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Abstract-Cardiovascular disease due to atherosclerosis is a leading cause of death in the United 
States as well as other developed countries. This paper describes the development ofimage processing, 
pattern recognition, and graphical display techniques to non-invasively quantify the atherosclerotic 
disease process using magnetic resonance imaging (MRI). We have demonstrated the ability to 
identify the soft tissue classes of (1) normal, smooth muscle wall, (2) fatty plaque, (3) complex, fibrous 
plaque, and (4) calcified plaque. The objective of this work has been to combine functional 
information, such as plaque tissue type, with structural information, represented by 3-D display of 
vessel structure, into a single composite display. The results of this work provide a “high information 
content” display which will aid in the diagnosis and analysis ofthe atherosclerotic disease process, and 
permit detailed and quantitative studies to assess the effectiveness of therapies (e.g. changes in diet, 
exercise and drug administration). 
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INTRODUCTION 

Cardiovascular disease due to atherosclerosis is a leading cause of death in the United States. 
The diagnosis and management of the consequences of atherosclerosis is a major 
contributing factor to health care costs. Atherosclerosis is typically detected only after the 
occurrence of serious or catastrophic events such as stroke, myocardial infarction, or 
peripheral vascular ischemia. Evidence is beginning to accumulate which suggests that 
magnetic resonance imaging (MRI) may be an effective, non-invasive diagnostic method for 
evaluating atherosclerosis. This paper describes and demonstrates a pattern recognition and 
graphical display system for non-invasively evaluating atherosclerosis based upon multiple 
pulse sequence MRI image input. 

The contrast between different tissue constituents in MRI includes contributions from the 
distribution of water and lipid (fat) protons as well as inherent differences in their nuclear spin 
relaxation times. Previous work by other investigators has indicated that different pulse 
sequences are able to enhance the contrast between certain atherosclerotic tissue types. Most 
work to date has concentrated on visualization of protrusional atheromatous tissue [l-3]. 
We have been specifically interested in developing techniques for automatically identifying 
the different atherosclerotic tissue class types involved in the disease process for both 
protrusional as well as non-protrusional lesions. The ability to reliably identify different 
tissue types is expected to permit the state of the disease process to be evaluated. 

This work has concentrated on developing methods for distinguishing the tissue classes of 
normal muscle wall (i.e. intima and media) from major atheromatous plaque constituents, 
including fatty lipid containing plaque, thrombus, fibrous connective tissue and calcified 
plaque. The problem of identifying these different tissue classes has been approached as a 
multidimensional pattern recognition problem. The long term objective of this work is to 
combine functional information, such as plaque type, with structural information, 
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represented by the 3-D display of vessel structure, into a single composite display. Some of 
this work has been presented in abstract form [4-51. 

METHODS 

General protocol 

Fresh human aortas acquired at autopsy and carotid endarterectomies obtained during 
surgery were suspended in saline and imaged in a Siemens Magnetom Imager. The fresh 
specimens were imaged as soon as possible after excision, never longer than 12 h after 
dissection. The specimens were refrigerated during the time between initial excision and MRI 
imaging and exhibited no visual signs of tissue degradation. Bottomley and coworkers [6] 
report studies indicating no change in NMR parameters which could affect tissue 
characteristics observed with MRI during the first 12 h after tissue excision. These results are 
confirmed by our own group which has seen no significant changes in NMR spectroscopic 
parameters for at least the first 12 h after dissection [7]. 

The container for imaging the aorta was a double walled plexiglass cylinder which can be 
warmed or cooled by running water through the outer jacket from a temperature controlled 
water bath (Fig. 1). The images were acquired with the aid of a Siemens orbit surface coil 
which was placed around the cylinder and positioned near a region of the aorta containing 
atherosclerotic plaque. 

Initially, longitudinal scout images were recorded to help facilitate the placement of the 
orbit coil, the choice of transverse image slice positions, and the matching of the histological 
sections with the transverse images. A set of three transverse images (proton density, T, and 
T2 “weighted” images) was then acquired for each of approximately 10 different slice 
positions. The data were then transferred to an image processing system using magnetic tape 
for the pattern recognition and graphical display studies reported in this paper. 

