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ABSTRACT

BACKGROUND AND PURPOSE: Several studies have attempted to characterize intracranial atherosclerotic plaques by using MR imaging
sequences. However, dedicated validation of these sequences with histology has not yet been performed. The current study assessed the
ability of ultra-high-resolution 7T MR imaging sequences with different image contrast weightings to image plaque components, by using
histology as criterion standard.

MATERIALS AND METHODS: Five specimens of the circle of Wills were imaged at 7T with 0.11 � 0.11 mm in-plane-resolution proton
attenuation–, T1-, T2-, and T2*-weighted sequences (through-plane resolution, 0.11–1 mm). Tissue samples from 13 fiducial-marked locations
(per specimen) on MR imaging underwent histologic processing and atherosclerotic plaque classification. Reconstructed MR images were
matched with histologic sections at corresponding locations.

RESULTS: Forty-four samples were available for subsequent evaluation of agreement or disagreement between plaque components and
image contrast differences. Of samples, 52.3% (n � 23) showed no image contrast heterogeneity; this group comprised solely no lesions or
early lesions. Of samples, 25.0% (n � 11, mostly advanced lesions) showed good correlation between the spatial organization of MR imaging
heterogeneities and plaque components. Areas of foamy macrophages were generally seen as proton attenuation–, T2-, and T2*- hypoin-
tense areas, while areas of increased collagen content showed more ambiguous signal intensities. Five samples showed image-contrast
heterogeneity without corresponding plaque components on histology; 5 other samples showed contrast heterogeneity based on
intima-media artifacts.

CONCLUSIONS: MR imaging at 7T has the image contrast capable of identifying both focal intracranial vessel wall thickening and
distinguishing areas of different signal intensities spatially corresponding to plaque components within more advanced atherosclerotic
plaques.

ABBREVIATIONS: CoW � circle of Willis; PD � proton-attenuation

Intracranial atherosclerosis is emerging as one of the main causes

of cerebral ischemic stroke and transient ischemic attack, with a

high risk of recurrent ischemic events.1 In recent years, several

MR imaging sequences have been developed on 3T and 7T field

strengths that specifically visualize the intracranial arterial vessel

wall, enabling direct assessment of intracranial atherosclerotic

plaques.2-8 Similar to studies of carotid artery atherosclerosis al-

most a decade ago, several studies have recently attempted to

characterize intracranial plaque components, such as intraplaque

hemorrhage,9,10 fibrous cap,11 and lipid components, by using

MR imaging.12,13

For the carotid arteries, much research has already been done

validating image signal heterogeneity within the vessel wall with

histology, the criterion standard.14-20 Imaging carotid artery ath-

erosclerosis has the advantage of easy access to ex vivo atheroscle-

rotic plaque material for validation, using carotid endarterectomy

specimens. It is now possible to image calcification, fibrous cap,

intraplaque hemorrhage, and lipid-rich necrotic core in the ca-

rotid artery with moderate-to-good sensitivity and specificity by
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using multicontrast MR imaging.20 Although 1 recent study

showed promising preliminary results of plaque characterization

by using a combined T1- and T2-weighted sequence21 compared

with histology, dedicated validation with histology of intracranial

vessel wall sequences with multiple image contrast weightings has

not yet been performed. Therefore, whether MR imaging with

multiple image contrast weightings has enough image contrast to

also visualize various intracranial atherosclerotic plaque compo-

nents remains a question.

Validation of MR images with histology for intracranial ath-

erosclerosis in vivo is much more cumbersome compared with

carotid plaques, because no therapies (comparable with carotid

endarterectomy) exist in which intracranial atherosclerotic

plaques are removed. Furthermore, intracranial arteries are

smaller than carotid (or other major peripheral) arteries,22 neces-

sitating a high spatial resolution, and therefore high SNR, for

plaque visualization. Because the SNR increases approximately

linearly with field strength, 7T MR imaging might provide the

spatial resolution necessary to image small atherosclerotic

plaques.22 Furthermore, several dedicated intracranial vessel wall

sequences at 7T have already shown promising results in the vi-

sualization of vessel wall lesions in vivo.

