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Abstract: Multi-contrast MRI has shown to be suitable for plaque analysis, which
is important for the risk assessment of internal carotid artery stenoses. The purpose
of this work was the development of software prototypes, which support the development of methods for the classification and exploration of plaque-morphology in 3D
and allow for a comparison with histological images and CT images. Complex exvivo plaque specimen were evaluated at a high field 9.4T MRI system with different
contrasts (T1-fatsat-GRE, T2*-GRE, T2-RARE, PD-RARE) and high resolution (ca.
100µm3 ). Plaque-images were processed to enhance specific plaque-components and
combined into RGB-images. The resulting images were interactively explored in coupled views of volume-rendering and user-defined MPRs. µCT images were also preprocessed for visualization. The user could then explore corresponding image regions
in MR images, histological images and CT images. Initial results showed a benefit for
the assessment of plaque-constitution and 3D-morphology.
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Introduction

High-grade internal carotid artery (ICA) stenoses are a leading source of ischemic stroke
and the assessment of the risk factors is a crucial task. The plaque constitution is an
important risk factor [SHT+ 07]. Especially complicated type VI plaques according to
the American Heart Association (AHA) classification contain thrombi, acute or old intraplaque hemorrhage and/or ulceration of the fibrous cap [SCD+ 95]. While CT gives a
reliable detection and quantification of calcifications [dWOM+ 06], the analysis of histological slices is the goldstandard for the analysis of other plaque constituents.
Previous studies have shown that MRI exhibits excellent softtissue contrast and can be
used to distinguish major components of carotid atherosclerotic plaque [YKF+ 02, CFU+ 05,
FMS+ 08]. In addition, T1, T2 and proton-density(PD) weighted sequences, T2* and diffusion weighted sequences have been evaluated for plaque characterization [QRV+ 07].
For the analysis of multicontrast MRI of plaques, there exist several approaches and
most of them focus on the segmentation of plaque images acquired with T1, T2 and
PD weighted images [XHY02, AvdGW+ 04, ISM+ 04, CBH+ 06, ASH+ 07, KBV+ 09,
LXF+ 06, SGL+ 08]. A major problem in the development of intensity-based classification algorithms for visual or automatic image analysis is the dependency of the intensity

distribution upon the imaging parameters. Thus, some approaches train classification algorithms using reference segmentations from histological slices and CT images to adapt
them to a given parameter set [LXF+ 06, CBH+ 06, ASH+ 07]. Other approaches based on
fuzzy clustering start with a representative sample [ISM+ 04] or a priori-knowledge of the
quantitative T2 map [SGL+ 08].
For the training of classificators and the validation of results, the MR images have to be
compared with the goldstandards CT (for calcifications) and/or histology. Histological
images normally consist of a small set of slices and the orientation may differ from the
MR image slices. Furthermore, the preparation process leads to deformations and ruptures in the loosely connected tissue. An accurate matching of the images is therefore
difficult. In previous studies, experts visually inspected the data and transferred the segmentation of the histology images to the region of the MR image they assumed as matching
[ISM+ 04, ASH+ 07]. Clarke et al. apply Delauney triangle nonlinear registration to match

Figure 1: Histological images with deformations from the preparation procedure

the histological images with the MR images for an automatic per voxel comparison of the
classification [CBH+ 06].
For the alignment of MRI and CT images linear registration is applied [DSC+ 06, CBH+ 06].
Dey et al. compare in-vivo CT and T1-weighted MR images and thereto apply mutual information based linear registration to the segmented vessels. Clarke et al. also use linear
registration to align µCT and MR images of ex-vivo plaques. Fig. 2 shows an example of
a µCT image and a corresponding MR image.
Previous studies have either focussed on the segmentation of ex-vivo images or on the
analysis of in-vivo images. Furthermore, different tools like Matlab, ImageJ and ENVI are
applied in the analysis process.
The aim of the present work is to provide a set of software assistants that support the
analysis and comparison of histological images, CT images and multicontrast MRI exvivo and in-vivo. On the one hand, the common software environment should facilitate
the cooperative analysis of study data by pathologists, radiologists and neurologists, on
the other hand, this software should provide a framework for the evaluation of imaging
sequences and classification algorithms for ex-vivo as well as in-vivo image data.

Figure 2: Examples of an ex-vivo T1-weighted MR image and the corresponding µCT image. The
field of view and the orientation differs.