MRI imaging parameters 

The standard spin-warp imaging method was utilized with spin-echo pulse sequences. In 
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Fig. 1. Schematic drawing of chamber and MRI orbit coil used to contain aorta and carotid 
endarterectomy specimens for experimental MRI imaging. The specimen is suspended in the interior 
chamber which is filled with saline. The plexiglass chamber is double-walled to create a jacket for the 
flow of water from a temperature controlled water bath. The circular orbit coil encircles the chamber 

and can be positioned at the specimen region containing the plaque of interest. 



Identification and 3-D quantification of atherosclerosis 91 

MRI, the time between the excitation pulse and the spin-echo maximum is denoted as TE, 
and the repetition time between serial excitation pulses is referred to as TR [6]_ Values of TE 
and TR for emphasizing differences in proton density, Tl and Tz are listed below. Images 
emphasizing differences in proton density are obtained using relatively short values of TE 
(< 35 ms) and long values of TR (>2 s) to obtain maximum signal intensity. Images 
emphasizing differences in T,, the spin lattice relaxation time, are obtained using relatively 
short values of TR < < 0.35 s) and TE (< 35 ms). Images emphasizing differences in T2, the 
spin-spin relaxation time, correspond to long values of TE (50-90 ms) and long TR times to 
allow equilibration between scans. Such Tz weighted images were usually obtained as the 
second echo of a dual echo sequence. 

The MRI imaging parameters for the aorta images reported in this paper are the following: 
(1) the magnetic field strength was 0.35 T and employed a Siemens Magnetom Imager; (2) the 
slice thickness was 5.0 mm; (3) slices were spaced 2.5 mm center-to-center; (4) each final image 
was the average of data from two initial images; (5) the spatial resolution of the images was 
1.0 mm per pixel; and (6) the spin-echo technique was used to obtain all images at room 
temperature (24°C). 

Preprocessing of images 

Images were displayed and analyzed on a Masscomp MC-5520 based image processing 
system. The image processing system contained Imaging Technology Inc. IP-512 multibus 
image processing boards, consisting of a RGB-512 frame grabber and three FB-512 frame 
buffer boards. The Masscomp computer utilized the Masscomp Real Time UNIX (RTU) 
operating system, contained 2 MB of physical memory and approximately 200 MB of hard 
disk storage. The Masscomp computer utilized a modified version of HIPS (Human 
Information Processing System [8]) for image processing. The software developed for this 
project was written in C and designed to be compatible with HIPS. 

Several preprocessing steps were required to aid in the pattern recognition and object 
reconstruction. The first step was to scale the image data from 12 bits/pixel to 8 bits/pixel, in 
order to decrease the storage space for each image and to allow quick display on our 
hardware. This scaling operation was accomplished by multiplying each 1Zbit pixel value by 
the factor 255/4095. The next step was to remove as much of the background region from the 
images as possible by extracting only the central 64 x 64 pixel portion of the images. These 
small images were enlarged by a factor of two in each dimension using bilinear interpolation, 
resulting in a final “resolution” of 0.5 mm/pixel. This enlargement was required to make 
tissue regions more identifiable for contour tracing by hand. This interpolation process did 
not have any significant effects on later processing, such as pattern recognition. Since the 
interpolation process was a simple bilinear process, it primarily increased the number of 
pixels, but did not effect their statistical properties. This was confirmed by comparing the 
histograms, statistics (e.g. mean and variance) and classification results of an original image 
and an image enlarged by bilinear interpolation, which showed no significant differences. 

Additional preprocessing of the images was required to minimize inherent artifacts in the 
image acquisition process. The T2 weighted images (with TE’s of 70 ms) were spatially shifted 
from the T, and proton density images (with TE of 35 ms). The origin of this shift is believed 
to be due to an artifact in the Siemens Magnetom reconstruction software and/or non-ideal 
phase-encoding gradient pulses. The shift was an integral number of pixels (at most 3 pixels), 
and was not constant for different pulse sequences. The T, weighted images were registered 
to the proton density and Tl weighted images by superimposing the images into the red, 
green and blue image planes of our color imaging system. 

