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Background and aims: MRI can detect intracranial vessel wall thickening before any luminal stenosis is
present. Apart from representing a vessel wall lesion, wall thickening could also reflect normal (age-
related) variations in vessel wall thickness present throughout the intracranial arterial vasculature. The
aim of this study was to perform vessel wall thickness measurements of the major intracranial arteries in
ex vivo circle of Willis (CoW) specimens using 7T MRI, to obtain more detailed information about wall
thickness variations of the intracranial arteries.
Methods: Fifteen human CoW specimens were scanned at 7T MRI with an ultrahigh-resolution T1-
weighted sequence. Five specimens were used for validation of MRI measurements with histology and
evaluation of inter-rater reliability and agreement. The other 10 specimens from patients with (n¼ 5)
and without (n¼ 5) cerebrovascular disease were used for vessel wall thickness measurements over the
entire length of the major arterial segments of the CoW using MRI only.
Results: MRI measurements showed excellent agreement with histology. Mean wall thickness varied
from 0.45 to 0.66mm, minimum wall thickness from 0.31 to 0.42mm, maximum wall thickness from
0.52 to 0.86mm, and normalized wall index from 0.64 to 0.75. On average, vessel walls were thicker for
symptomatic patients compared to asymptomatic patients.
Conclusions: High-resolution MRI enables accurate measurement of vessel wall thickness in ex vivo CoW
specimens. Vessel wall thickness measurements over the entire length of segments showed considerable
variation both within and between arterial segments of patients.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In the last decade, several MRI sequences have been developed
for direct visualization of the intracranial vessel wall [1]. Their
advantage, compared with conventional imaging techniques for
visualization of the intracranial arteries (e.g. MRA or CTA), is the
ability to detect vessel wall lesions before any luminal stenosis is
present [2]. A vessel wall lesion is generally defined as a focal or
more diffuse but restricted area of vessel wall thickening. However,
apart from representing a vessel wall lesion, wall thickening could
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also reflect normal (age-related) variation in vessel wall thickness
present throughout the intracranial arterial vasculature.

Currently, differentiation between pathological thickening and
normal (age-related) vessel wall thickness variation is difficult.
Autopsy studies have described the spatial distribution and severity
of atherosclerosis in the intracranial arteries [3e5]. However, in
contrast to vessel wall (intima-media) thickness of extracranial
arteries, which have been studiedmore extensively thus far, limited
information is available on the quantitative assessment of vessel
wall thickness and thickness variation over entire arterial segments
of the arteries of the circle of Willis (CoW) [6e9]. This is mainly
because the intracranial arteries are small and have a tortuous
orientation, which demands high quality (both with respect to
contrast-to-noise and spatial resolution) of the used imaging
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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techniques to properly visualize the vessel wall in vivo. In addition,
the arteries are difficult to access, hampering correlation of in vivo
imaging results with histology [10]. Next to differentiating normal
thickness variation from vessel wall lesions, information regarding
wall thickness would also shed new light on the minimum spatial
resolution required for dedicated in vivo vessel wall imaging. MR
imaging of ex vivo specimens enables visualization of these small
and tortuous intracranial arteries with ultra-high spatial resolution
from which thickness measurements over the entire length of
arterial segments can be derived, combined with histologic vali-
dation to distinguish between pathological thickening and normal
vessel wall thickness. In histological assessments, normally only a
limited number of samples are analyzed per vessel segment. Ex vivo
MRI with ultra-high spatial resolution allows for assessment of
entire arterial segments to examine total vessel wall thickening/
lesion burden, thereby posing a viable complementary method to
histological assessment [11].

In the current study, vessel wall thickness measurements of the
major intracranial arteries were performed in ex vivo specimens of
the CoW using 7T MRI, to obtain more detailed information about
wall thickness variations of the intracranial arteries. Histology was
used for validation of the MRI measurements. Thickness mea-
surements were performed in patients with and without cerebro-
vascular disease, obtaining an impression of vessel wall thickness
variations present in different patient subgroups.

2. Materials and methods

2.1. Specimens

Human CoW specimens were selected for this study from >100
autopsy cases that were performed in our institution. For validation
of MRI measurements with histology, specimens were used that
had been selected for a previous study on plaque characteristics
[12]. For the other specimens used in this study, patients with a
clinical history of TIA or ischemic stroke (further referred to as
‘symptomatic’ patients), and without a clinical history of cerebro-
vascular disease (further referred to as ‘asymptomatic’ patients)
were selected, to enable comparison of vessel wall thickness in both
populations.