Contrast
T1
T2*
T2
PD

Sequence
GRE
GRE
RARE
RARE

Res. [mm3 ]
0.1
0.1
0.1
0.1

TE / TR [ms]
2.4/13.4
7.9/12.8
40/2500
9/1500

Flip angle
20
20
90-180
90-180

Turbo factor
N/A
N/A
16
8

Averages
12
10

Table 1: Pulse sequence parameters for multi-contrast 3D ex-vivo plaque imaging using an ultra-high
field small animal system (9.4T).
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Data

To date, in an ongoing study, plaque specimen of patients undergoing carotid endarterectomy for ICA stenosis ≥ 70% (local degree of stenosis) are evaluated. Plaques are fixed in
4% formalin for ≥24 hours after surgical resection, transferred into tubes containing free
oil (1,1,2-Trichlorotrifluoroethane) and evaluated at a high field 9.4T MRI system (Bruker
BioSpin 94/20, Ettlingen, Germany). The MRI protocol provides 3D imaging with a spatial resolution of 1̃00µm3 including T1-fatsat-GRE, T2*-GRE, T2-RARE, and PD-RARE
imaging (see Table 1). Total scan time is 10 hours. After MR scanning the plaque specimen are scanned with a µCT Scanner (Siemens µCAT II) before EVG-coloured histological images of single slices are produced. The in-vivo images were acquired prior to the
intervention with a 3T MRI scanner (Siemens TrioTim, Erlangen, Germany). They contain a Time-of-Flight(TOF) image volume (0.52×0.52.×1.0mm3 )and T1-, T2-, T2*- and
PD-weighted images acquired at lower resolutions (ca. 0.54×0.54×4.0).

3

Methods

To support the analysis of the study data, two software prototypes are being developed. The
first one supports the manual classification of the histological slices by the pathologist.
The user can interactively define contours and label the according regions. The second
prototype focusses on the processing of the volume images from CT and MRI and the
exploration of the spatial and contentual correspondances of the different images. Figure
3 shows an overview of the main functionalities of the actual software.

Figure 3: Overview of the image data and prototype functionality for the analysis of the ex-vivo
plaques. The histological images are classified manually using a special prototype. CT and MR
images are preprocessed within the same prototype before they can be explored separately or fused
in 3D. The interactive definition of arbitrary slice planes in 3D supports the detection of the CT and
MR image regions that correspond with the histological slices.

The plaque analysis software is implemented within the image processing and visualization R&D platform MeVisLab [BVUW+ 07]. CT and MR images are preprocessed to
remove non-plaque structures and background noise.

3.1

Preprocessing

In the CT images, the cylinder that contains the plaque is clearly visible (Fig. 2). To restrict
the visualization to the interesting image region, the cylinder is removed automatically as
shown in Fig. 4. First, an automatic thresholding is applied. The threshold is determined
by the analysis of the histogram of a central image slice. The cylinder component is then
detected. The mask that results from filling the cylinder component is then used to mask
the original image.

Figure 4: Removal of surrounding structures from µCT image. The leftmost image shows the acquired image with the plaque and the surrounding structures. The middle image shows the result
of the component analysis with the plaque and the containing cylinder identified as one component.
The rightmost image shows the masked plaque image, where the structures surrounding the plaque
are removed.

To prepare the MR images for the combined visualization, an initial semi-automatic background suppression is applied. Thereto the available contrasts are combined into a maximum image, which is then processed with an Otsu Threshold [Ots79] and a subsequent
morphological closing. Based on this pre-segmentation the contours of the outer border
and the lumen are detected to further distinguish dark plaque regions and lumen through
the contour lengths (Fig. 5). The resulting contours can be corrected interactively by the
users.

3.2

Visual Exploration of Multicontrast MR Images

Many of the approaches described in Section 1 use exactly three MR contrasts and it is
common to fuse these contrast images into an RGB image for further processing and comparison with histological slices[ISM+ 04, ASH+ 07]. This approach is extended here. The
user can select the contrast for each channel and window each color channel separately to
get the most meaningful representation of the fused image (Fig. 6).
Previous studies have given estimates for the relative appearance of specific plaque components at different contrasts [FMS+ 08]. This knowledge can be applied to suppress or
enhance components through arithmetic combinations. Figure 8 shows such a fusion that

Figure 5: Separation of plaque and background based on the maximum image of the given MR
contrasts. After the application of thresholding and morphological closing plaque and background
are separated by the detection of the contours.

combines the PD-weighted and the T2-weighted images to enhance the fibrous cap and
the lipid rich/necrotic core regions.
The 3D and MPR views are coupled: MPRs are defined by moving and rotating the corresponding lines in the intersecting viewing planes and can be shown in the 3D volume
rendering for orientation [LKP06]. The current combination image can also be overlaid
onto the original images, which are shown in the 2D viewers on the left side (Fig. 9).