In this feasibility study, ultra-high-resolution 7T MR imaging

sequences with different image contrast weightings were devel-

oped and used in an ex vivo setting, to assess the ability (image

contrast) of 7T MR imaging to image different intracranial ath-

erosclerotic plaque components. For validation of our findings,

results were compared with histology.

MATERIALS AND METHODS
Specimen Preparation
Five specimens of the circle of Willis (CoW) were selected from

�100 postmortem cases that were performed in our institution.

Material was handled in a coded manner that met the criteria of

the code of conduct used in the Netherlands for the responsible

use of human tissue in medical research (www.federa.org/codes-

conduct), and institutional review board approval for this retro-

spective study was obtained. The primary selection criterion was

the macroscopic presence of atherosclerosis as judged by an expe-

rienced pathologist (A.V.). Furthermore, care was taken that the

specimens included the major arteries of the CoW; if specimens

were damaged and therefore not complete (ie, histologic samples

could not be taken from all 13 locations described below), they

were excluded from our study, even when macroscopic athero-

sclerosis was present. All specimens had been stored in formalde-

hyde. After selection, the specimens were cleaned thoroughly with

a lukewarm solution of polysorbate 20 (0.5% Tween-20; Sigma

Aldrich, St. Louis, Missouri) dissolved in distilled water to remove

blood clots within the arterial vessel lumen, reducing the chance

of artifacts on MR imaging. The specimens were then individually

placed within a 9.5-cm round Petri dish and embedded in a 2%

agarose solution (Seakem LE Agarosel; Lonza, Rockland, Maine).

During immersion in the agarose solution, care was taken to re-

move all air from the specimens. The embedded specimens were

stored in a refrigerator at a temperature of 5°C for solidification

until imaging could be performed.

To enable spatial correlation of the MR images with histologic

sections, we used cactus spines as fiducials and placed them in the

agarose gel, adjacent to 13 locations of histologic sampling. The 13

locations (Fig 1) included, when possible (no air within artery), all

the major arteries of the CoW: vertebral arteries, basilar artery

(different levels), posterior cerebral arteries, distal ICAs, MCAs,

and anterior cerebral arteries.

MR Imaging Protocol
Imaging was performed on a 7T whole-body system (Achieva;

Philips Healthcare, Best, the Netherlands) with two 16-channel

dedicated surface coils (High density surface array; MR Coils BV,

Drunen, the Netherlands) above and below the specimens for

signal reception,23 and a volume transmit/receive coil for trans-

mission (Quad TR; Nova Medical, Wilmington, Massachusetts).

Two specimens could be imaged at one time. The specimens,

within their Petri dish, were placed on top of each other in the

middle of a thin plastic container, by using plastic filling above

and below. The container was then filled with fluorinated lubri-

cants (Fomblin PFPE; Solvay Solexis, Bollate, Italy) until the spec-

imens were completely submerged, to provide susceptibility

matching. The two 16-channel surface coils were placed above

and below the filled box, after which the whole package was placed

inside the volume transmit/receive coil.

Imaging was performed at room temperature. For imaging,

sequences with 4 different contrast weightings were used, resem-

bling previous MR imaging– histologic correlation studies in the

proximal ICA. Parameters of the 4 sequences can be found in

On-line Table 1. After a 3D T1-weighted turbo field echo se-

quence with full-specimen coverage was applied, single-section

proton-attenuation (PD)–weighted spin-echo-, single-section

T2-weighted TSE, and single-section T2*-weighted turbo field

echo sequences with identical geometric parameters were per-

formed for each of the 13 marked locations (resulting in 1 section

per image contrast per sample location), by using the T1-

weighted images for planning. The PD-weighted spin-echo and

T2-TSE sequences included an inversion pulse to null the signal

from the agarose gel, similar to CSF suppression in a FLAIR se-

quence. The inversion delay of 1100 ms was regarded as long

enough to limit the amount of T1-weighting in the vessel wall,

which has a shorter T1 ex vivo (approximately 300 ms; data not

shown). The total scan duration for each CoW specimen was ap-

proximately 40.5 hours. To compensate for potential frequency

drifts due to the long sequence durations, we used frequency nav-

igators. For the PD-weighted spin-echo and T2-TSE, the nonse-

lective frequency navigators were applied just before excitation

and used to adjust the system frequency accordingly. For the T2*-

weighted turbo field echo sequence, a navigator echo was used, as

described previously.24

Histologic Processing
Histologic processing was performed by using an in-house-devel-

