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PLAQUE IMAGING

Quantification of Atherosclerosis with MRI and Image Processing

in Spontaneously Hyperlipidemic Rabbits
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ABSTRACT

The need for a quantitative method to assess atherosclerosis in vivo is well known.
This study tested, in a familiar animal model of atherosclerosis, a combination of
magnetic resonance imaging (MRI) and image processing. Six spontaneously
hyperlipidemic (Watanabe) rabbits were examined with a knee coil in a 1.5-T clinical
MRI scanner. Inflow angio (2DI) and proton density weighted (PDW) images were
acquired to examine 10 cm of the aorta immediately cranial to the aortic bifurcation.
Examination of the thoracic aorta was added in four animals. To identify the inner and
outer boundary of the arterial wall, a dynamic contour algorithm (Gradient Vector
Flow snakes) was applied to the 2DI and PDW images, respectively, after which the
vessel wall area was calculated. The results were compared with histopathological
measurements of intima and intima-media cross-sectional area. The correlation
coefficient between wall area measurements with MRI snakes and intima-media area
was 0.879 when computed individual-wise for abdominal aortas, 0.958 for thoracic
aortas, and 0.834 when computed segment-wise. When the algorithm was applied to
the PDW images only, somewhat lower correlations were obtained. The MRI yielded
significantly higher values than histopathology, which excludes the adventitia.
Magnetic resonance imaging, in combination with dynamic contours, may be a
suitable technique for quantitative assessment of atherosclerosis in vivo. Using two
sequences for the measurement seems to be superior to using a single sequence.
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INTRODUCTION

In the evaluation of new drugs to combat
atherosclerosis, there is a need for methods with which
to quantify plaques, that can be used in vivo to monitor
the same animal or patient. Magnetic resonance
imaging (MRI) is a noninvasive method that can be
used to assess atherosclerosis (Skinner et al., 1995;
Yuan et al., 1996). In an earlier article, we proposed a
quantitative method based on a combination of MRI
and image processing techniques [thresholding and
three-dimensional (3D) morphology] (Hénni et al.,
1999). Using cholesterol-fed New Zealand White rab-
bits, it was found that the technique could distinguish
between healthy and severely atherosclerotic aortas, but
no correlation to postmortem findings was made. Be-
cause the MR signal can vary between individual ani-
mals and within the examined volume, it was necessary
to select threshold values in a rather subjective way.
The procedure was also rather time-consuming.

The purpose of this study was to evaluate two
modifications of our method, by using the same MRI
protocol but other image-processing techniques, in a
different animal model, and to correlate the results with
histopathologic analysis.

MATERIAL AND METHODS

Six spontaneously hyperlipidemic (Watanabe)
rabbits, approximately 18 months old and weighing
4.0-4.5 kg, were examined with a Philips Gyroscan
ACS NT-II imager with a field strength of 1.5 T using a
knee coil. The animals had not undergone any treatment
that might have affected the development of athero-
sclerosis. They were anesthetized with a mixture of
ketamine (50 mg/mL) and xylazine (20 mg/mL) admin-
istered by repeated i.v. injection during the scanning.

The MRI protocol for the abdominal aorta was
identical to that used in our earlier study (Hinni et al.,
1999), so that the 10-cm segment located immediately
cranial to the aortic bifurcation was included (Table 1).
To define the region of interest, we used three survey
sequences. The first two showed the location of the
aorta, and the third was used to locate the aortic
bifurcation. The survey sequences were followed by an
inflow angiography sequence (2DI) and a proton
density weighted sequence (PDW), each consisting of
33 transverse slices. The PDW sequence, a turbo spin
echo sequence, was applied in two consecutive
acquisitions, the second filling the gaps in the first
acquisition. The 2DI sequence, used for demarcation of
the vessel wall inner boundary, showed the flowing
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blood in the vessel with high signal intensity and the
PDW, visualizing the surroundings with different
intermediate signal intensities, was used for differen-
tiating the outer wall boundary from adjacent tissues
(Héanni et al., 1999). The in-plane voxel size (in the
reconstructed images) of both sequences was 195 pm
and the slice thickness was 3 mm.