Institutional review board approval was obtained for this
retrospective study. The material was handled in a coded manner
that met the criteria of the Code of conduct used in the Netherlands
for responsible use of human tissue in medical research (www.
federa.org/codes-conduct).

2.1.1. Specimen preparation
All specimens were stored in buffered formalin (4%). Before

scanning, all specimens were cleaned from clotted blood products
and embedded in a petri dish containing 2% agarose solution, as
previously described [13]. To enable spatial correlation between
MR images and histological slides for validation of MRI measure-
ments, fiducials (cactus spines) were placed in the agarose gel at 15
locations adjacent to an arterial segment in each CoW specimen.
The locations were chosen to sample all major arterial segments of
the CoW including their branches (Fig. 1A) [12].

2.2. MR imaging

Imaging was performed at room temperature on a 7T whole
body system (Philips Healthcare, Best, the Netherlands), with a
custom-made high-density receive coil (16 channels per 70 cm2;
MR Coils BV, Zaltbommel, the Netherlands) [14], and a volume
transmit/receive coil for transmission (Nova Medical, Wilmington,
MA, USA). The embedded specimens used for validation were
imaged individually; the petri dish containing the specimen was
placed in the middle of the transmit/receive coil on top of the high-
density receive coil. The other specimens (without histopatholog-
ical validation) were imaged two at a time, with two high-density
receive coils placed above and below the two petri dishes con-
taining the specimens.

2.2.1. Protocol
All specimens were scanned with an ultra-high resolution 3D

T1-weighted gradient echo sequence with short TR and relatively
high flip angle for T1 weighting. In a previous ex vivo study at 7T
[12], T1-weighted imaging was shown to have the most promising
image contrast for visualizing the intracranial arterial vessel wall.
The five specimens used for validation were scanned with the
following scan parameters [12]: FOV 150� 150� 20mm3, acquired
resolution 0.13� 0.13� 0.13mm3, TR/TE 16/4.3 ms, flip angle 44�,
bandwidth 165 Hz/pixel, 1154 ky-lines per shot, acquisition time
approximately 1h35min per specimen. The other ten specimens
were scanned with a sequence with an even higher spatial reso-
lution [13], optimized for the vessel wall T1 relaxation times re-
ported previously at 7T [12]: FOV 95� 130� 35mm3, acquired
resolution 0.11� 0.11� 0.11mm3, TR/TE 55/6.1 ms, flip angle 28�,
bandwidth 184 Hz/pixel, 1182 ky-lines per shot, acquisition time
approximately 5h46min for two specimens. To mitigate potential
artifacts caused by scanner frequency drift, the scanner resonance
frequency was measured and adjusted between each shot during
scanning. The isotropic resolution of the acquired MR images
allowed for reconstructions along arbitrary planes.

2.3. Validation of MRI measurements with histology

After scanning, samples were taken from the 15 marked loca-
tions of each CoW specimen that was used for validation. Each
sample was marked with ink for spatial orientation after histo-
logical processing. Histological processing was performed using an
in-house developed protocol, as previously described [13]. From
the MR images MPRs were made (interslice distance: 0.5mm)
perpendicular to the centerline of the artery (drawn manually) at
the fiducial locations, using dedicated vascular analysis software
(Cardiovascular Angiographic Analysis System (CAAS) MRA; Pie
Medical Imaging, Maastricht, The Netherlands). Next, the MR and
histological imageswerematchedmanually by one rater (AH) using
the ink markings in the histological sections, the locations marked
with the fiducials in the MR images, and the gross morphological
features. Samples were excluded from validation when: (1) no
match was found, (2) the histological section was too fragmented,
or (3) air bubbles were present in the MR images.

After matching the histological sections with the corresponding
MR images, vessel wall boundaries (outer wall and lumen contours)
were drawn in the histological sections by one rater (AH) blinded to
theMRI data, and vice versa (Fig. 1). Splits present in the vessel wall
due to the histological preparation procedure were taken into ac-
count by drawing separate ROIs for each split, and adding these
areas to the lumen area. Total vessel and lumen area derived from
the drawn vessel wall contours were used for comparison of MRI
measurements with histology.

