes,

systolic/diastolic blood pressure, total cholesterol level, total high-density lipoprotein level, and use of antihypertensive, lipid-lowering, antiplatelet, or

oral anticoagulant medication. Model 3: model 2þ adjustment for carotid stenosis �50%, carotid intima-media thickness, or ankle–brachial index.
aStandardized into Z-score.
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lacunes and microinfarcts were more present in the left

hemisphere. In the group with a left hemispheric dom-

inance of vessel wall lesions, white matter hyperinten-

sity volume and lacune presence was quite symmetric

and lacunes were more present on the right.

Discussion

In this cohort of 130 patients with a history of vascular

disease, vessel wall lesions on 7T MRI were very

common and a higher number of lesions was associated

with large subcortical and/or cortical infarcts as well as

MRI features of CSVD, including lacunes of presumed

vascular origin, periventricular and total white matter

hyperintensity volume, and cortical microinfarcts.
Our findings regarding lacunes are in concordance

with early post-mortem studies7,28 and a few neuroim-

aging studies in Asian populations,8,9 but contradict

the conclusion of a study in whites with lacunar

stroke.5 A possible explanation for the latter discrep-

ancy could be the difference in ICAS imaging: ultra-

high field vessel wall MRI versus transcranial Doppler

ultrasound. Furthermore, we found an association

between vessel wall lesions and white matter

hyperintensities. Although a relation between ICAS

and white matter lesions is a matter of ongoing dis-

pute,29 several studies have found associations with

ICAS,30–32 and with carotid stenosis.33–35 Our findings

add to the growing body of evidence that ICAS is relat-

ed to white matter hyperintensities. Moreover, we

found an association between vessel wall lesions and

cortical microinfarcts, which is in line with the few

small in vivo studies published on this subject.36–38 A

possible pathway linking vessel wall lesions to these

CSVD features could be steno-occlusive disease or

(micro)embolisms; both can lead to downstream ische-

mic lesions.24

We did not find an association between vessel wall

lesions and microbleeds. However, this seems in con-

cordance with the view that incidental microbleeds are

generally caused by intrinsic small vessel disease, e.g.

hypertensive vasculopathy and cerebral amyloid angi-

opathy.39 Although we observed an association

between higher numbers of vessel wall lesions and

lower cerebral blood flow, it did not reach statistical

significance. Vessel wall thickening can cause a reduc-

tion of downstream cerebral blood flow by means of

luminal stenosis.40 Unfortunately, we do not have data

Table 5. Association between ICAS burden and brain volumes and cerebral blood flow.

Model

Total brain

volume (ml)

b (95% CI)

Total WMH

volume (ml)b

b (95% CI)

Periventricular

WMH volume (ml)b

b (95% CI)

Deep WMH

volume (ml)b

b (95% CI)

Cerebral blood

flow (ml/min)c

b (95% CI)

ICAS

burdena
1 0.34 (�5.05 to 5.73) 0.24 (0.04 to 0.43) 0.31 (0.1 to 0.52) 0.02 (�0.21 to 0.25) �15.62 (�32.97 to 1.72)

2 1.99 (�4.01 to 7.98) 0.24 (0.02 to 0.46) 0.32 (0.08 to 0.56) 0.01 (�0.26 to 0.26) �15.24 (�34.85 to 4.38)

3 2.14 (�3.92 to 8.2) 0.25 (0.03 to 0.48) 0.33 (0.10 to 0.57) 0.01 (�0.26 to 0.27) �12.39 (�31.87 to 7.09)

Values are unstandardized linear regression coefficients (b) with 95% confidence intervals calculated with standard linear regression analysis.

Model 1: adjusted for age and sex. Model 2: model 1þ adjustment for educational level, body mass index, smoking pack-years, alcohol use, diabetes,

systolic/diastolic blood pressure, total cholesterol level, total high-density lipoprotein level, use of antihypertensive, lipid-lowering, antiplatelet or oral

anticoagulant medication. Model 3: model 2þ adjustment for carotid stenosis �50%, carotid intima-media thickness or ankle–brachial index.
aStandardized into Z-score.
bNatural-log transformed.
cAnalyses of cerebral blood flow were additionally adjusted for total brain volume in all models.

WMH: white matter hyperintensities.

Table 6. Descriptives of CSVD lesion distribution stratified by left vs. right dominant or symmetric ICAS distribution.