The second major correction which was performed was intensity normalization between 
slices, necessitated by use of the orbit coil. The Siemens orbit coil was required to increase 
resolution and signal-to-noise ratios in the images. With this orbit coil, the intensity of a pixel 
is inversely related to the distance of that pixel from the closest surface of the coil. This change 
in intensity as a function of relative position was observed both within slices as well as between 
slices, but was most evident between slices. Normalization within individual slices was not 
performed because the intensity differences were not considered large enough (less than 10%) 
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to significantly effect the results. However, the average image intensity significantly 
decreased with distance from the orbit coil (by as much as 50x), requiring the normalization 
of all images to some reference value. These estimates of within slice and between slice 
intensity variations are consistent with preliminary results obtained from the analysis of 
phantoms containing only saline without a tissue specimen. The average intensity of saline 
pixels for each image section was chosen for normalization, because saline comprised a large 
number of pixels in all images and was readily identifiable. The average intensity of the saline 
pixels in the slice near the center of the orbit coil was chosen as the reference intensity for the 
normalization process. A normalization factor was calculated and applied to each image slice 
to make the average saline value in all images equal to the average saline value of the 
reference slice. 

Histology 

Representative regions of the various tissue types of interest were located on the histology 
tissue slices of the aorta and matched to the corresponding MRI image sections. This 
matching of MRI images and histology sections was facilitated by drawings and 
measurements of major features (e.g. vessel branch points and major diseased areas) in the 
aorta preparation, which were observable in both MRI and histology sections. Simultaneous 
observation of the histology sections and MRI images permitted tissue regions to be 
localized and identified in the MRI images (see [7] for examples of histology slices for this 
preparation). The regions of interest for each tissue type were then outlined on the displayed 
MRI images by directing a cursor on the display screen with a mouse. 

RESULTS 

As described in the Introduction, the primary objective of this study has been to develop 
techniques appropriate for the automated identification and 3-D display of atherosclerotic 
plaque. The general procedure employed in this project consisted of the following steps. 

(1) Compute statistical measures for each observed atherosclerotic tissue type, including 
the mean, variance, and correlation matrices. 

(2) Analyze the separability between different tissue types provided by different pulse 
sequences utilizing the Mahalanobis distance measure. 

(3) Examine the ability to classify the major tissue components in the image slices using a 
minimum distance to the means and Fisher linear classifier. 

(4) Extract boundaries of the different tissue regions to create a 3-D data base. 
(5) Calculate volume, surface area and cross-sectional area measurements for the different 

tissue types from this 3-D data base. 
(6) Create a 3-D solid model to display the spatial location and distribution of the different 

tissue types involved in atherogenesis and their spatial relationship to the vessel wall. 

Experiments reported in this paper were conducted on two different vessel preparations. 
Initial experiments were conducted on isolated aorta preparations from fresh cadavers. Most 
experiments reported in this paper were conducted on an excised aorta preparation from an 
80-year-old man with significant atherosclerotic disease. Later experiments were performed 
on an isolated endarterectomy specimen, containing primarily atherosclerotic plaque. 

Excised aorta studies 

MRI has the distinct advantage of being able to control pulse sequence parameters which 
enable different physicochemical aspects of the tissue to be emphasized. Spin-echo pulse 
sequences were chosen to emphasize the MRI parameters T,, T2 and proton density. Figure 2 
shows a sequence of 12 proton density weighted images through a section of diseased aorta 
with non-protrusional atherosclerotic lesions. Figure 3 shows three transverse images 
corresponding to the same cross-sectional position, emphasizing T,, T, and proton density. 
The calcified tissue regions produce no MRI signal with all pulse sequences, and therefore 
show up dark, making them readily apparent. 



Fig. 2. Sequence ofproton density weighted images generated using the apparatus shown in Fig. 1 for 
twelve different slice positions (SP-1 to SP-12). The spin-echo pulse sequence parameters are: 
TR = 2.0 set; TE = 35 ms. The calibration mark in the bottom right-hand corner is 2 cm in the 

horizontal and vertical directions. 
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Fig. 3. Transverse section images emphasizing proton density T, and T2 weighting through a plane 
containing several plaque types. A: T, weighted image (TR = 1.0 set, TE = 35 ms). B: proton density 
(rho) weighted image (TR = 2.0 set, TE = 35 ms). C: T, weighted image (TR = 2.0 set, TE = 70 ms). 
D: outlines of different regions of atherosclerotic plaque seen in A-C where c = calcified plaque, 
f = fat (lipid) containing tissue, and m = mixed fibrous, complex plaque. E: false color composite 
image created by superimposing the T, weighted image in the red image plane, the proton density 
weighted image (rho) in the green image plane and the T2 weighted image in the blue image plane. The 
different tissue types have distinctive color combinations as described in the text. The calibration bar 

in the bottom right-hand corner of Fig. 3 is 2 cm in the horizontal and vertical directions. 
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Fig. 5. Classifier results for minimum distance to the means (MDM) and Fisher discriminant classifier. 
The five different classes are represented as different shades ofgray percentage: black-calcified plaque; 
dark gray ~ mixed complex plaque; medium gray ~ saline; light gray-wall; and white-fatty, lipid 
containing plaque. A: minimum distance to the means classifier results on training slice. B: Fisher 
classifier results on training slice. C: minimum distance to the means classifier results on transverse 

slice located 10 mm from the training slice. D: Fisher classifier results on same slice shown in C. 

