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ABSTRACT

BACKGROUND AND PURPOSE: Atherosclerotic plaque composition and structure contribute to the risk of plaque rupture and embo-
lization. Virtual histology by intravascular ultrasonography and high-resolutionMR imaging are new imagingmodalities that have been used
to characterize plaque morphology and composition in peripheral arteries.

MATERIALS AND METHODS: The objectives of this study were 1) to determine the correlation between virtual histology–intravascular
ultrasonography and histopathologic analysis (reference standard) and 2) to explore the comparative results of 7T MR imaging (versus
histopathologic analysis), both to be performed in vitro by use of intracranial arterial segments with atherosclerotic plaques. Thirty sets of
postmortem samples of intracranial circulation were prepared for the study. These samples included the middle cerebral artery (n� 20),
basilar artery (n � 8), and anterior cerebral artery (n � 2). Virtual histology–intravascular ultrasonography and 7T MR imaging were
performed in 34 and 10 points of interest, respectively. The formalin-fixed arteries underwent tissue processing and hematoxylin-eosin
staining. The plaques were independently categorized according to revised Stary classification after review of plaque morphology and
characteristics obtained from 3 modalities. The proportion of fibrous, fibrofatty, attenuated calcium, and necrotic components in the
plaques were determined in histology slides and compared with virtual histology–intravascular ultrasonography and MR imaging.

RESULTS: Of 34 points of interest in the vessels, 32 had atherosclerotic plaques under direct visualization. Plaques were visualized in
gray-scale intravascular ultrasonography as increasedwall thickness, outer wall irregularity, and protrusion. The positive predictive value of
virtual histology–intravascular ultrasonography for identifying fibroatheromawas 80%.Overall, virtual histology–intravascular ultrasonog-
raphy accurately diagnosed the type of the plaque in 25 of 34 samples, and � agreement was 0.58 (moderate agreement). The sensitivity
and specificity of virtual histology–intravascular ultrasonography readings for fibroatheroma were 78.9% and 73.3%, respectively. The
overall sensitivity and specificity for virtual histology–intravascular ultrasonography were 73.5% and 96.6%, respectively. Plaques were
identified in 7T MR imaging as increased wall thickness, luminal stenosis, or outer wall protrusion. The positive predictive value of 7T MR
imaging for detecting fibrous and attenuated calcium deposits was 88% and 93%, respectively.

CONCLUSIONS: This in vitro study demonstrated that virtual histology–intravascular ultrasonography and high-resolution MR imaging
are reliable imaging tools to detect atherosclerotic plaques within the intracranial arterial wall, though both imaging modalities have some
limitations in accurate characterization of the plaque components. Further clinical studies are needed to determine the clinical utility of
plaque morphology and composition assessment by noninvasive tests.

ABBREVIATIONS: IVUS � intravascular ultrasonography; SPACE � sampling perfection with application-optimized contrasts by use of different flip angle
evolutions; VH� virtual histology

Intracranial atherosclerotic disease accounts for up to 10% of

ischemic strokes.1 Recent studies suggest that imaging of plaque

burden, composition, and morphology provides additional in-

sight regarding the risk of thrombo-embolism and response to

endovascular treatment in coronary and carotid artery plaques.2

The consensus conference on intracranial atherosclerotic disease

in 2009 identified plaque characterization as an important

method of identification for patients with intracranial atheroscle-

rotic disease who are at risk for ischemic events.3 Intravascular

ultrasonography (IVUS) and high-resolution MR imaging are

gaining prominence in the imaging of characteristics of athero-

sclerotic plaques.4-6 Despite numerous studies regarding the use

of these modalities in coronary and carotid arteries, such data are

lacking in intracranial arteries and atherosclerotic plaques. Intra-
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cranial arteries have unique features including a smaller wall-to-

lumen ratio, thinner wall thickness, and thinner intima compared

with coronary and carotid arteries.7,8

In this study, we evaluated the ability of virtual histology (VH) by

IVUS to identify intracranial plaque characteristics compared with

histopathologic analysis. Additional imaging data were collected on a

7T scanner in a subset of the samples to evaluate lesion detection

capability on the basis of very high spatial resolution MR images.

MATERIALS AND METHODS
The study protocol was reviewed and approved by the Anatomy

Bequest Program at the University of Minnesota, Minneapolis.