oped protocol. After imaging was performed, approximately 0.5-

cm-thick tissue samples were taken from the 13 marked locations

of each CoW specimen. Ink markings were then used to enable

correlation of histologic sections and MR images: Black ink was

used to mark the sample side next to the fiducial, while blue ink

was used to mark the cranial side of the sample with respect to the
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Petri dish. The tissue samples, placed within small plastic contain-

ers with 6 spaces, were then placed in the chelating reagent ethyl-

enediaminetetraacetic acid 12.5% for 3– 4 days to dissolve wall

calcifications, to reduce the risk of damaging the samples during

slicing. Ethylenediaminetetraacetic acid captures calcium ions

within calcified areas but retains associated phosphate groups,

which can afterward be visualized with an H&E stain. After being

processed and embedded in paraffin, the samples were cut into

4-�m sections, stained with H&E and Van Gieson elastic, and

assessed by using a slide scanner (Slide scanner with Dotlide soft-

ware, Version 2.5; Olympus, Tokyo, Japan).

The modified American Heart Association classification by

Virmani et al25 was used to classify each sample on atherosclerotic

characteristics, as follows: no anomaly; early lesions, including

intimal thickening (�50% smooth-muscle cells, no lipids, in-

flammatory cells), fatty streak, and pathologic intimal thickening

(�50% smooth-muscle cells, rich in proteoglycans, foamy mac-

rophages); and advanced lesions, including fibrolipid plaque

(�40% lipid), thin cap atheroma (�65-�m thickness), fibrous

plaque (�40% lipid), fibrocalcified plaque (�40% calcified), and

calcified nodule (calcified element protruding into the intima).

When applicable, plaque complications, like rupture, hemor-

rhage, or erosion, were also assessed.

Correlation of MR Images with Histology
First, T1-weighted images were reconstructed (0.11-mm thick-

ness) for each sample, corresponding to the orientation and loca-

tion of the PD-, T2-, and T2*-weighted images at each of the 13

locations marked by the fiducials. Then, the MR images were

compared with the histologic sections at the corresponding loca-

tion. If the MR images did not match the corresponding histologic

section due to errors in MR imaging planning or gross deforma-

tion of the sample during histologic processing, the sample was

excluded from analysis. Some deformation of the samples is inev-

itable; however, when no correlation in shape could be identified

even when the ink locations were used as additional spatial mark-

ers, the sample was excluded. Samples were also excluded from

analysis in case of histologic processing errors (mixed-up/dam-

aged/parallel, instead of perpendicular, cut samples). The result-

ing MR imaging histology sets were then evaluated for agreement

or disagreement between plaque components and image contrast

differences. First, MR images were assessed by A.G.v.d.K. for the

presence of image contrast heterogeneity within the arterial vessel

wall for each sample; then, the corresponding areas on the histo-

logic sections were assessed by N.P.D. for possible atherosclerotic

changes that could explain the image contrast heterogeneity seen

on the MR images.

When no vessel wall atherosclerosis was present, heterogene-

ities on MR imaging were scored as having “no correlation.”

When atherosclerosis was present in the same area, the spatial

organization of plaque components (eg, collagen-rich rim, areas

of foamy macrophages) was compared with the spatial organiza-

tion of the vessel wall MR imaging heterogeneities, scoring either

“no correlation” or a correlation that was then described more

specifically. Finally, samples in which no MR imaging heteroge-

FIG 1. Photograph (A) and maximum intensity projection (B) of the 7T T1-weighted turbo field echo MR imaging sequence of the CoW specimen
of an 87-year-old man embedded in a 2% agarose solution within a Petri dish. The sample locations are illustrated by white lines. For each sample
location, care was taken to avoid sampling near a visible air bubble or sampling of a collapsed arterial segment. The N below each arterial
segment denotes the number of samples for that location within the 44 assessed samples obtained from the 5 CoW specimens. MR images were
correlated with histologic sections by using fiducials placed within the agarose solution (arrows in A and B). A1 indicates A1 segment of the
anterior cerebral artery; Dist-BA, distal segment of the basilar artery; Mid-BA, middle segment of the basilar artery; Prox-BA, proximal segment
of the basilar artery; ACA, anterior cerebral artery; VA, vertebral artery.

