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Predicting Carotid Plaque Characteristics Using Quantitative
Color-Coded T1-Weighted MR Plaque Imaging:

Correlation with Carotid Endarterectomy Specimens
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ABSTRACT

BACKGROUND AND PURPOSE: MR plaque imaging is used to evaluate the risk of embolic complications during carotid endarterectomy
and carotid artery stent placement. However, its performance for characterizing intraplaque components has varied across studies and is
generally suboptimal. Hence, we correlated MR imaging results with histologic findings to determine whether a combination of high-
contrast T1-weighted imaging and quantitative image analysis could readily determine plaque characteristics.

MATERIALS AND METHODS: We prospectively examined 40 consecutive patients before carotid endarterectomy by using a 1.5T scanner
and axial T1-weighted spin-echo images under optimized scanning conditions. The percentage areas of intraplaque fibrous tissue, lipid/
necrosis, and hemorrhage were calculated automatically by using the software with previously reported cutoff values and were compared
with those of the specimens. The thickness of the fibrous cap was also measured manually.

RESULTS: The percentage areas of fibrous, lipid/necrotic, and hemorrhagic components were 5.7%–98.7%, 1.3%– 65.7%, and 0%– 82.0%,
respectively, as determined by the MR images, whereas the corresponding values were 4.8%–92.3%, 7.0%–93.8%, and 0%–70.4%, respec-
tively, as determined by histologic examination. Significant positive correlation and agreement were observed between MR images and
histologic specimens (r � 0.92, 0.79, and 0.92; intraclass correlation coefficients � 0.91, 0.67, and 0.89; respectively). Thickness of the
fibrous caps on MR images (0.21– 0.87 mm) and in the specimens (0.14 – 0.83 mm) also showed positive correlation and agreement (r � 0.61,
intraclass correlation coefficient � 0.59).

CONCLUSIONS: Quantitative analysis of high-contrast T1-weighted images can accurately evaluate the composition of carotid
plaques in carotid endarterectomy candidates.

ABBREVIATIONS: ICC � intraclass correlation coefficient; SE � spin-echo

Estimation of the composition of carotid plaques is important

to help identify the risk of embolic events during carotid end-

arterectomy or carotid artery stent placement. Ultrasonography

has commonly been used for this purpose, but it is not useful in

cases of extensive calcification or if the plaque is in a higher loca-

tion; furthermore, ultrasonography lacks reliable and versatile

quantitative metrics.1-4 Thus, as a complement to ultrasonogra-

phy, MR plaque imaging is now widely used to estimate plaque

composition. However, plaque characterization remains unsat-

isfactory, presumably owing to the deterioration of image con-

trast, secondary to inappropriate scanning techniques and/or

protocols.5 Recently, a nongated T1-weighted spin-echo (SE)

technique with appropriately fixed scanning parameters was

reported to improve and stabilize intraplaque contrast, com-

pared with a cardiac-gated black-blood fast spin-echo tech-

nique in which T1-weighting tended to be attenuated and fluc-

tuated according to a heart-rate-dependent setting of the TR.6

The nongated T1-weighted spin-echo method has been found

to allow accurate estimation of the main plaque components

with minimal overlap,7 suggesting potential advantages over

other imaging modalities in terms of plaque characterization.

However, quantitative evaluation of intraplaque composition

has not been achieved by this method. Hence, in the present

study, we used a quantitative color-coded image-analysis soft-

ware to characterize intraplaque distribution by percentage
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area of fibrous, lipid/necrotic, and hemorrhagic tissues and to

determine the accuracy of this method for predicting plaque

characteristics by correlating the results with histologic find-

ings from the carotid endarterectomy specimens.

MATERIALS AND METHODS
Patients
From April 2009 to July 2010, we prospectively examined 40

consecutive male patients (age range, 59 – 82 years; mean age,

69.5 years) with stenosis of the cervical internal carotid artery,

all of whom underwent carotid endarterectomy. Of these pa-

tients, 30 had symptomatic stenosis of �70%, and 10 others

had asymptomatic stenosis of �80%. The clinical profiles of

the patients included hypertension in 38 patients, hyperlipid-

emia in 22, and diabetes mellitus in 13. All of the study exam-

inations were carried out after obtaining approval from the

institutional review board and written informed consent from

the patients.