In four of the animals the thoracic aorta was also
examined. The region of interest in the thoracic aorta
was defined as 10cm immediately cranial to the right
renal artery. To reduce the scanning time, the PDW
sequence was performed only once, producing 17 slices
with a 3-mm gap.

To measure the thickness of the aortic wall, we
used a Gradient Vector Flow (GVF) snake algorithm,
developed by Xu and Prince (1988), which was applied
to the 2DI and PDW images. The snake is a dynamic
contour that is attracted to regions in the image that are
rich in edge information (Kass et al., 1987) (cf. Fig. 1).
When the snake is applied to the MRI slices, it will
seek the borders between tissues that differ in signal,
such as the inner and outer border of the vessel wall in
the 2DI and PDW images, respectively. The flowing
blood in the 2DI images is shown with high signal
intensity, consequently, the edge information is high in
the region of the images where the boundary between
flowing blood and stationary tissue is located. A
complete program for dealing with and segmenting
the images was implemented in the Matlab language
(MathWorks, Inc.) and run on a Sun Ultra 30 work-
station (Sun Microsystems Comp).

When segmenting the slices, we started with the
2DI images. An initial approximation by four different
points was manually set close to the region where the
high signal is located in the 2DI images and the snake
algorithm was initiated (Fig. 2). The starting points
were applied on the 2DI slice located cranial to the
aortic bifurcation. For each animal, only the 2DI image
cranial to the aortic bifurcation was used to set the
starting points. When the snake converged (the typical
computation time was approximately 1 sec), the final
curve was used as an initial approximation in the
subsequent slice. If the algorithm made an obvious
mistake (which happened in approximately 10% of the
slices that were analyzed), the operator could interac-
tively correct this. This operation was repeated
throughout the volume, producing one curve for the
inner wall boundary in each slice. In the first slice, the
curve from the 2DI was then used as initialization
curve in the PDW image. In subsequent PDW slices,
the contour from the previous PDW slice was used for
initialization. However, there are two edges present in
the PDW images: one between the lumen and the
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Figure 1. Gradient forces in a PDW image. The star line is
indicating the position of the resulting snake in this image. The
location is positioned automatically to the site where the inner
forces of the snake and the outer forces originating from the
edge information in the image are in balance. (View this art in
color at www.dekker.com.)

vessel wall and one between the vessel wall and the
surrounding tissue (mostly fat). The first edge was
identified in the 2DI images. By erasing the edge
information in all pixels inside the region defined by
the 2DI snake, it was possible to identify the remaining
edge (i.e., the outer vessel wall boundary).

The alignment between the sequences was checked
visually. When necessary, translation in the plane was
performed, and the alignment was again checked
visually. The total vessel volume, comprising vessel
wall and lumen, as well as the vessel wall volume itself
was computed from each slice. From the vessel wall
volume and the area of the inner boundary, the average
thickness of the vessel wall could be computed. The
duration of the image processing, from initializing the
snake in the first 2DI image until the vessel wall
dimensions were finally calculated, was approximately
2 mins.

To test an alternative approach, the snake algo-
rithm was also applied to the PDW images only for
identification of both the inner and the outer vessel
wall boundaries. The initial approximation was per-
formed in the slice located proximal to the aortic
bifurcation. The algorithm was started and the resulting
snake was transported automatically to the subsequent
image, where it was used as an initialization curve.
The alignment between slices was checked visually,
and when needed, a manual correction of the
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initialization curve was performed. Two of the rabbits
had changed the position during the scanning. The
lumen area, vessel wall thickness, and area were com-
puted in each slice.