Ten human cadaver brains were inspected for selection of intra-

cranial vessels with atherosclerotic plaques. A total of 30 different

vessels including 8 basilar and 20 middle and 2 anterior cerebral

arteries were selected for the study. The vessels were preserved in

formalin for 8 weeks before the study. Decalcification was not

performed before sectioning.

Virtual Histology by IVUS
The vessel specimens were pinned on a gel by use of metal needles

in a dissecting tray filled with normal saline at room temperature.

The proximal and distal ends of each vessel were connected to a 6F

catheter to allow flushing of the artery during the IVUS imaging.

The 20-MHz IVUS catheter (Eagle Eye Gold, 20 MHz Digital, 64

Bement, s5 Imaging System; Volcano Corporation, Rancho Cor-

dova, California) was then inserted into the vessel lumen and

advanced beyond the atherosclerotic portion of the vessel. The

IVUS signal derated intensity, spatial peak temporal average

(ISPTA.3), was 2.68 (mW/cm2), with a maximum scanning diam-

eter of the catheter of 20 mm (set at 10 mm during the experi-

ment) (Fig 1). An electrocardiogram simulator (60 beats per min-

ute) was connected to the system to enable the VH data

acquisition. The IVUS catheter was then slowly pulled back by use

of the catheter pullback device (Trak Back II; Volcano Corpora-

tion) at a speed of 0.5 mm/s. VH-IVUS data analysis was per-

formed by an independent expert blinded to the baseline lesion

characteristics. Percentages of the 4 different components of

plaques were identified within the color-coded map on VH-IVUS

as described below9:

1) Fibrous tissue: area of densely packed collagen (dark green

component).

2) Fibrofatty tissue: area of collagen fibers with high lipid ac-

cumulation (light green component).

3) Necrotic tissue: area with high content of lipid, foam cells,

and necrotic cells (red component).

4) Dense calcium: areas with com-

pact calcium deposit without presence

of necrosis (white component).

The plaques were also classified to 1

of the 6 categories of atherosclerotic

plaque on the basis of a previously pub-

lished classification10:

1) Pathologic intimal thickening: in-

tima media thickness �300 �m, fibro-

fatty component �10%, necrotic core

and calcium amount �10% of plaque

area; 2) fibroatheroma: necrotic core

�10% of plaque area; 3) calcified fibroatheroma: fibroatheroma

with areas of calcium deposition; 4) thin-cap fibroatheroma: ne-

crotic core confluent against the lumen with �10% of plaque

area; 5) calcified thin-cap fibroatheroma: areas of calcium depo-

sition in thin-cap fibroatheroma plaque; or 6) fibrocalcific: cal-

cium deposition �10% of plaque area; fibrofatty and necrotic

core comprise �10% of plaque.

High-Resolution 7T MR Imaging
First, vessel specimens were placed between 2 plastic plates with a

spacer between the plates immersed in a rectangular box (125 �

98 � 3 mm3) filled with Fomblin (perfluoropolyether; Ausimont,

Morristown, New Jersey). Fomblin does not have water protons;

thus, only signal from the specimen was measured in MR imag-

ing.11 The MR images were acquired on a 7T magnet (Magnex

Scientific, Oxford, United Kingdom) driven with a Magnetom 7T

console (Siemens Erlangen, Germany). A volume coverage head

coil (16 transceiver channels) was used for excitation and recep-

tion, as previously described.12 To improve signal-to-noise ratio,

signal was also received on a home-built preamplifier-decoupled

(Microwave Technology, Fremont, California) 2-loop receiver

coil (5 cm each) made of 12-gauge silver-plated copper wire on

which the sample box was directly positioned. In preliminary ex-

periments with multi-echo and multi-inversion-recovery time se-

quences, average relaxation time T2 and T1 values of the vessel

walls at 7T were estimated to be �35 ms and �1400 ms, respec-

tively. Ex vivo 3D images were obtained by means of the 3D sam-

pling perfection with application-optimized contrasts by use of

different flip angle evolutions (SPACE) sequence,13 with the fol-

lowing parameters: TR/TE � 3000/60 ms, FOV � 95 � 119 �

10.4 mm, echo-train length � 14, generalized autocalibrating

partially parallel acquisition acceleration factor � 2. Scan dura-

tion was 7 hours, 33 minutes; voxel size � 0.13 mm3. 3D SPACE

contrast is a combination of T1 and T2 contrast. The sequence

parameters were chosen to provide a mixed contrast of T1 and T2

weight, dominated by T1 weight.