Imaging Protocol
Axial 2D SE T1-weighted images of the affected carotid bifur-

cation were obtained by using a 1.5T MR imaging scanner

(Echelon Vega; Hitachi Medical, Tokyo, Japan) and an 8-chan-

nel neurovascular coil. The pulse sequence parameters were as

follows: TR/ TE, 500 /12 ms; FOV, 18 cm; section thickness, 4.0

mm with an intersection gap of 1 mm; number of sections, 9;

and NEX, 2. A radial k-space acquisition technique with self-

navigation, which is similar to the periodically rotated over-

lapping parallel lines with enhanced reconstruction method,

was used for motion correction.8 In this technique, 40 radially

rotating blades with 10 parallel phase-encoding lines and read-

out encoding of 256 steps, which caused oversampling at the

center of the k-space, were obtained (acquisition time: 6 min-

utes 46 seconds), and mutual phase corrections among the

blades were performed as a self-navigation for compensating

nonrigid motions. After rebinning to Cartesian coordinates

with zero-fill interpolation, images with a matrix size of 512 �

512 (apparent pixel size, 0.35 � 0.35 mm) were obtained.

Chemical shift selective saturation pulses within the planes and

nonselective saturation pulses at the superior and inferior sides

were used as fat-suppression and black-blood techniques, re-

spectively. The section direction was carefully set in a plane

perpendicular to the long axis of the carotid bifurcation on

sagittal 2D phase-contrast MR angiographic images.

Histologic Preparation
Specimens excised en bloc from the affected carotid arteries were

submitted for histologic evaluation. The specimens were fixed in

formaldehyde, and transverse sections of the carotid bifurcations

that were carefully cut to correspond in direction and position to

those of the MR images were obtained. During histologic prepa-

ration, hematoxylin-eosin, Masson trichrome, and antiglyco-

phorin-A stains were applied to paraffin-embedded 7-�m-thick

sections.

Data Processing and Statistical Analyses
Data processing was performed by one of the authors (S.N.) who

was blinded to the clinical and imaging findings. The MR image

data the from the DICOM files for the sections of the maximum

plaque size were transferred to the plaque analysis software pack-

age (PlaqueViewer; Hitachi Medical), which automatically di-

vided internal areas of the plaques into 3 color-coded components

(ie, fibrous tissue, green; lipid/necrosis, yellow; and hemorrhage,

red) according to the contrast ratios of the plaques to the adjacent

muscle, with the cutoff values of 1.17 (fibrous versus lipid/necro-

sis) and 1.55 (lipid/necrosis versus hemorrhage) that were ob-

tained in a previous study.7 Next, the percentage areas of each

component were automatically calculated. In addition, in patients

with yellow and/or red areas within the plaques suggesting lipid/

necrotic and/or hemorrhagic components, the thickness of the

fibrous cap, shown as the green area between the yellow/red area

and the adjacent arterial lumen, was manually measured on the

color-coded images 3 times by using a linear cursor and the values

were averaged.

On the specimen sections that corresponded to the MR

images, the same blinded operator measured areas of fibrous,

lipid/necrotic, and hemorrhagic tissue as well as the thick-

nesses of fibrous caps 3 times through a manual tracing

method by using a software package (ImageJ, Version 1.44;

National Institutes of Health, Bethesda, Maryland), and the

values were averaged.

For statistical analyses, Pearson correlation coefficients (r)

and intraclass correlation coefficients (ICCs) were assessed to

determine correlation and agreement between the percentage

areas of each component and the thickness of the fibrous caps

in the color-coded MR images and the specimens. The ICC was

also used to determine intraoperator agreements for the man-

ual measurements.

RESULTS
Six patients were excluded because of substantial motion artifacts,

and the remaining 34 patients (mean age, 70.2 years) were eligible

for further analysis. The ICCs of manual measurements for MR

images and histologic specimens were 0.99 and 0.99, respectively,

indicating excellent intraoperator agreements.

The percentage areas of fibrous tissue, lipid/necrosis, and

hemorrhage on the color-coded MR images ranged from 5.7% to

98.7% (median, 24.7%), 1.3% to 65.7% (22.2%), and 0% to

82.0% (41.0%), respectively, while those on the histologic speci-

mens ranged from 4.8% to 92.3% (21.0%), 7.0% to 93.8%

(33.8%), and 0% to 70.4% (35.8%), respectively. Excellent or

good positive correlation and agreement were observed between

the color-coded maps and the specimens (r � 0.92, 0.79, and 0.92;

ICC � 0.91, 0.67, and 0.89, respectively) (Table and Figs 1 and 2).