Histopathology

After the final MRI examination, the animals were
anesthetized with a lethal dose of methohexital
(Brietal, Eli-Lilly), the chest and abdomen were
opened, and the entire aorta was removed. Because
the rabbit aorta is a highly elastic tissue and will shrink
when removed, the vessel was prepared in situ. A
10-cm-long segment cranial to the aortic bifurcation
and 10cm cranial to the right renal artery were marked
before removal for histopathological analysis. The
aortas were cleansed and then fixed in neutral-buffered
4% formaldehyde (NBF). The lengths of the segments
were then again measured, and the cross-sectional areas
measured were adjusted individually for the degree of
shortening. The sections were stained with Weigert’s
hematoxylin-van Gieson stain. Each aortic segment
was divided into 10 slices, from which 2- to 3-pm-
thick sections were cut and stained with Weigert’s
hematoxylin-van Gieson. Quantitation of cross-section-
al areas of the aorta was obtained by planimetry, using
a Lucivid device (MicroBrightField, Colchester, Ver-
mont) attached to a Leitz DRM microscope. This de-
vice superimposed a computer-generated display onto
the microscope image. The external elastic lamina and
the luminal border were manually traced by using the
mouse-operated cursor, and the wall cross-sectional
area was obtained as the difference between the two
areas enclosed. Intima cross-sectional area was ob-
tained as the area confined by the internal elastic
laminae minus the lumen area. Planimetry was per-
formed by using Microvid Software (MikroMakro AB,
Gothenburg, Sweden).

Statistical Methods

The relationship between repeated MRI evalua-
tions and between MRI (both sequences as well as
PDW only) and histopathology was assessed by using
Pearson correlation coefficient (r). Differences in the
levels measured by the two techniques were evaluated
with Bland-Altman diagrams.

RESULTS

To test the reproducibility of the method, the
image analysis (using both PDW and 2DI images) was
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Figure 2. Example of the GVF snake algorithm. A coarse approximation is drawn in the first 2DI slice (A). The final position of
the snake in this slice (B), corresponding to the inner boundary of the vessel wall, is transferred to the next 2DI slice and also to the
first PDW slice (C). The final position of the snake in this image (D) represents the outer border of the vessel wall, and the area
between the two snakes (E) is a measure of the wall thickness. (View this art in color at www.dekker.com.)

performed three times by three independent observers.
The correlation thus obtained was high (pairwise r =
0.909, 0.941, and 0.949).

The correlation between aorta cross-sectional areas
measured with MRI (both sequences) and with his-
topathology (intima and media) was 0.879 for the six
abdominal aortas and 0.958 for the four thoracic aortas.
As seen in Fig. 3A, the MRI values, also including

the adventitia, were higher than the histopathology
values. This difference was even more pronounced
when only the intima was included in the histopathol-
ogy results (cf. Fig. 3B, r = 0.902 and 0.947,
respectively). The mean wall thickness measured with
MRI dispalyed correlations of 0.863 and 0.827 with
histopathological intima-media area and 0.926 and
0.775 with intima area.
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Figure 3. (A) Bland-Altman diagram relating MRI snake wall area to histopathological measurements of intima-media for 10
vessels (6 abdominal and 4 thoracic aortas). Mean difference: —2.2 mm?® 95% confidence limits: —2.4 and — 1.9 mm?. (B) Bland-

Altman diagram relating MRI snake wall area to histopathological measurements of intima for 10 vessels. Mean difference:

—3.9 mm? (95% confidence limits: —4.5 and —3.2 mm>).

The comparison of cross-sectional areas was repeat-
ed for the entire material, consisting of 99 vessel
segments (each 10 mm long). Now, the correlation to
MRI was 0.834 for intima-media and 0.753 for intima
only, and the individual differences were greater even
though the mean differences were unchanged (Fig. 4A
and B). The wall area measured from the PDW se-
quences alone showed a segmentwise correlation of
0.663 with intima-media area and 0.592 with intima area.

DISCUSSION

In this study we have used an approach to measure
the arterial wall using in vivo MRI in combination with
image processing. The scanning procedure was similar
to what we used previously (Hénni et al., 1999), and by
combining this protocol with a GVF snake algorithm,
we could reliably measure vessel wall area non-
invasively. Atherosclerosis is a disease affecting the
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Figure 4.