Histopathology
Formalin-fixed arterial specimens were cut into 4-mm sections

and embedded in paraffin. Small sutures were placed in the arte-

rial wall by use of 4 – 0 Prolene polypropylene suture (Ethicon,

Somerville, New Jersey) and used as markers to enable matching

the points of interest in IVUS and MR imaging with correspond-

ing sections on histology. Subsequently, 6-�m sections were

taken from the tissue blocks and stained with hematoxylin-eosin.

FIG 1. Characteristics of Eagle Eye Gold IVUS imaging catheter.
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Histology slides were then reviewed by a neuropathologist who

was blinded to the VH-IVUS and MR imaging data. The plaques

were classified to one of the categories of atherosclerotic plaques

types, based on the classification mentioned above.

Finally, histology slides were photographed under the micro-

scope, and the area (mm2) of different components of the plaques

including fibrous, fibrofatty, attenuated calcium, and necrosis

were quantitatively measured with the use of the manual segmen-

tation tools of Analyze software (AnalyzeDirect, Overland Park,

Kansas) as described previously.14,15 For calculating the area by

use of Analyze software, the ROI was manually selected for each

component. The total amount of each component was then cal-

culated by summing all the ROIs for that component by use of the

“sample option” function.

Statistical Analysis
Statistical analyses were performed with the use of SAS software

version 9.1 (SAS Institute, Cary, North Carolina). Kappa agree-

ment, sensitivity and specificity, and positive and negative predic-

tive values for VH-IVUS to identify different types of plaques10

were calculated by use of classification on the basis of histologic

findings as the reference standard (plaque categorization analy-

sis). The positive and negative predictive values for VH-IVUS and

MR images in identifying different plaque categories and fibrous

and attenuated calcium components in the plaque were calculated

using quantification on the basis of histologic findings as the ref-

erence standard (individual plaque component analysis). The

correlation between areas (mm2) of various components mea-

sured by histology and by VH-IVUS images was also calculated.

Finally, the overall sensitivity and specificity for VH-IVUS read-

ing in accurately characterizing plaque type with the actual histo-

logic findings were calculated using the total numbers of true and

false identification with VH-IVUS. Spatially matched cross-sec-

tional MR images of the arteries with their corresponding histo-

logic sections and VH-IVUS images were studied to determine

positive and negative predictive values.

RESULTS
A total of 30 intracranial arterial segments (34 histologic sections)

were examined by both VH-IVUS and microscopy of histologic

sections. In exploratory analysis, 10 of the 30 intracranial arterial

segments were also examined by 7T MR imaging.

Correlation Between VH-IVUS and Histopathologic
Analysis
In the plaque categorization analysis, VH-IVUS was able to detect

the presence of atherosclerotic plaque in all specimens with mor-

phologically visible abnormalities and absence of plaque in 2 spec-

imens without atherosclerotic plaque by histology. VH-IVUS

identification of plaque type correlated with histology sections

analysis in 25 of 34 specimens (� agreement was 0.58). The most

frequent type of the plaques by histology was fibroatheroma, and

VH-IVUS identification correlated with histology analysis in 15 of

19 corresponding points of interest within arteries (positive and

negative predictive values of VH-IVUS were 78.9% and 73.3%,

respectively). The sensitivity and specificity of VH-IVUS readings

for fibroatheroma were 78.9% and 73.3%, respectively. As shown

in Table 1, the overall sensitivity and specificity for VH-IVUS

were 73.5% and 96.6%, respectively. Fig 2 demonstrates 2 samples

of histology slides with their corresponding VH-IVUS images.

In the individual plaque component analysis, positive and

negative predictive values of VH-IVUS to identify the presence of

calcium in atherosclerotic plaque were 50% and 100%, respec-

tively. Regarding the presence of necrosis, VH-IVUS had the pos-

itive and negative predictive values of 97% and 67%, respectively,

for identifying necrosis. The quantitative proportions of different

plaque components (fibrous, fibrofatty, necrosis, and attenuated

calcium) were also measured in histology sections and compared

with VH-IVUS images. Overall, fibrous component was the most

frequent component of the plaques both in histologic sections and

VH-IVUS imaging study. As shown in Table 2, the area of fibrous

component and attenuated calcium deposits had the highest rates

of correlation between histology and VH-IVUS images (Pearson

correlations of 0.66 and 0.64, respectively).