The thickness of the fibrous caps on MR images was measur-

able in 25 patients and ranged from 0.21 to 0.87 mm (median,

0.47 mm), while that in the corresponding histologic specimens

Percentage of areas of intraplaque components and fibrous cap
thicknesses on color-coded MR images and histologic specimensa

MR Images Specimens r ICC
Fibrous tissue (%) 5.7–98.7 (24.7) 4.8–92.3 (21.0) 0.92 0.91
Lipid/necrosis (%) 1.3–65.7 (22.2) 7.0–93.8 (33.8) 0.79 0.67
Hemorrhage (%) 0–82.0 (41.0) 0–70.4 (35.8) 0.92 0.89
Fibrous cap (mm) 0.21–0.87 (0.47) 0.14–0.83 (0.45) 0.61 0.59

Note:—r indicates the Pearson correlation coefficient.
a Data are presented as range (median).
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was 0.14 – 0.83 mm (0.45 mm), and these results also showed pos-

itive correlation and agreement (r � 0.61, ICC � 0.59) (Table and

Figs 1 and 2).

DISCUSSION
Unstable (or vulnerable) plaques are usually defined as plaques

mainly consisting of lipid/necrosis or hemorrhage with a thin fi-

brous cap because plaque rupture and subsequent release of em-

bolic materials into distal blood flow can more easily occur in

these plaques than in more stable plaques consisting mainly of

fibrous tissue.9-11 Several imaging modalities have been used to

detect unstable plaques by characterizing intraplaque features.

Unstable plaques are characterized by mobility and/or low echo-

genicity on ultrasonography, low attenuation on CT, and hyper-

intensity on MR imaging.1-7,11-15 However, the diagnostic perfor-

mance of all of these modalities varies considerably and remains

imperfect.

In this study, we used SE T1-weighted MR images as the source

data for quantitative evaluation of carotid plaques. Various

imaging protocols and techniques have been applied in MR

plaque imaging, and the results in previous reports have

varied.5,7,10-13,16,17 Of these protocols, an electrocardiograph-

gated 2D fast SE technique with a black-blood method is com-

monly applied.10,16 However, this method is generally compli-

cated and time-consuming and can obtain only a few sections of

imaging. In this method, moreover, the

heart rate of patients forces the TR to be

inappropriate, resulting in deterioration

of image contrast.6,7,17 A magnetiza-

tion-prepared rapid acquisition of gra-

dient echo technique has also been

widely used.18,19 In this technique, how-

ever, an inversion pulse for suppressing

the blood signal is nonspecific and can

attenuate the signal of the lipid/necrotic

component that has T1 relaxation times

similar to those of blood.

Source images of 3D time-of-flight

MR angiography have also been used in

several studies.10,17,20,21 This technique

can provide stable T1-related contrast

but no black-blood effects, suggesting

that it would be unsuitable for quantita-

tive analysis based on signal intensity.

Recently, a direct comparison of the 4

techniques revealed that the T1-

weighted SE technique showed excellent

intraplaque contrast and could accu-

rately characterize the main intraplaque

components.17 Furthermore, the T1-

weighted SE technique combined with

the quantitative color map software

package is reported to allow clinicians to

monitor changes in intraplaque compo-

nents during medical treatment.22

Hence, we selected a T1-weighted SE

technique from among the various MR

imaging options to obtain source images

for automated quantitative analysis of intraplaque composition.

We believe this choice is one of the factors that allowed this study

to achieve good correlation and agreement of MR imaging and

histologic findings, and these results are comparable with those of

previous studies in which multicontrast MR images were

used.16,17

In addition to automated estimation of intraplaque compo-

nents, we attempted to measure the thickness of the fibrous caps

because the caps are also considered important for predicting vul-

nerability of carotid plaques. As a rule, ruptured plaques tend to

have thin fibrous caps compared with unruptured plaques.23-25 In

previous studies, high-resolution source images of 3D time-of-

flight MR angiography or contrast-enhanced T1-weighted images

have been evaluated to estimate fibrous cap thickness and have

provided good correlation and agreement with histologic find-

ings26; compared with the findings of these studies, our results

were unsatisfactory, presumably owing to limited contrast be-

tween lipid/necrotic and fibrous tissues and low spatial resolu-

tion. Nonetheless, the method was noninvasive and simple.

This study has several limitations. First, only a nongated T1-

weighted SE sequence was used for the quantitative analyses, be-

cause this sequence showed the best performances to characterize

intraplaque components compared with other various T1-

weighted, proton-attenuation-weighted, and T2-weighted se-

FIG 1. Correlation and agreement between percentage area of intraplaque components and
fibrous cap thickness observed in MR images and histologic specimens. Excellent positive corre-
lation and agreement were observed between the percentage areas of the fibrous tissue and
hemorrhagic areas within the plaque determined on MR images and histologic specimens. Per-
centage areas of lipid/necrosis and thickness of the fibrous cap also showed good correlation and
agreement. r indicates the Pearson correlation coefficient.
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quences and was eligible for quantitative analyses in the previous

studies.6,7,17,22 On T1-weighted images, the contrast between fi-

brous and hemorrhagic components is evident because the latter

usually has very short T1 relaxation times. In contrast, even when

using the most appropriate sequence, the difference in signal in-

tensity between fibrous and lipid/necrotic components tends to

be subtle because the T1 relaxation times of these components are

similar. This phenomenon can lead to underestimation of the

extent of lipid/necrotic tissue and, presumably, is the reason for

diminished correlation and agreement for lipid/necrotic areas be-

tween MR images and histology specimens in the present study.