(A) Bland-Altman diagram relating MRI snake wall area to histopathological measurement of intima-media for 99 vessel

segments. Mean difference: —2.1 mm? (95% confidence limits: —2.4 and —1.9 mm)> (B) Bland-Altman diagram relating MRI
snake wall area to histopathological measurement of intima for 99 vessel segments. Mean difference: —3.9 mm?® (95% confidence

limits: —4.2 and: — 3.6 mm?).

arterial wall dimensions, (Glagov et al., 1987) and we
were also able to show that the vessel wall area
measured by MRI and GVF snakes was directly
correlated to histopathological measurement of the
sum of intima and media cross-sectional area.
Although some arterial sites are prone to athero-
sclerotic lesion development and other sites are more
resistant, there is a large degree of variability between
individuals concerning the exact location of the
plaques. This is true both in man and in the rabbits
used in this study. Our approach was, therefore, to
develop a method that would not primarily identify the
individual atherosclerotic plaque but, rather, result in a

measure of the thickening of the arterial wall. In an
earlier attempt, we were able to demonstrate vessel
wall thickening, compared to normal controls, after 6—
7 months of cholesterol feeding to New Zealand White
rabbits, but we did not perform any histological
validation of the MRI measures obtained in that study
(Hanni et al., 1999). The vessel wall area was
measured by segmentation of different tissues, and
the thresholding procedure is somewhat subjective be-
cause the threshold values have to be decided by the
operator. We wanted to test a less operator-dependent
method for image processing and simultaneously not as
time-consuming as thresholding. The high correlation
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between observers indicates that operator dependence
is not a problem with the present method.

Our results show that cross-sectional wall area and
wall thickness measured with MRI correlated signifi-
cantly with histology wall area measures. Hence, they
are closely related to the degree of atherosclerosis if a
larger vessel wall area determined by histopathological
measurements is considered to reflect the degree of
atherosclerosis. The mean wall thickness could be an
advantageous parameter to follow over time when lon-
gitudinal animal studies are performed, because it is
less dependent on the size of the vessel.

The close correlation between MRI and histopa-
thology remained true both when vessel wall area and
thickness were evaluated in the caudal 10cm of the
abdominal aorta and when using a simplified MRI
protocol in the vessel segment containing the cranial
part of abdominal aorta and the descending part of
thoracic aorta. This latter part is subject to respiratory
and cardiac motions and has been avoided in many
studies (Fayad et al., 1998; Yuan et al., 1996). Our
findings show that vessel wall can be measured by
using MRI also in such locations, supporting the recent
observations from Helft et al. (2001). In our experi-
ence, the motion artifacts mostly affect the PDW
images. In our study, we have combined the PDW
sequence with a 2DI sequence, which also facilitates
measuring the vessel wall.

In addition to the general degree of the disease, it
may be useful to be able to study differences in
atherosclerotic involvement between sections of the
aorta. Our segmentwise analyses (Fig. 4) show good
correlation with histopathology also in this respect. In
this study, the information from histopathology was
somewhat limited in that only 10 slices, 2- to 3-m thick
from 10 levels in a 10-cm vessel segment were eval-
vated. It is not clear whether a more detailed
histopathological analysis would reveal closer agree-
ment or discrepancies due to noise in the MRI data.
Another limitation of the present study is that perfusion
fixation of the aortas was not used, which might have
improved the accuracy of the histological measure-
ments. In this study, we only wanted to measure the
intima and the sum of intima and media area. Perfusion
fixation is commonly used when vessel wall area is
measured and compared with other methods. We did
not perform perfusion fixation but a precise calculation
of the degree of shrinkage. The degree of deformation
does not affect the area measurements.