696 van der Kolk Apr 2015 www.ajnr.org



neity was found but where atherosclerotic changes were present

were also described. Because this was a feasibility study assessing

the ability of 7T MR imaging to provide sufficient image contrast

for visualizing intracranial atherosclerotic plaques and character-

izing its components, blinding was not performed.

RESULTS
Sample Population
Five CoW specimens from 3 men, 54 (subject 1 in figures), 71

(subject 2), and 87 years of age (subject 3), and 2 women, 65

(subject 4) and 74 years of age (subject 5), were used; although

clinical information regarding disease status of these patients was

not available due to the coded handling of the material, our his-

topathologic studies did not show characteristics of other specific

diseases (vasculopathy, vasculitis) that may have adversely af-

fected the arteries. A total of 65 samples of CoW arteries was

obtained; 21 of these 65 samples (32.3%) were excluded due to

either lack of correlation in shape or fiducial location (n � 11), air

within the sample that was not seen during MR imaging planning

(n � 1), or histologic processing errors (n � 9), resulting in 44

samples for assessment. Processing samples for histologic analysis

was a very delicate process, due to the fragile nature of the arterial

tissue in combination with the small size of the taken samples;

these features sometimes led to parallel cut samples or deforma-

tion of the sample. Figure 1 illustrates the sample location and the

number of samples obtained at each location.

Histologic Classification
Five samples (11.4%) had no atherosclerosis; 31 samples (70.4%)

contained early atherosclerotic lesions: Twenty-four samples

showed intimal thickening, 4 showed a fatty streak, and 3

showed pathologic intimal thickening. The remaining 8 sam-

ples (18.2%) showed either fibrous plaques (n � 7) or a fibro-

lipid plaque (n � 1). No fibrocalcific plaques, calcified nod-

ules, or thin cap atheromas were seen; also, no plaque

complications such as rupture, (intraplaque) hemorrhage, or

erosion were found.

MR Image Contrast Heterogeneity
Twenty-three of 44 samples (52.3%) showed no image-contrast

heterogeneity on any of the 4 MR image contrast weightings (T1-,

PD-, T2-, or T2*-weightings; Fig 2 and On-line Figure). Samples

within this group comprised solely no or early lesions: Five sam-

ples had no atherosclerosis; the other 18 showed intimal thicken-

ing (On-line Figure). In 21 of 44 samples (47.7%), various pat-

terns of image contrast heterogeneity were found (Fig 2 and

On-line Table 2). Eleven samples (25.0%; Fig 3) showed good

correlation between the spatial organization of vessel wall MR

imaging heterogeneities (areas of decreased or increased signal

intensity) and the spatial organization of plaque components (eg,

collagen-rich rim, areas of foamy macrophages). These 11 sam-

ples comprised 8 advanced lesions (7 fibrous plaques, 1 fibrolipid

plaque) and 3 samples with pathologic intimal thickening (last

stage of early lesions). Within these samples, areas of foamy mac-

rophages and proteoglycans or areas with high levels of lipids were

most often (8 of 9 plaques with these characteristics) seen as hy-

pointense areas within the vessel wall on the PD-, T2-, and T2*-

weighted sequences (Fig 3); 1 sample with foamy macrophages

showed a hyperintense signal on all sequences used (distal basilar

artery in a 71-year-old man, On-line Table 2). Areas of increased

collagen content (present in all 11 plaques) showed more ambig-

uous signal intensities: Five samples showed corresponding hy-

perintense areas on at least T2- and T2*-weighted images (Fig 3,

cases 1–3), with isointense-to-hyperintense signal on the T1- and

PD-weighted images, while 5 samples showed a hypointense sig-

nal for these areas on the T2- and T2*-weighted images (Fig 3, case

4), with various signal intensities on the T1- and PD-weighted

images. In 1 sample, the collagen-rich area could only be distin-

guished from healthy vessel wall because of the adjacent hypoin-

tense area of foamy macrophages.