Fig. 6. 3-D reconstruction of aorta segment after tissue types have been identified with pattern 
recognition. The inner and outer vessel walls are shown transparently to permit the plaque within the 
walls to be visible. The colors designate different plaque components as follows: red/brown = 
calcified plaque; green = complex fibrous plaque; and yellow = fatty plaque. The aorta has been 
rotated by 20” about the x-axis, and then by -20” about the y-axis. The blue plane is included as a 

“depth cue” to enhance the illusion of depth. 
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Fig. 7. RGB (red, green and blue) composite display of carotid-arch endarterectomy. A sequence of 
cross-sectional images were acquired on a Siemens Magnetom Imager operating at 1.0 Tesla with a 
resolution of approximately 0.4 mm by 0.4 mm. Each section was 3.0 mm thick and 3.0 mm center to 
center. The TI weighted image was acquired as a spin-echo sequence with pulse timing parameters of 
TR = 500 ms and T.E = 28 ms and is displayed in the red image plane. The proton density and T2 
weighted images were acquired using the double spin-echo technique with pulse timing parameters 
of TR = 2000 ms and TE = 28 and 56 ms, respectively. The proton density weighted image is 
displayed in the green image plane and the T2 weighted image in the blue image plane. The calibration 

bar in the bottom right hand corner of Fig. 7 is 1 cm in the horizontal and vertical directions. 

Fig. 8.3-D reconstruction of carotid endarterectomy specimen shown in Fig. 7. The gray (black/white) 
region represents the plaque containing region of the vessel. The interior bright region in the display 
represents the remaining lumen through the region of plaque. The carotid has been rotated by -45” 
about the z-axis, and then by -80” about the x-axis. The gray background plane is included to 

enhance the illusion of 3-D depth. 
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False color display. Superposition of the three different pulse sequences into the red, green 
and blue image planes provides a false color display [9] with significantly increased contrast 
between the different tissue types (see Fig. 3). The false color display method provides a 
simple, but effective method for combining information from the different pulse sequences. 
Figure 3 also shows outlines of the different plaque types observed in the false color image, 
which have been traced by careful comparison of the histology slides with the different 
regions in the false color image. 

The false color display method enhances the contrast between different tissue types, so that 
they appear as different colors due to their intrinsically different physicochemical properties 
(i.e. different combinations of proton density, Tr and T2 weightings). The calcified plaque 
appears black, due to lack of signal intensity with all pulse sequences. The lipid containing 
tissue appears white (large signal intensity for all pulse sequences) and the complex, fibrous 
plaque appears brownish. These colors have been found to be remarkably consistent for 
other preparations studied, such as the carotid endarterectomy described below. 

Class separability. One of the major requirements for a successful pattern recognition 
system is determination of a feature vector which is capable of providing sufficient 
separability between the classes of interest. This has required evaluation of the separability 
provided by different pulse sequences employed in this work. 

Tissue class statistics were compiled by circumscribing the plaque-containing regions (see 
Fig. 3) using a cursor displayed on the image processing screen controlled by a mouse. The 
results from four different transverse slice positions were averaged together to obtain a 3-D 
mean and variance for each tissue class of interest. These results were visualized as 3-D plots 
of their multidimensional mean, plus and minus one variance unit, as shown in Fig. 4. The 
four different views suggest that none of the MRI pulse sequences employed can provide the 
required separability between the various tissue classes of interest. 

The separability results were quantified by calculating the Mahalanobis distance measure 
[lo, 1 l] between the classes of interest in a pairwise fashion. The squared Mahalanobis 
distance was calculated as: 

where p is the multidimensional mean vector, x is the multidimensional data vector for the 
corresponding classes, E-’ is the inverse covariance matrix for these classes and t represents 
the matrix transpose operation. These results are shown in Table 1. The results of the 
Mahalanobis distance measure indicate that the separability between the classes of interest 
is increased when all three MRI parameters (proton density, T, and T2) are utilized together. 