2.4. Vessel wall thickness analysis

For the histological sections, vessel wall boundaries were drawn
manually using MeVisLab (version 2.7; MeVis Medical Solutions,
Bremen, Germany; Fig. 1C). For the MRI slices, vessel wall bound-
aries were drawn on the reconstructed images using the software
program CAAS MRA, with dedicated add-on software MRTool
(Fig. 1D). Based on the manually traced vessel boundary contours,
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Fig. 1. Example of one of the circle of Willis specimens used for validation of the vessel
wall thickness measurements.
(A) Photograph and (B) T1-weighted image (maximum intensity projection). The black
circles in (A) indicate fiducials (cactus spines) placed for spatial correlation at 15 lo-
cations along the major arterial segments of the circle of Willis. The white markings in
(B) show the locations used for histological sampling and multiplanar reconstructions
of MR images. (C) Histological section of a sample from the specimen (right vertebral
artery) with the corresponding T1-weighted image (D), showing the manually drawn
vessel wall boundaries of the outer wall (red) and lumen (green) fromwhich the vessel
wall thickness parameters were calculated. The white circles in (D) indicate the
manually placed points by the rater to delineate the vessel wall boundaries, which can
be manually adjusted retrospectively with the used software program if necessary. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

Fig. 2. Calculation of vessel wall thickness parameters based on the drawn vessel wall
boundaries.
(A) T1-weighted image (maximum intensity projection) of an embedded circle of Willis
specimen used for MRI-based vessel wall thickness assessment over the entire length
of different vessel segments. The white markings show the multiplanar re-
constructions (MPRs) that were made perpendicular to the centerline (yellow line) for
the right middle cerebral artery. Examples of MPR images at 2mm (B) and 7mm (C)
showing the vessel wall boundaries delineated for the outer wall (red) and lumen
(green). (D and E) Based on the drawn vessel wall boundaries in each reconstructed
slice, vessel wall thickness parameters were calculated for the entire arterial segment.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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vessel wall parameters were calculated by the software programs
for each analyzed slice (for MRI and histology separately). These
parameters included: lumen area (LA), total vessel area (TVA), wall
area (WA; TVA-LA), wall thickness (mean, minimum, and
maximum), and normalized wall index (WA/TVA). The mean vessel
wall thickness was calculated based on the vessel areas [15]. In this
method mean vessel wall thickness for each slice is calculated as
the difference in the radii of the total vessel and lumen area (Fig. 2
of Ref [16]). Minimum and maximum wall thickness were calcu-
lated as the minimal and maximal distance measured between
outer wall and luminal boundary. Distance between outer wall and
luminal boundary were automatically determined at multiple lo-
cations (�100) by the used software programs.

Inter-rater reliability and agreement of the calculated vessel
wall parameters were assessed using vessel wall boundaries drawn
by a second rater (AK) in a subset of the histological sections and
their matching MRI slices.
2.4.1. MRI measurements of arterial segments
Vessel wall thickness measurements were performed over the

entire length of the major arterial segments of the CoW, using the
CAAS MRA software, blinded to the clinical history of the patients.
First, MPRs were made perpendicular to the centerline of each
arterial segment (interslice distance: 1.0mm). Next, vessel wall
boundaries (outer wall and lumen) were drawn in each recon-
structed slice by one rater (AH). Based on the drawn vessel wall
boundaries, vessel wall thickness parameters were calculated
(Fig. 2). All segments were analyzed from proximal to distal, and
over a fixed length for all specimens (longest length possible to still
include the majority of subjects). The analyzed vessel segments
included: anterior cerebral artery (A1 segment, length: 10mm; A2
segment, length: 5mm), intracranial internal carotid artery (C7
segment, length: 4mm), middle cerebral artery (M1 segment,
length: 7mm), basilar artery (proximal part, length: 9mm; distal
part, length: 9mm), posterior cerebral artery (P1 and P2 segments,
length: 8mm), and vertebral artery (length: 12mm). The posterior
communicating arteries were not assessed based on their known
variability in size/presence. Hypoplastic vessel segments, slices
containing side branches originating from the artery of interest
(possibly resulting in overestimation of thickness measurements),
or vessel segments/slices where the vessel wall contours were not
well visible (e.g. due to air present in the arterial lumen or collapsed
vessel) were excluded from thickness calculations. Linear interpo-
lation of calculated vessel wall thickness parameters was per-
formed for the vessel walls located in between the reconstructed
slices, as well as for the excluded slices.
2.5. Statistical analysis