Five other samples (3 with intimal thickening and 2 with fatty

streaks, 11.4%) showed image-contrast heterogeneity on MR im-

ages, without corresponding plaque components on histologic

sections (Fig 4). Eleven samples (25.0%, 5 with no other signal

heterogeneity; Fig 4) showed a hypointense line within the vessel

wall on the PD-, T2-, and T2*-weighted images, which was isoin-

tense on the T1-weighted images. Although this hypointensity

corresponded with a space between the intima and media of the

arterial wall on the histologic sections, it was regarded as artifacts

of the specimen because of either detachment of the intima (eg,

due to prolonged storage) or because of cleaning the specimens

(flushing arteries with water/careful removal of blood clots). Due

to these intima-media artifacts, making a distinction between ar-

FIG 2. Overview of histologic classification and the presence of vessel wall heterogeneity on MR imaging of the 44 samples of the CoW,
including correlation scoring. “Artifact” indicates intima-media artifacts; F, fibrous plaque; FL, fibrolipid plaque; FS, fatty streak; Hom., vessel wall
with homogeneous signal intensity; Hetero., vessel wall with heterogeneous signal intensity; IT, intimal thickening; NA, no anomaly (no athero-
sclerosis); Path.IT, pathologic intimal thickening.
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tifacts and proteoglycans/foamy macrophages lining the artifacts

within the hypointense area on MR imaging was sometimes dif-

ficult (Fig 3, case 1).

DISCUSSION
In the present study, we assessed the feasibility of 7T MR imaging

to characterize ex vivo intracranial atherosclerotic plaques with

sufficient image contrast, by using ultra-high-resolution se-

quences with 4 different contrast weightings. Areas of focal arte-

rial vessel wall thickening on ultra-high-resolution MR images

corresponded with histologically determined advanced athero-

sclerotic lesions. In all of these more advanced lesions, signal het-

erogeneities on 7T MR imaging enabled the spatial differentiation

of different plaque components, like foamy macrophages and col-

lagen. In early lesions, no signal-intensity heterogeneity could be

observed.

Using 7T MR imaging with dedicated surface coils made it

possible to image the intracranial arterial vessel wall ex vivo with

FIG 3. Four examples of atherosclerotic plaques with corresponding signal heterogeneity on 7T MR images. Histologic sections (magnification
�10) with Van Gieson elastic (a) and H&E (b) staining, with corresponding 7T MR images of T1-weighted (c), PD-weighted (d), T2-weighted (e), and
T2*-weighted (f) sequences. a1–f1, Cross-section of the left ICA of subject 3. Histologic examination shows fibrous plaque with proteoglycans
(white arrow, a1– b1) and increased collagen (black arrow, a1– b1); a patch of foamy macrophages can also be appreciated (dashed white arrow,
a1– b1). On the corresponding MR images, the rim of increased collagen can be seen as hyperintense on all sequences (black arrow, c1–f1), while
the small patch of foamy macrophages corresponds with a hypointense area (dashed arrow, c1–f1). Due to the intima-media artifacts, a
distinction between artifacts (arrowheads, a1– b1) and proteoglycans lining the artifacts within the hypointense area on MR imaging (white
arrow, c1–f1) cannot be made. a2.1–f2.3, Cross-sections of the right vertebral artery (2.1), right ICA (2.2), and left ICA (2.3) of subject 2. a2.1–f2.1,
Histologic examination shows fibrous plaque with increasing collagen from outside (white arrows, a2.1– b2.1) to inside (black arrows, a2.1– b2.1);
on the corresponding MR images, the area with more strongly increased collagen appears as a mostly hyperintense inner area (dashed arrows,
c2.1–f2.1), compared with the area with less collagen (white arrows, c2.1–f2.1). a2.2–f2.2, Histologic examination shows pathologic intimal
thickening with proteoglycans and foamy macrophages (white arrow, a2.2– b2.2) and increased collagen (black arrow, a2.2– b2.2); again, the
collagen-rich inner area appears isointense on the MR images (dashed white arrow, c2.2–f2.2), while the area with proteoglycans and foamy
macrophages appears mostly hypointense (white arrow, c2.2–f2.2). a2.3–f2.3, Histologic examination shows fibrous plaque with a thick inner rim
of increased collagen (black arrow, a2.3– b2.3) and a thick outer rim with foamy macrophages (white arrow, a2.3– b2.3); in this case, vessel wall
thickening on MR imaging has a hypointense signal, corresponding with both foamy macrophages and increased collagen (white arrow,
c2.3–f2.3).
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an acquired in-plane resolution of 0.11 � 0.11 mm. For the T1-