The significance of the difference in class means was evaluated using the F-statistic [12]. 
Tl provides significant separability between all classes of interest when used as a single 
parameter while proton density provides insignificant separation between most classes. Most 
notably, neither proton density nor T2 provide significant separation between fatty plaque 
and the vessel wall when utilized individually, thus making identification of non-protrusional 
fatty plaque difficult without the combined discrimination provided by different pulse 
sequences. 

Classifiation results. The previous results suggest that the proton density, T, and T, 
parameters provide reasonable separability between the classes of interest when used as a 
multidimensional data set. A minimum distance to the means and Fisher discriminant 
classifier have been developed and compared to determine their effectiveness in identifying 
the classes of interest [ 10, 111. Both of these classifiers are supervised classifiers (i.e. training 
with a teacher) and therefore require a training data set. The training data set was created 
by outlining tissue regions on the MRI sections belonging to different classes guided by 
simultaneously projecting corresponding histology slides of the same aorta section. Both 
classifiers were trained on the transverse section slice shown in Fig. 3, which exhibits all the 
tissue classes apparent in the experimental aorta. 

A Euclidean distance measure was used for the minimum distance to the means classifier 
with a threshold equal to 100. An unknown pixel was assigned to a particular class if its 
multidimensional vector was less than 100 Euclidean distance units from the closest mean of 
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Table 1. Mahalanobis distance measures for different tissue types shown as cluster plots in Fig. 2. The Mahalanobis 
distance measures are based on T,, proton density (pd) and T, data together (all) or the individual parameters 
taken separately. The significance of the Mahalanobis distance measure was evaluated using the F-statistic (see text). 
All Mahalanobis distance measures are significant at the 95% level of confidence, except those indicated with an 

asterisk (*). 

Saline Ca plaque Mixed plaque Fatty plaque Normal wall 

Saline 0.0 

Ca plaque 
All 
r, 
T, 
pd 

Mixed plaque 
All 
? 
T2 
pd 

Fatty plaque 
All 
i? 
T, 
pd 

Normal wall 
All 
T, 
T* 
pd 

166.1 0.0 
90.1 0.0 

156.2 0.0 
99.5 0.0 

305.2 10.4 0.0 
17.7 4.1 0.0 

230.8 o.o* 0.0 
16.2 0.8* 0.0 

155.5 139.9 52.1 0.0 
86.6 80.8 40.3 0.0 

5.5 0.9* 1.7’ 0.0 
1.8* 32.6 48.7 0.0 

287.0 242.8 24.5 16.1 0.0 
21.3 55.0 18.8 13.7 0.0 
96.7 3.5* 20.8 0.2* 0.0 

1.5* 2.4* 2.5* 0.S 0.0 

the classes in the training data set. The Fisher discriminant classifier was implemented in a 
pairwise fashion, where discriminant planes were calculated between all pairs of classes from 
the training set data. This was necessary due to the geometrical arrangement of the classes 
in 3-D space (see Fig. 4), which makes it impossible to determine discriminate planes that 
separate each class from all other classes. 

The classifier results are shown in Fig. 5 for both the minimum distance to the means and 
Fisher discriminant classifier. Both classifiers performed with close to 100% accuracy when 
tested on the training slices. Four other slice positions in the same aorta were used to evaluate 
the performance of the two classifiers. The classifiers were evaluated on the basis of the 
percentage of pixels correctly classified, which varied between 50 and 90%. Much of the 
classification error is believed to be due to the relatively small numbers of pixels belonging 
to some of the classes (10 pixels in some sections). 

The classification results demonstrate that it is possible to reliably identify four of the 
major tissue classes involved in the atherosclerotic disease process. These classification 
results are very important to our goal of developing a “high information content” display 
system for atherosclerosis, which will display the spatial extent of the vessel and plaque 
formation in 3-D and the quantity of different plaque constituents. 

3-D reconstruction results. The pattern recognition capability described in the previous 
section has been utilized to automatically identify four different atherosclerotic tissue classes 
for 3-D reconstruction. The classified tissue regions were used to direct the tracing of 
contours around the tissue types of interest, which were then used as the basis for 3-D 
reconstruction. Volumes and surface areas were calculated from the 3-D reconstructed wire 
frame models (not shown) of the plaque constituents and vessel, using programs modified 
from the CARTOS software package [13]. Each plaque type is expressed as a percentage of 
the total vessel wall volume in Table 2. 