ICAS dominance

ICAS burden

(no. lesions) WMH volume (% ICV)a
Lacunes

present (%)

CMIs

present (%)

Right Left Right Left Right Left Right Left

Symmetric (n¼ 29) 4.1 4.1 0.10 (0.02, 0.68) 0.10 (0.03, 0.64) 10% 3% 10% 10%

Right (n¼ 45) 5.1 3.6 0.11 (0.02, 0.49) 0.09 (0.01, 0.56) 9% 16% 7% 13%

Left (n¼ 56) 3.0 4.8 0.10 (0.02, 0.56) 0.09 (0.02, 0.57) 11% 11% 9% 5%

Note: right indicates right hemisphere and left indicates left hemisphere.
aMedian (10th, 90th percentile).

WMH: white matter hyperintensities; ICV: intracranial volume; CMIs: cortical microinfarcts.
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on stenosis grade, because we did not include an MR
angiography sequence in our protocol. A possible
explanation for the absent association is that the
effect of the hemodynamically-significant stenotic
lesions is attenuated by a bulk of non-stenotic lesions.
However, we have no way to examine this. Finally, no
association was found between ICAS and total brain
volume. As far as we know, no prior studies have
observed this association, although associations
between carotid stenosis and cerebral atrophy have
been observed.34,41

Our study has several strengths. First, 7 T vessel
wall MRI enabled visualization of the actual patholo-
gy, which is located in the vessel wall, enabling identi-
fication of ICAS independent of luminal stenosis.
In addition, the large coverage area and increased
contrast-to-noise ratio compared to lower field strengths
facilitated a more complete and accurate assessment
of ICAS than is possible at lower field strengths.
Furthermore, we were able to examine various MRI
markers of large vessel and small vessel disease within
one study and data on vascular risk factors and medi-
cation use allowed to adjust for possible confounding
factors. Finally, microinfarcts and microbleeds were
assessed on 7T field strength, which is the most sensitive
field strength for these lesions in vivo.

Several limitations also need to be addressed. First,
because the data were analyzed cross-sectionally, we
cannot draw any conclusions regarding causality.
Second, there is a lack of radiopathologic correlation
studies on intracranial vessel wall lesions, which leaves
the possibility that not all lesions are of atherosclerotic
pathology. However, this is a limitation of all current
vessel wall imaging studies. Furthermore, we think the
a priori probability of a lesion being non-
atherosclerotic (e.g. dissection, vasculitis), especially
in our population and study setting, is very low.
Additionally, their correlation with vascular risk fac-
tors16 and extracranial atherosclerosis,17 further sup-
ports its use as a marker of ICAS. Third, our study
sample has a high burden of manifest arterial disease
and high frequency of vascular risk factors, which may
have limited power to adjust for these factors. We tried
to carefully adjust for these vascular risk factors by
adding continuous (e.g. pack-years of smoking, blood
pressure) instead of dichotomous measures (e.g. smok-
ing, hypertension) to the models, which resulted in
higher variability in risk factor exposure. Studies in
different settings are needed to see if the observed rela-
tionships can be generalized to the other populations.
Fourth, although vessel assessment was blinded to
1.5 T and 7T brain MRI assessment, it was not blinded
to the brain parenchyma, the latter of which is also
visible on the vessel wall sequence. However, the intra-
parenchymal contrast is very low and assessment was

performed zoomed in on the vessel of interest.
Nonetheless, a large cortical infarct is difficult to over-
look and could have involuntarily lead to more
thorough assessment of the vessel walls. Of note,
white matter hyperintensities and microinfarcts are
not easily visible on this sequence, and were also asso-
ciated with ICAS. Finally, a large majority of our study
sample were taking one or more vascular medications,
which might have modified the association between
ICAS and MRI features of CSVD. Due to the sample
size, we were not able to stratify analyses on medica-
tion use.

Our findings have importance because the associa-
tion between vessel wall lesions and MRI features of
CSVD suggests that ICAS might have a role in the
etiology of MRI features CSVD. However, ICAS
burden could also be a marker of intracranial large
and small vessel disease. Meaning, the severity of
large and small vessel disease is correlated, e.g. due to
shared risk, but it is the small artery disease that causes
the brain lesions. As we did not image the actual small
vessels—but only the parenchymal sequelae on MRI,
we cannot reliable untangle this. Furthermore, we did
not find evidence of co-location of ICAS and CSVD
lesions, which could have strengthened the case for
causality. Future studies should try to functionally
and structurally visualize the small(est) vessels and
large vessels and test if they are differentially associated
with MRI markers of CSVD, preferably in a longitu-
dinal study design. Apart from this, the co-occurrence
could still help explain part of the heterogeneity of
CSVD10 (e.g. in regard to clinical functioning).

In conclusion, a higher ICAS burden was associated
with more MRI features of CSVD, although no evi-
dence of co-location was observed. Further longitudi-
nal studies, preferably employing high-resolution
vascular imaging,42,43 are required to determine if
ICAS precedes development of CSVD.
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