MRI measurements of vessel wall parameters were compared
with the histological measurements by linear regression analysis.
Inter-rater reliability and agreement of the derived vessel wall
parameters were evaluated using the intraclass correlation coeffi-
cient and Bland-Altman analysis. Mean and standard deviation
values for the vessel wall parameters were calculated for each
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included segment (with fixed length) over all specimens, and for
the individual slices over the entire length of each segment
(grouped for asymptomatic and symptomatic patients).

3. Results

3.1. Specimens

In total, 15 CoW specimens were included in this study. Five
specimens (from 5 patients) were used for validation of MRI mea-
surements with histology and evaluation of inter-rater reliability
and agreement (3 male; mean age 66.2 years; range 42e92 years).
The other 10 specimens from patients with (n¼ 5) and without
(n¼ 5) cerebrovascular disease were used for vessel wall thickness
measurements over the entire length of the major arterial seg-
ments of the CoW using MRI only. Demographic and clinical data of
these specimens are summarized in Table 3 of [16].

3.2. Validation of MRI measurements with histology

From the five CoW specimens that were selected for validation
of MRI measurements with histology, in total 70 samples were
obtained from the different arterial segments (15 marked locations
per specimen, Fig. 1A and B; n¼ 5 arterial segments were absent).
Of these samples, 25 were excluded due to: (1) lack of match be-
tween the MR image and histological section (n¼ 8), (2) frag-
mentation of the histological section (n¼ 16), or (3) the presence of
air on MRI (n¼ 1), leaving 45 samples for validation analysis. The
lack of match betweenMRI and histology is probably mainly caused
by deformation of the histological section after removing the
sample from the embedded specimen for histological processing.
On average 9 samples were included per specimen (range 7e10).

Scatterplots and Bland-Altman plots of lumen and total vessel
area measurements on the histological sections and corresponding
MR images are shown in Fig. 3. The total vessel and lumen areas
measured on MRI both had a high goodness-of-fit with histology,
(R2¼ 0.95 and R2¼ 0.91, respectively), with a root-mean-square-
error of 1.02mm2 and 0.62mm2, respectively. Furthermore,
Bland-Altman plots (Fig. 3C and D) showed a positive bias for MRI
measurement relative to histology measurement for both total
vessel and lumen area (0.71mm2 and 0.35mm2, respectively).

Inter-rater reliability of parameters derived from the delineated
vessel wall boundaries in a subset of 10 samples (22%)was excellent
for both MRI and histology; all intraclass correlation coefficients
were above 0.85 (Table 2 of [16]).

3.3. MRI measurements of arterial segments

In the ten specimens selected for MRI-based vessel wall thick-
ness assessment, 123 arterial segments were present (n¼ 7 seg-
ments were absent). Of these 123 segments, 21 were excluded for
different reasons: the segment was too short (n¼ 10), the segment
was hypoplastic (n¼ 5), the vessel had collapsed (n¼ 4), or the
presence of air in the lumen (n¼ 2). This resulted in a total of 102
vessel segments that were included for analysis (52 from asymp-
tomatic patients; 50 from symptomatic patients).

Segment averages of thickness measurements from all patients
are presented in Table 1 of [16]. Thickness measurements over the
entire length of each analyzed vessel segment are shown in Fig. 4
(mean wall thickness) and Fig. 5 (minimum and maximum wall
thickness), grouped for the asymptomatic and symptomatic pa-
tients. In Fig. 1 of [16], mean vessel wall thickness MRI measure-
ments over the entire vessel segment are shown for each individual
patient.
4. Discussion

The current study focused on vessel wall thickness measure-
ments of the major intracranial arteries, measured using 7T MRI in
both asymptomatic and symptomatic patients. The main results
show that ultrahigh-resolution MRI at 7T enables accurate mea-
surement of vessel wall thickness in ex vivo CoW specimens with
excellent agreement with histology. Vessel wall thickness mea-
surements over entire segments showed considerable variation
both within and between arterial segments of patients. Symp-
tomatic patients on average had thicker walls than asymptomatic
patients.