3.3

Comparison of Histological Images and Image Volumes

To compare the volumetric CT and MR images with the histological slices, it is important
to find the corresponding transsection plane. The user can reproduce the slice position by
adjusting the MPR in the 3D viewing panel. The 2D image panel on the left can either
show 2D views of the volume images or the EVG-colored histological slice images and
the manual segmentation results of the pathologist. To facilitate the interactive position
matching the histological slice can also be rotated (Fig. 6).

3.4

Analysis of in-vivo Plaque Images

In addition to the low resolution due to the shorter scanning time, in-vivo plaque images
are affected by patient motion. Thus, a combined analysis of the different MR contrasts
requires a prior registration. Thereto we apply a 3D registration based on normalized mutual information and affine transformations. To identify the region of interest and quantify
the vessel narrowing caused by the plaques, the vessels are first segmented in the TOF
image with a region growing approach [BRL+ 04]. The result of this segmentation can
then be used to identify the interesting image regions for the exploration and the comparison with the ex-vivo imaging results. Figure 7 shows a visualization result for registered

Figure 6: Comparison of the histological image and the corresponding image region in the RGB
image that results from the fusion of the PD-weighted, T2-weighted and T2*-weighted ex-vivo MR
images. The user can rotate the histological image and define the corresponding slice plane by
moving and rotation the slice markers in the orthogonal views.

color-combined in-vivo images.

4

Results and Discussion

In an ongoing study the described tools have been applied to three datasets. Histological
slices have been classified successfully by the pathologist and results have been transferred
to the neurological department, where the study results are evaluated.
The visual exploration of the multicontrast MR images resulted in a quicker apprehension
of the plaque constitution than the conventional side-by-side comparision of the separate
image slices. The left part of figure 8 shows the results of a high resolution multi-contrast
plaque acquisition as viewed in the standard analysis procedure. By comparing signal
intensities in T1, T2, T2* and PD weighted images, different plaque components such as
calcification, hemorrhage, and lipid rich/necrotic core (LR/NC) are identified slicewise.
Applying the new analysis tool, the same data was used to create novel contrasts, as shown
on the right side in Fig. 8 multiplying T2 and PD contrast of the spatially registered plaque
data. Note, that in this case, contrast manipulation provides a clearer delineation of the
fibrous cap and the LR/NC compared to the standard view in left part of Fig. 8.
The use of different color channels for the combination of three contrasts into a single
image is shown in Fig. 9 for another plaque specimen. The combination of T1 (red color
channel), T2 (green color channel) and PD (blue color channel) illustrates the potential for
improved identification of plaque components. Particularly fibrous tissue (hyperintense in

Figure 7: Fused visualization of in-vivo multicontrast MR images. The vessels are segmented in the
TOF image, which covers a larger region than the other images. The plaque is clearly visible on the
RGB image that stems from the T1-, T2- and PD-weighted images.

T2 and thus green in Fig. 9), calcification (signal void), and necrosis (hyperintense in T1
and thus red in Fig. 9) can clearly be identified.
An expert determined the image regions corresponding to the histological slices in the
MR volumes. To finally transfer the classification results of the pathologist, a non-rigid
registration as proposed by Clarke et al. [CBH+ 06] will be necessary to compensate the
deformations from the preparation of the histological slices (Fig. 1).
The analysis of the in-vivo images has not been adressed in the study yet. However, first
tests with the given datasets indicate that the methods developed with the ex-vivo image
data can be transferred to in-vivo images.

5

Conclusions

In the previous sections we presented a prototypical software for multi-modal inspection
of carotid plaque specimens. The software prototype offers functionalities for interactive
classification of histological images, texploration of single MR contrasts or images fused
via arithmetic operations or color channels. Furthermore, an interactive alignment of histological images and volumetric images is supported. In an ongoing study, first datasets
have been processed with the software. Initial results indicate the potential for improved
delineation of specific plaque components. 3D visualization of the resulting contrast or
color maps allow to explore and understand the complex 3D plaque morphology. Future
work will focus on the development and evaluation of automatic analysis methods for
multicontrast MR images ex-vivo and in-vivo.

Figure 8: Left:Original multi-contrast images of a complex ex-vivo plaque specimen with calcification, a necrotic core including old hemorrhage, and a fibrous cap separating the core and vessel
lumen. Right: 3D ex-vivo plaque analysis with multiplied T2 and PD contrast highlighting fibrous
tissue. Note, that the fibrous cap is considerably enhanced and easier to identify than in the standard
view shown in Fig. 1. 3D coverage facilitates the evaluation of thickness and extent of cap and
plaque core within the entire specimen.
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