weighted turbo field echo sequence, the images could be recon-

structed in all directions by using 3D image acquisitions of 0.11 �

0.11 � 0.11 mm. With this high spatial resolution, conspicuity of

the intracranial arterial vessel wall and its pathology could be ob-

tained, though some problems of ex vivo imaging remained, such

as removal of all air from the arterial lumen, that may otherwise

give rise to image artifacts. An initial comparison was performed

with histologic classification at specific arterial locations, sim-

ilar to carotid plaque characterization studies.26 Of the 44 ar-

terial samples that were assessed in this study, correlation be-

tween MR imaging and histology was shown to be best in the

samples with more advanced lesions. None of the 5 samples

with healthy arterial vessel walls showed areas of signal hypo-

or hyperintensity on MR images. This finding was also true for

18 of 24 samples (75%) with intimal thickening, suggesting

that these early atherosclerotic changes are beyond the con-

trast-to-noise ratio obtained with the ultra-high-resolution se-

quences used.

Of the more advanced lesions, all 8 samples (7 with fibrous

plaque, 1 with fibrolipid plaque) showed at least partial correla-

tion between the spatial organization of the MR signal heteroge-

neities and the spatial organization of plaque components of the

corresponding histologic sections. In this small subset, a hypoin-

tense signal on all sequences generally corresponded to the pres-

ence of foamy macrophages, increased proteoglycans, or a lipid-

rich core (with or without additional intima-media artifacts).

Areas of increased collagen content showed more ambiguous sig-

nal intensities ranging from hypo- to hyperintense on the same

image contrast weightings. In comparison, previous studies27-29

on plaque characterization in the carotid artery showed a lipid-

rich core to be hyperintense on T1-weighted imaging and iso- to

hypointense on PD- and T2-weighted imaging; a fibrous (colla-

gen-rich) area was shown to be isointense on T1-weighted imag-

ing, iso- to hyperintense on T2-weighted imaging, and hyperin-

tense on PD-weighted imaging. The discrepancies in signal

characteristics between these studies and our results may be due

to the prolonged formalin fixation of our specimen, due to the

changed contrast at ultra-high-field (where, for example, com-

pact collagen has a shorter T2*30), or they may be related to the

less advanced atherosclerotic status of most of our samples. For

instance, we only had 1 sample with a lipid-rich core, and no

samples with intraplaque hemorrhage or plaque rupture, ad-

vanced atherosclerotic characteristics on which the MR signal

characteristics of these previous studies were mostly based.27-29

Overall, the clearest histology-corresponding image contrast het-

erogeneity was seen on the T2- and T2*-weighted MR images (see,

for instance, Fig 3e1-f1), followed by the T1-weighted images. The

PD-weighted images showed less clear image contrast differences

among different plaques components.

In 14% of the samples (n � 6), heterogeneity of the arterial

vessel wall was found on MR imaging without histologic corre-

lates. This could be due to the larger through-plane spatial reso-

lution of the sequences used in this study. Although a through-

plane spatial resolution of only 1 mm was used, the resolution

obtained with histologic sections was still several factors above the

MR imaging resolution. Partial volume effects within the ob-

tained 1-mm-thick images resulted in a summation of signal in-

tensities within this 1-mm-thick area, while a single histologic

section of 4-�m thickness only showed pathology within that

4-�m-thick area.