Recently, several studies have applied MRI for in
vivo assessment of atherosclerosis (Fayad et al., 1998;
Helft et al., 2001; Kang et al., 2000; Skinner et al.,
1995; Yuan et al., 1996). Other studies have applied
MRI in combination with a similar image-processing
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technique (dynamic contour algorithms) for assess-
ment of vessel wall area in healthy volunteers (Ladak
et al.,, 2001). Our study differs from many earlier
studies in the selection of MRI sequences and
postprocessing methods. To achieve quantitative
volume measurements, we used separate MRI sequen-
ces to identify the inner and outer boundaries of the
arterial wall and combined them with the GVF Snakes
algorithm. Apparently, this combination has not been
used before in an animal model. The combination of
two different MRI sequences may be a weakness of
the method, because it requires good alignment
between two image series, which is difficult after
the examination. However, the results of this study
indicate that the approach with two sets of images
(2DI and PDW) gives results in closer agreement with
histopathology than the alternative method, using
PDW images only. Therefore, we have preferred to
use an angiographic sequence as a more exact
representation of the blood flow. The inflow angio
sequence that we chose shows the flowing blood with
high signal and the stationary tissue with low or no
signal. When applying the GVF snake to the images,
this fact is advantageous, because there is only one
contour present in the 2DI images. The use of a PDW
image series only often demands more extensive in-
teraction by the operator who has to decide if in-
termediate signal in the vessel lumen or close to the
vessel wall is due to turbulent blood flow, slowly
flowing blood or a true vessel wall change. The use
of fat saturation could be considered in the PDW se-
quence. With our approach, however, the contrast be-
tween fat with high signal and vessel wall with
intermediate signal is essential for the identification of
the outer boundary of the wall.

An attractive goal for MR imaging in atheroscle-
rosis would be to image the plaques directly. However,
because different plaques in the same individual can
vary in chemical composition and, hence, in MR
signal, it may be impossible to identify a certain signal
pattern that characterizes all stages of the disease.
Combining two sequences, we have used MRI to
identify such tissues that are easily recognized with
each sequence—flowing blood and surroundings—and
whose characteristics are not expected to change during
the course of the disease. Thus, the suggested method,
which calculates the vessel wall area or thickness as
the difference between inner and outer boundary, does
not fail even when different kinds of plaque changes
are present in the same arterial segment. On the other
hand, the method, in its present form, does not give
any information about plaque composition, which
may be important to distinguish between stable and
unstable plaques (Toussaint et al., 1996). Additional
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MRI-sequences, T1-and T2-weighted sequences, would
reveal information about the plaque composition.
The goal in this study was limited to testing a quan-
titative noninvasive in vivo method to assess vessel
wall dimensions.

Our study has shown that it is possible to use a
clinical 1.5-T scanner and measure atherosclerotic
vessel walls with results that agree closely with
histopathology. However, an increase in field strength
would probably improve the MRI examination’s
quality, and slice thickness could perhaps be reduced
without losing resolution quality. This might be needed
if animals with a smaller amount of vessel wall
changes are studied. The actual slice thickness of 3 mm
and an in-plane voxel size (in the reconstructed
images) of 195 pum appears to be sufficient in this
animal model. It may be noted that in our implemen-
tation of the snakes algorithm, the position of the
control points of the snake is given by floating-point
coordinates, which enable us to some extent to
compensate for partial volume effects.

Watanabe rabbits develop atherosclerosis from the
age of 4 months and thereafter increasing with age.
The lesions in the abdominal aorta most often consist
of pronounced diffuse intimal thickening and fatty
deposits (Hansen et al., 1994; Rosenfeld et al., 1987,
Shiomi et al., 1992). In the thoracic aorta, there are
more fatty streaks and fibrous lesions. In general,
the wall changes in the thoracic aorta are more pro-
nounced than in the abdominal aorta, as illustrated
in Figs. 3 and 4. The animals in our study were about
18 months old and had developed moderate to severe
vessel wall changes. In future studies, we intend to test
the method’s ability to detect more subtle athero-
slerotic changes.

In conclusion, our study has shown that a
combination of MRI and image-processing methods
can be used to quantify atherosclerotic vessel wall
changes, yielding results in close agreement with
histopathology. A combination of two sequences seems
superior to using a single sequence. In future studies,
we will apply this method to study the progression or
regression of vessel wall changes. It will be very
interesting to ascertain the smallest extent of vessel
wall changes that the MRI snakes method can detect
and to compare the method with other noninva-
sive techniques.
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