A solid model was created from the extracted contours of the different structures using the 
MOVIE.BYU solid modeling package [14]. Figure 6 shows an example of the reconstructed 
aorta segment, demonstrating the spatial relationships of the non-protrusional plaque tissue 
types previously identified using pattern recognition. 
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Fig. 4. Four different views of 3-D cluster plots. The cluster plots were generated by plotting the 3-D 
mean plus and minus l-sigma (i.e. one variance unit), in each dimension for each tissue type studied 
in the aorta preparation shown in Figs 2 and 3. These cluster plots provide a visual indication of the 
separability between different tissue types provided by the different pulse sequences as described in the 

text. 

Carotid endarterectomy 

The same type of image analysis and display described for the aorta preparation was 
performed on a carotid endarterectomy preparation. The plaque of a severely occluded 
carotid artery was removed during an endarterectomy. The surgeon was careful to maintain 
the integrity of the specimen as much as possible. Figure 7 shows a series of transverse 
sections through the endarterectomy displayed using the false color method described for the 
aorta preparation. Similar color combinations are apparent to those observed in the excised 
aorta preparation (Fig. 3). 

Pattern recognition was found to be more difficult with the endarterectomy specimen, due 
to the relatively small, highly intermixed tissue areas and larger number of apparent tissue 
classes compared to the aorta preparation. Therefore, pattern recognition was only utilized 
to delineate the lumen, plaque and saline regions. The lumen, plaque and saline regions were 
identified in each of the eight sections and reconstructed to form a 3-D solid model as shown 
in Fig. 8. 

Table 2. Volume and surface area of each plaque type studied from the aorta 
preparation 

Tissue type Volume (ml) Volume (%) Surface area 

(cm*) 

Calcified plaque 0.3 3 4.1 
Complex plaque 1.3 15 16.3 
Fatty plaque 0.3 4 5.3 
Normal vessel wall 7.2 78 51.4 

Total 9.1 100 
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Table 3. Cross-sectional areas of carotid arch vessel and plaque. Cross-sectional slices l-5 
were through the carotid arch before bifurcation while slices 6-8 were through both the 

interna carotid arch (int) and external carotid arch (ext) 

Slice 
Plaque cross- 
sectional area 

(mm’) 

Lumen cross- 
sectional area 

(mm*) 

Percentage 
occlusion 

2 
3 
4 
5 

6 int 
7 int 
8 int 
6 ext 
I ext 

65.8 17.9 72.8 
11.9 22.9 70.6 

103.8 27.4 73.6 
125.5 28.7 77.1 
135.1 11.9 91.2 
84.1 3.6 95.7 
73.5 3.1 95.8 
59.4 3.5 94.1 
31.1 5.8 81.3 
23.1 5.9 74.5 

Table 3 shows cross-sectional area results for the plaque and lumen of the carotid 
endarterectomy. It is assumed that the outer boundary of the plaque region represents the 
inner margin of the completely unobstructed vessel for the purpose of quantifying the degree 
of lumenal obstruction. The ratio of the lumenal cross-sectional area to the total plaque 
cross-sectional area provides a dimensionless value for the degree of occlusion. This ratio is 
probably an overestimate of the degree of occlusion because it assumes that a normal, 
unobstructed vessel has essentially no plaque. 

DISCUSSION 

These results demonstrate that reliably automated identification of different tissue types 
involved in the atherosclerotic disease process is possible. Additionally, this work 
demonstrates that it is possible to quantify the amount of the different types of plaque 
constituents utilizing 3-D volume measurements, as well as the degree of vessel occlusion 
with 2-D cross-sectional measurements. It is expected that evaluation of the relative 
proportions of the different plaque constituents will make it possible to “stage” the disease, 
at least in the particular vessel segment under study. These capabilities provide a major 
stepping stone to our long term goal of extending this work to in oiuo human vessels. 

The major obstacles which must be overcome before in viuo application of these techniques 
is possible are primarily associated with movement artifacts and normalization. Movement 
of flowing blood can create artifacts such as paradoxical enhancement, which can increase 
the intensity of T, weighted images [15]. Additionally, physical movement during image 
acquisition, such as patient movement and swallowing (especially for carotid arteries), can 
cause serious artifacts. The use of surface coils to increase resolution requires normalization 
within and between slices for the reasons discussed in the Methods Section. Normalization 
will become a greater problem when extending this work to in uivo vessels in which there will 
not be a readily identifiable component, such as saline, to serve as the basis for the 
normalization. Methods are now being developed and explored to reduce such artifacts. 