This study has limitations. Although CoW specimens were

selected that macroscopically contained atherosclerotic plaques,

only 18% of samples contained advanced plaques with corre-

sponding plaque components. A higher percentage of advanced

plaques would have given more clear insight into the specific MR

signal characteristics of different plaque components (general sig-

nal intensity on different image contrast weightings), which are

FIG 4. Two examples of discrepancies between 7T MR imaging and histology. Histologic sections (magnification �10) with Van Gieson elastic (a)
and H&E (b) staining, with corresponding 7T MR images of the T1- (c), PD- (d), T2- (e), and T2*-weighted (f) sequences. Cross-section of the right
posterior cerebral artery (a1–f1) and left ICA (a2–f2) of subject 5. a1–f1, Histologic examination shows a fatty streak (black arrow, a1– b1), which
is not seen as signal heterogeneity of the vessel wall on the MR images. A hypointense area away from the fatty streak can be appreciated on
the MR images (dashed white arrow, d1–f1), but this does not correspond with any vessel wall pathology on histology, apart from intima-media
artifacts. a2–f2, Histologic examination shows minor intimal thickening on the PD-, T2-, and T2*-weighted MR images. A hypointense line can be
seen within a large part of the vessel wall (dashed white arrow, d2–f2), which corresponds to intima-media artifacts on the histologic sections
(black arrow, a2– b2).
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not as clearly present in early lesions. Especially, increased colla-

gen content within atherosclerotic plaques, which showed ambig-

uous signal-intensity results in the current study, might benefit

from inclusion of more advanced plaques. Even so, our results still

show that 7T MR imaging has the image contrast to show focal

thickening of the intracranial arterial vessel wall and to distin-

guish areas with different plaque components by using ultra-

high-resolution sequences. Furthermore, in this study, 2D sec-

tions of selective areas were used for most MR imaging; a 3D

approach (like the T1-weighted sequence used) with isotropic

voxels would decrease exclusion of samples due to location

inconsistencies between MR imaging and histology, thereby

decreasing possible selection bias. Regarding technical im-

provements, development of quantitative MR images, like T1-,

T2-, and T2* mapping, would enable quantitative plaque char-

acterization, making qualitative scoring performed in the cur-

rent study unnecessary. These improvements would not only

enable more firm statements regarding the accuracy of either

T1-, T2-, or T2*-weighted sequences in characterizing athero-

sclerotic plaque, they could also enable the development of in

vivo sequences specifically designed to visualize �1 plaque

component with high image contrast, even making very high

spatial resolutions unnecessary.

A hypointense line within the vessel wall was seen in 25% of

samples, corresponding to a defect between the intima and media

of the vessel wall. These artifacts could be related to a prolonged

storage period of the CoW specimens. Although easily identifi-

able, it did influence our results (On-line Table 2); because the

same hypointense signal is seen in foamy macrophages/lipid-rich

core, we therefore could not clearly distinguish vacant space from

foamy macrophages/lipid-rich core when the artifacts were pres-

ent in the histologic sections. This limitation, however, will not be

present with in vivo characterization of intracranial atheroscle-

rotic plaques. Furthermore, the current ex vivo studies will be of

limited use in the validation of contrast enhancement that can be

visible with in vivo MR imaging. Obviously, contrast agent injec-

tion and subsequent enhancement can only be imaged in vivo,31

and postmortem examination in these patients is the only valida-

tion method. Finally, the very long scan duration (approximately

40 hours) of the ultra-high-resolution sequences used in this

study prohibits their use in vivo in clinical practice. However, we

think that our results may serve as a starting point for further

histologic validation of in vivo intracranial vessel wall sequences,

albeit with lower spatial resolutions.

CONCLUSIONS
Our results show that 7T MR imaging, by using ultra-high-reso-

lution sequences with different image contrast weightings, has

image contrast capable of identifying focal thickening of the in-

tracranial arterial vessel walls and distinguishing areas of different

signal intensities that spatially correspond to plaque components

within more advanced intracranial atherosclerotic plaques. Addi-

tional studies that further validate signal characteristics of the

specific plaque components in a quantitative manner, also for

lower resolution sequences, will enable future in vivo character-

ization of intracranial atherosclerotic plaques.
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