The number of studies performing vessel wall thickness mea-
surements of the intracranial arteries in vivo is still limited. Thus far,
studies have mainly focused on performing thickness measure-
ments in patients at the location of a stenosis in a specific arterial
segment, like the middle cerebral artery [17e19] or basilar artery
[20,21], or at standard locations representing common sites for
intracranial atherosclerosis in healthy controls and patients [22].
Difficulties encountered during in vivo measurements were delin-
eation of the outer wall at the interface between vessel wall and
brain parenchyma, although this improved in patients with more
CSF surrounding the arteries due to age-related brain atrophy [18].
In addition, the choice of a good reference site was often stated to
be difficult [18,20]. Recently, a large multicenter study by Qiao et al.
[23] included in vivo quantitative measurements of several intra-
cranial vessel segments. Measurements were performed over a
longer distance for each analyzed vessel segment, instead of only
focusing on a specific location (i.e. stenosis). Their measured mean
vessel wall thickness ranged from 0.95 (basilar artery; average
white participants) to 1.05mm (anterior cerebral artery; average
white participants). In the current study this ranged from 0.45
(anterior cerebral artery (A1 segment)) to 0.66mm (internal carotid
artery) when taking into account vessel segments that were
included in both studies.

One of the major drawbacks of ex vivo studies is the effect of
tissue storage. Formalin used for tissue fixation causes some tissue
shrinkage, which ranges from 8 to 20% [24,25]. This shrinkage
partially covers the observed significant difference in mean vessel
wall thickness between in vivo [23] and the ex vivo measurements
reported here, where the mean vessel wall thickness is ~50%
smaller ex vivo than in vivo. Another important factor possibly
explaining the difference between ex vivo and in vivo studies, such
as that by Qiao et al. [23], is the spatial resolution that was used for
acquisition of the vessel wall images. The reported in vivo acquired
spatial resolution was 0.5� 0.5� 0.5mm3. To perform accurate
thickness measurements, at least two full voxels without partial
volume effects should represent the vessel wall (Nyquist-Shannon
sampling theorem) [26,27]. Taking into account the diagonal of
voxels, this results in a minimum thickness of (sqrt(3) * .5 * 2 ¼ )
1.7 mm to ensure reliable results regardless of the orientation of the
vessel with respect to the voxels. Assuming the wall is parallel to
one of the voxel faces, the minimum reliable thickness is still
1.0 mm. In the study by Qiao et al., the mean vessel wall thickness
for all analyzed segments varies closely around this minimum
thickness of 2 voxels, while in the current postmortem study
thickness was measured with a much higher spatial resolution
(0.11 � 0.11 � 0.11 mm3) resulting in lower values with more
variation between the different vessel segments (0.45e0.66mm).
Finally, another important factor that could explain differences
between in vivo and ex vivo thickness measurements is the occur-
rence of radial and transitional displacements of the vessel wall
during the cardiac cycle. This can limit in vivo measurement of
vessel wall boundaries and subsequently wall thickness.

Although there was considerable variation between individual



Fig. 3. Scatterplots and Bland-Altman plots of total vessel and lumen area measurements on the histological sections and corresponding MR images.
(A and C) Total vessel area (TVA) and (B and D) lumen area (LA) measurements derived from the drawn vessel wall contours for the outer wall and lumen.
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patients, on average the vessel wall showedmore thickening for the
symptomatic group compared with the asymptomatic group for all
analyzed segments. Thus far, asymptomatic and symptomatic pa-
tients have only been compared in vivo at the location of an MCA
stenosis [17,19]. A previous autopsy study showed intracranial
atherosclerosis was more frequently present in (fatal) stroke pa-
tients than in their control group (without stroke) [28], which
might be an explanation for the increased wall thickness in our
symptomatic group. Other vascular territories have already been
studied more extensively. For instance, increased vessel wall (in-
tima-media) thickness in the carotid artery [29] and aorta [30] was
found to be associated with future cardiovascular events. Studies in
a healthy general population or without clinical cardiovascular
disease showed wall thickness increases with age and varies with
sex and race [7,31].The prevalence of intracranial atherosclerosis
has also been shown to vary depending on race-ethnicity, sex and
age [32,33]. In the current study, the number of included patients
was not large enough to stratify between different characteristics to
identify the driving factor of the difference in wall thickness
observed both within and between the two groups. A future study
in a larger patient population with different risk factors and cere-
brovascular disease burden would be an interesting next step to-
wards a better understanding of possible causes of increased vessel
wall thickness of the intracranial arteries.