Correlation Between 7T MR Imaging and Histopathologic
Analysis
MR imaging was successfully performed in 10 different points of

interest including 3 basilar and 7 middle cerebral arterial seg-

ments. An increased wall thickness was detected by MR imaging

in all sites in which plaques were identified in histologic sections.

Table 1: Comparison of different types of atherosclerotic plaques between VH-IVUS and histologic sections (as reference standard)

Category of Plaque

Plaque Classification
by Histological
Analysis

Plaque Classification by VH-IVUS Analysis

True-
Positive

True-
Negative

False-
Positive

False-
Negative Sensitivity Specificity PPV NPV

No plaque 2 2 32 0 0 100 100 100 100
Pathologic intima thickening 6 3 28 0 3 50 100 100 90.3
Fibroatheroma 19 15 11 4 4 78.9 73.3 78.9 73.3
Calcified fibroatheromaa 0 0 33 1 0 0 97 0 100
Thin-cap fibroatheroma 3 2 30 1 1 66.6 96.7 66.6 96.7
Calcified thin-cap fibroatheroma 2 1 31 1 1 50 96.8 50 96.8
Fibrocalcific atheroma 2 2 32 0 0 100 100 100 100
Total 34 25 197 7 9 73.5 96.6 78.1 95.6

PPV indicates positive predictive value; NPV, negative predictive value.
a Number is small and requires cautious interpretation of false-positive or false-negative values.

Table 2: Area of 4 different components of plaque types in
histologic sections and VH-IVUS analyses

Histopathology,
% (SD)

VH-IVUS,
% (SD)

Pearson
Correlation

Fibrous 45.6 (18.7) 50.8 (17.1) 0.66
Fibrofatty 35.6 (14.1) 12.5 (12.1) 0.34
Dense calcium 7.1 (7.6) 9.1 (5.2) 0.64
Necrosis 5.1 (4.6) 20.9 (10.9) 0.23
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In a more detailed analysis of individual plaque components

within each lesion, the fibrotic components were identified as

areas of hyperintense signal in 3D SPACE MR images, whereas

areas of attenuated calcium deposition were identified as areas of

hypointense signal in the same image. Note that the SPACE MR

imaging sequence provided a mixed contrast, combining T1 and

T2 weights (Fig 3).

DISCUSSION
As a result of compensatory dilation (remodeling), vessel wall

thickening related to intracranial atherosclerosis may not cause

proportional luminal narrowing.16,17 Therefore, imaging modal-

ities such as conventional angiography and CT angiography,

which are based on detecting severity of luminal narrowing, may

underestimate the severity and subsequent risk of ischemic events

of intracranial atherosclerotic disease.

In this study focusing on intracranial arteries, VH-IVUS and

7T MR imaging were able to detect all of the atherosclerotic

plaques as increased wall thickness. Normal vessels were visual-

ized as vessels with no irregularity and/or thickness change in the

wall, in both VH-IVUS and MR imaging. There was a moderate

agreement (� agreement of 0.58) between VH-IVUS and actual

histologic evaluation in plaque categorization analysis. Consider-

ing all types of plaque, the overall sensitivity and specificity for

VH-IVUS were 73.5% and 96.6%, respectively. We also vali-

dated the accuracy of high-resolution

MR imaging and VH-IVUS for detect-

ing fibrous content and attenuated

calcium deposits. VH-IVUS had high

yield for detection and quantitation of

fibrous area and attenuated calcium

deposits.