This issue might be resolved by combining T1-weighted images

with other images (eg, T2-weighted images) on which lipid and

necrosis show marked hyperintensity compared with fibrous tis-

sues.5,7 For this purpose, a sophisticated program that can handle

multiple source data is needed, which we are now developing.

Second, we did not assess the calcific component, which is said

to be one of the stable components, of the plaques because calcific

regions are barely visualized on MR images by the SE technique

used in this study, which is known to be insensitive to calcifica-

tion; furthermore, the histologic specimens were decalcified dur-

ing preparation. This limitation may lead to substantial error in

the automated analyses applied in this study. To overcome this

limitation, susceptibility-sensitive MR imaging techniques such

FIG 2. MR imaging and histologic findings of the carotid plaques. A, D, G, T1-weighted images. B, E, H, Color-coded maps. C, F, I,
Corresponding histologic specimens (left, Masson trichrome staining; right, antiglycophorin-A staining). A–C, Left carotid stenosis in a
70-year-old man. The plaque shows isointensity to adjacent muscle on the T1-weighted image (A, arrow) and is mainly green on the
color-coded map (B, arrow), suggesting a fibrous composition. On histologic examination, the corresponding plaque specimens consist
mainly of thick fibrous tissue (C and D). The percentage areas of the fibrous, lipid/necrotic, and hemorrhagic components are 97%, 3%, and
0%, respectively, on MR images and 85%, 15%, and 0%, respectively, in the histologic specimens. D–F, Right carotid stenosis in a 68-year-old
man. The plaque shows slight hyperintensity on the T1-weighted image (D, arrow) and is mainly yellow on the color map (E, arrow),
suggesting a lipid-rich plaque. The corresponding plaque specimens contained lipid and necrotic tissue that flowed out of the specimen
during the tissue preparation (F). The percentage areas of the fibrous, lipid/necrotic, and hemorrhagic components are 35%, 64%, and 1%,
respectively, on the MR images, and 33%, 66%, and 1%, respectively, in the corresponding specimens. G–I, Right carotid stenosis in a
74-year-old man. The plaque shows marked hyperintensity on the T1-weighted image (G, arrow) and red on the color map (H, arrow),
suggesting intraplaque hemorrhage. In the corresponding pathology specimens, the plaque contains massive hemorrhage with a thin
fibrous cap (I). The percentage areas of fibrous, lipid/necrotic, and hemorrhagic components are 17%, 13%, and 70%, respectively, on MR
imaging, and 15%, 33%, and 52%, respectively, in the specimens. The fibrous cap thicknesses on the MR images (H, small arrows) and in the
specimen (I, small arrows) are 0.47 and 0.39 mm, respectively. (C,F, and I, 3x magnification.)
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as T2*-weighted imaging, as well as tissue preparation without

decalcification, will be needed.

Another limitation involves a technical issue. In this study, 2D

images with relatively low spatial resolution were obtained by

using the 1.5T scanner and a standard neurovascular coil, and this

could have caused substantial errors in quantitative analysis and

manual measurement owing to partial volume effects and spatial

mismatches with the histologic sections of the specimen. To im-

prove the precision of quantitative analysis of plaque composition

and fibrous cap thickness as well as the spatial correspondence

between the MR and histologic images, high-field MR imaging

scanners and sophisticated 3D imaging techniques with excellent

contrast (eg, 3D-T1-weighted FSE), which we are planning to use,

are required.27 Finally, we did not investigate whether the quan-

titative imaging findings correlate with stroke or other adverse

events during or after carotid endarterectomy or whether these

findings are different between symptomatic or asymptomatic pa-

tients because these issues are beyond the scope of this study.

Hence, this study provided no direct evidence for prediction of

stroke events and perisurgical complications, though the results

suggest that the method we used is promising for this purpose. A

prospective study to investigate this issue is now ongoing with a

larger cohort and the similar imaging protocols.

CONCLUSIONS
Quantitative color-coded analyses applying nongated T1-

weighted SE images can readily predict the composition of carotid

plaques, particularly the percent areas of fibrous and hemorrhagic

components, in patients who are carotid endarterectomy

candidates.
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