Analysis of the separability provided by the different pulse sequences indicates that a 
significantly greater amount of discrimination is provided by multiple pulse sequences 
compared to individual pulse sequences which is able to enhance the contrast between 
specific tissue types. The finding that heavily weighted T, pulse sequences provide the 
greatest separability between the tissues types involved in atherosclerosis is consistent with 
the results of Soila and colleagues [16]. They studied various stages of arterial atherosderosis 
using NMR spectroscopy and found best definition, particularly of fat deposits within the 
wall, using heavily weighted T, spin echo pulse sequences produced with a short repetition 
time (TR) [16]. 

The classification results demonstrate that it is possible to identify the major tissue classes 
involved in the atherosclerotic disease process. These results are consistent with the findings 
of Vannier and colleagues [17] who demonstrated the ability of proton density, T, and T2 
images to be used for classification of tissue types found in the head. Further work is 



necessary to extend these results to a larger number of examples to obtain a better estimate 
of classification error. 

It is important to note that all MRI images utilized in the present study were obtained with 
pulse sequences designed to emphasize or “weight” the NMR parameters of T,, T2 and 
proton density. Therefore, the values reported in this paper are corrected, relative intensity 
values and are difficult to directly relate quantitatively to the actual T,, T2 and proton density 
parameters measured spectroscopically. Initial parallel MRI and proton spectroscopy 
studies have been performed on corresponding excised aorta tissue specimens [7] and are 
being continued in order to understand the MRI weighted image parameters of 
atherosclerotic plaque constituents in terms of quantitative NMR measurements. 

Additionally, it should be noted that all of the MRI images evaluated in the present work 
were obtained at room temperature (approx. 24°C). Some of the tissue types may be ex- 

pected to change their physicochemical properties and hence their signature under in uiuo 
experimentation at 37” C. Changes in the signatures of atherosclerotic tissue components 
have been reported by Wesbey [3] and have been seen here in our studies at the University 
of Virginia [7]. The significance of such changes in the signature of atherosclerotic tissue 
components on separability and classification results has not yet been evaluated, even 
though work is currently under way to evaluate such temperature effects. 

Most importantly, our results suggest that it will be possible to routinely and 
automatically identify different tissue types involved in atherogenesis. This ability is very 
important to our long term goal of developing a “high information content” display system 
for atherosclerosis which will display the spatial extent of the vessel in 3-D and the quantity 
of different plaque constituents. Such a “high information content” display will aid in the 
diagnosis and analysis of the disease process itself as well as permit detailed quantitative 
studies regarding the effectiveness of treatments such as changes in diet, exercise and drug 
therapies. 

SUMMARY 

The major objective of this work has been to develop image processing, pattern 
recognition and 3-D display techniques for the non-invasive evaluation of atherosclerosis 
using magnetic resonance imaging (MRI). Magnetic resonance imaging (MRI) offers the 
potential for automating the identification of soft tissue types involved in atherogenesis due 
to the ability to control pulse sequence parameters which can emphasize different physical 
characteristics of the tissue. Interest has concentrated on identifying the atherosclerotic tissue 
class types of normal smooth muscle, fat and lipid, connective tissue and calcified plaque. The 
long term objective of this work is to combine functional information, such as plaque tissue 
type, with structural information, represented by 3-D display of vessel structure, into a single 
composite display. Studies have been performed on dissected human aorta and carotid 
endarterectomy preparations exhibiting several plaque types. The feature vector utilized for 
pattern recognition is composed of heavily weighted T,, T2 and proton density overlapping 
image planes. These studies have demonstrated significant separability between the tissue 
classes of interest. Numerical quantification of the state of the disease is performed by two 
different measures: (1) the ratios of the plaque constituent volumes with respect to the total 
wall volume provide an indication of the state of progression of the disease; and (2) 
measurement of the cross-sectional area of the diseased lumen compared to the normal, 
unobstructed lumen provide a quantitative measure of the extent of constriction of the 
lumen. The results of this work will provide a “high information content” display which will 
aid in the diagnosis and analysis of the atherosclerotic disease process, and permit detailed 
and quantitative studies regarding the effectiveness of therapies (eg. changes in diet, exercise 
and drug therapies). 
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