However, VH-IVUS underestimated

the quantitative estimates of necrotic

core and fibrofatty areas, which are lim-

itations previously noted in analyses of

coronary arteries.18-20 The relative lack

of identification of necrotic core can be

partly explained by the different defini-

tions used in histologic analysis and VH-

IVUS.21 In histologic analysis, the ne-

crotic core is defined by areas with

lipid-rich cellular debris and lack of ex-

tracellular matrix22,23; VH-IVUS relies

on the presence of calcification to detect

the necrotic core.9,24 Moreover, the cur-

rent resolution of VH-IVUS (100 –200

mm) is not high enough to detect thin-

cap fibroatheroma and necrotic core.25

To obtain greater accuracy, the use of

contrast-enhanced ultrasonography, high-

resolution MR imaging, multidetector

CT, and concurrent VH-IVUS may be

required.2,26,27

VIVA (VH-IVUS in Vulnerable Ath-

erosclerosis)28 and PROSPECT (Pro-

viding Regional Observations to Study

Predictors of Events in the Coronary

Tree)29 are 2 prospective studies that demonstrated that VH-

IVUS can reliably identify the atherosclerotic plaques that are at

increased risk of major adverse cardiac events. The unique fea-

tures of intracranial vessels prevent extrapolation of current data

regarding plaque characterization by use of different imaging

modalities in extracranial vessels. Intracranial arteries have a

smaller wall-to-lumen ratio, thinner wall thickness, and thin-

ner intima compared with coronary and carotid arteries. In

comparison to extracranial vessels, the intracranial vessels

have a more prominent internal elastic layer and less advanced

adventitia and media.30 Only preliminary data regarding the

clinical application of plaque characterization are available.

Preliminary data suggest the existence of a nonatherosclerotic

variant involving the anterior circulation that may be prone to

high rates of restenosis after stent treatment.31,32 However,

angiography is unable to differentiate nonatherosclerotic from

atherosclerotic disease and assess the burden of fibrosis within

plaque. Therefore, plaque differentiation may be valuable in

assessing the risk-benefit ratio of medical and endovascular

treatment options.

The use of VH-IVUS is limited as an adjunct to an invasive

procedure such as cerebral angiogram, intracranial angioplasty,

or stent placement and is possible in selected proximal arteries

without excessive tortuosity. The new generations of VH-IVUS

FIG 2. Histopathologic sections with corresponding VH-IVUS images. A and B, Fibrous (arrows in
A) and fibrofatty (arrowheads inA) tissues in the histologic section are correlatedwith dark green
and light green areas in VH-IVUS, respectively. C and D, attenuated calcium and necrotic area
(arrows in C) and its corresponding area in VH-IVUS red (necrosis) and white (attenuated calcium)
areas.
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catheters are expected to be more flexible, with a smaller profile,

which would allow passage of these catheters through the tortu-

ous intracranial arteries; henceforth, such imaging is expected to

gain greater use in neuro-endovascular procedures.33

Regarding the MR imaging component of our experiment, we

aimed to study the value of high-resolution MR imaging as a

secondary or exploratory aim. Although the acquisition time of

these initial MR imaging results was far beyond any affordable in

vivo scan duration, we deliberately chose to benefit from the in

vitro nature of the study to first determine whether plaque lesions

could—at all— be imaged with the SPACE sequence at 7T MR

imaging by use of a very high spatial resolution (voxel size approx-

imately 500 times smaller than 1 mm3). The positive results re-

ported here provide a strong rationale to further optimize MR

acquisition protocols by use of lower spatial resolution, toward a

trade-off, providing acceptable acquisition time while preserving

plaque detectability. Further in vivo studies will also be necessary

to determine the sensitivity of such ac-

quisitions to physiologic motion.

The experimental MR imaging setup

(spatial extent of sensitivity of the coils

smaller than in vitro specimens) and the

length and alignment of arterial seg-

ments available for imaging prevented

us from acquiring adequate 7T MR im-

aging in all plaques. We acknowledge

that the relatively small sample size may

not allow an adequate quantitative anal-

ysis of the value of high-resolution MR

imaging in characterizing plague

categories.

Our study has several limitations.

First, VH-IVUS and MR imaging were

performed in in vitro settings with spec-

imens fixed in formalin. The tissue han-

dling and processing may induce some

artifact in the size and morphology of

the plaques. These changes may affect

the generalization of the results to prac-

tical clinical settings. In vitro settings are

appropriate for validation studies of

VH-IVUS before clinical applica-

tion.9,18 Our sample size for some types

of the plaques and negative sites (none

atherosclerotic vessel) was very small,

which requires cautious interpretation

of the estimates for each of the plaque

types separately.

CONCLUSIONS
This study demonstrated that VH-IVUS

and 7T MR imaging are reliable imaging

modalities to detect atherosclerotic

plaques and to quantify plaque burden

within the intracranial arterial wall.

Both imaging modalities have some lim-

itations in accurate classification of

plaque type and characterization of the plaque components. The

application of these imaging techniques may provide additional

risk stratification in regard to ischemic events and lesion progres-

sion in patients with intracranial atherosclerotic disease.
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