The number of excluded samples for validation of MRI mea-
surements with histology was relatively high. Fortunately, the
excluded samples were relatively equally spread over the different
arterial segments. Only the number of excluded vertebral artery
samples was notable (7/10), however, this was mainly because this
arterial segment was often absent (n¼ 5). Also the number of
excluded samples of the ICAwas relatively high. For this segment it
was often difficult to obtain a proper sample for histological pro-
cessing, since the excision length performed by the pathologist
during autopsy was often very short. Because a large number of
samples were obtained per specimen from multiple arterial seg-
ments, the included samples still represent a wide range of arterial
segments from multiple specimens.

Several limitations exist in this study. First, the number of pa-
tients in this study is relatively small. Therefore, differences
observed between groups in this study should be further investi-
gated in future studies within a larger patient population. Second,
image analysis was performed manually. Especially delineation of
the lumen and outer wall contours over entire segments was very
labor- and time intensive. Development of a tool that is capable of
performing vessel wall delineation automatically, as is available for
the carotid arteries and descending aorta [34], would be a pre-
requisite when expanding to larger patient groups. Third, the fixed
length that was used for each included arterial segment in this
study was determined by the excision lengths performed by the
pathologist during brain autopsy. To include more data over longer
distances in future studies, the variation in excision lengths be-
tween specimens should be reduced. Fourth, wall thickness dif-
ferences between specimens could be influenced by the presence of
focal atherosclerotic plaques as opposed to diffuse thickening of the
walls. However, because of the focal nature of these plaques, we
expect the maximum wall thickness would have been influenced
primarily, while their effect would have been dampened in the
mean thickness calculations. Fifth, patients in this study were
subdivided in groups based on a clinical history of TIA/ischemic
stroke (symptomatic) or the absence of a clinical history of



Fig. 4. Mean vessel wall thickness (MVWT) MRI measurements over the fixed length of each analyzed vessel segment.
For set locations along the length of the arterial segments (sample distance: 0.5mm), mean and standard deviation were calculated for the symptomatic (red) and asymptomatic
(black) specimens, separately. One-sided error bars are shown for clarity. The distance represents the locations along the arterial segments from proximal to distal. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Minimum and maximum vessel wall thickness MRI measurements over the fixed length of each analyzed vessel segment.
Mean and standard deviation were calculated for the symptomatic (red) and asymptomatic (black) specimens separately, conform to Fig. 4. One-sided error bars are shown for
clarity. The distance represents locations along the arterial segments from proximal to distal. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

A.A. Harteveld et al. / Atherosclerosis 273 (2018) 106e114112
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cerebrovascular disease (asymptomatic). However, patients
without a history of cerebrovascular disease might still have risk
factors that play a role in the development of intracranial athero-
sclerotic plaque formation. For future studies, it might be important
to take this into account when comparing different subgroups, to
reduce/better explain variation/outliers within groups (e.g. spec-
imen 5 of the asymptomatic group in Fig. 1 of [16]). Lastly, scan
sequences with different spatial resolutions were used for the
validation with histology (0.13� 0.13� 0.13mm3) and the MRI
measurements of arterial segments (0.11� 0.11� 0.11mm3).
Increasing spatial resolution has been shown to improve repro-
ducibility of wall dimension measurements [35]. MRI measure-
ments on images with the lower spatial resolution already showed
excellent agreement with histology, as well as excellent inter-rater
agreement. Therefore, using MR images with even higher spatial
resolution will only improve these results.

In conclusion, ultrahigh-resolution MRI enables accurate mea-
surement of vessel wall thickness in ex vivo CoW specimens,
showing thickness variations over entire segments. The major ar-
teries of the CoW showed thickness variation both within and be-
tween arterial segments of patients, as well as between
asymptomatic and symptomatic patients. Considering the rela-
tively small thickness variations that are present, the currently used
in vivo intracranial vessel wall MRI sequences require a higher
spatial resolution for accurate measurement of vessel wall thick-
ness in patients and to detect changes over time.
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