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ABSTRACT

The objective of the present study was to evaluate a new compressed slice analysis technique of aortas ex vivo. Atherosclerosis
was developed in rabbits by feeding an atherogenic diet containing 2% cholesterol and 6% peanut oil for 8 weeks. At termination,
aortas were excised and imaged ex vivo by Magnetic resonance images (MRI). MRI data were acquired on a super high magnetic
field vertical bore imaging scanner equipped with a Unity/Inova console, operating at 14.1 T and dedicated to small animal
studies. T2-weighted coronal 2-D sections were acquired first to determine a ROI (region of interest) of the thoracic aorta using a
Spin-Echo multi slice pulse sequence. Then, T2-weighted images were acquired in transversal sections of ROI slice by slice
(2 mm/slice) in the total length of 4 cm. The MRI images of 20 slices were then compressed into a single image, and the resultant
compressed single image was used as a quantitative characteristic of atherosclerotic lesions. By utilizing the compressed slices
(CS) analysis, the imaging intensity of atherosclerotic lesions was calculated. A significant correlation was found between
the quantitative CS-MRI and the aortic cholesterol content (Pearson correlation coefficient r = 0.95). The present findings
demonstrate that the compressed slice analysis technique of MRI images could be applied for a quantitative assessment of the
progression and/or regression of atherosclerosis.
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1. INTRODUCTION

Atherosclerotic disease is one of the leading causes of mor-
bidity and mortality.[1, 2] Numerous non-invasive tests have
been developed in order to quantify atherosclerotic lesions
in humans and animals with arterial disease. Considerable
progress has been achieved by ultrasound technologies al-

lowing visualization.[3] On the other hand, in non-accessible
areas, such as the abdominal aorta and renal arteries the use
of this technique is still in progress.[4] Tearney et al.[5] ap-
plied optical coherence tomography to quantify macrophage
content in atherosclerotic lesions. The Magnetic Resonance
Imaging (MRI) methodology has received extensive evalua-
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tion in recent years. MRI of atherosclerotic lesions was ini-
tially demonstrated ex vivo with the use of both imaging and
spectroscopic methods.[6, 7] In vivo lesions imaging has been
more challenging, given the presence of biological motion
and time constraints. There are several known difficulties
with the characteristics of the MRI data related to structural
and chemical heterogeneities of the atherosclerotic lesions
in vessels, which result in a complex MRI vessel-wall signal.
The most common approach to the atherosclerotic lesions
analysis is based on geometrical matching MRI results with
corresponding histopathological aorta lesion areas. MRI was
also applied successfully to experimental in vivo studies in
which the progression/regression of atherosclerotic lesions
could be established.[8, 9] Skinner et al.[10] reported MRI of
lesions progression in 6 balloon-injured rabbits placed on
a high-cholesterol diet for up to 16 months. Recent find-
ings suggest that a non-invasive magnetic resonance imag-
ing technology may provide significant help identifying the
histopathologic nature of the lesions. Helft et al.[11] also
investigated the in vivo noninvasive MRI to quantify fibrotic
and lipid components of atherosclerosis in rabbits.

In the present study, a compression technique of multi-MRI
slice images into a single image was developed, and the
resultant compressed single image was used as a quantita-
tive characteristic of atherosclerotic lesions. Utilizing the
Compressed Slices Histogram (CSH) analysis developed,
the imaging intensity of atherosclerotic lesions was then
calculated. Since the accumulation of cholesterol is a char-
acteristic feature of atherosclerosis, the cholesterol content
of the imaged section of thoracic aorta was also measured.
A significant correlation was found between the quantitative
CS-MRI and the aortic cholesterol content (Pearson correla-
tion coefficient r = 0.95).

2. METHODS
2.1 Animals and diet
Eight New Zealand White male rabbits (Myrtle’s Rabbitry),
8-weeks old weighing 4-5 lbs, were housed in stain-less steel
cages, and experiments were performed with the approval of
the University of Illinois Institutional Animal Care and Use
Committee. To induce the development of atherosclerosis,
animals were fed ad libitum an atherogenic diet containing
2% cholesterol and 6% peanut oil (Teklad, TD 91314) for 8
weeks, and then the diet was returned to the normal rabbit
chow for a period of two months. At the termination, rab-
bits were euthanized using a dose of Na pentobarbital (26%
solution) at 1 ml/kg body weight.

The aortas were dissected, cleaned and photographed by a
digital camera for the histological record. Before MRI imag-
ing, the open surface of arterial segments were inspected vi-

sually. An extensive atherosclerotic lesions development was
noted within the wall without staining, e.g. the yellow-shaded
areas corresponding to atherosclerotic lesion development
(see white areas in Figure 1). It was shown that formalin fix-
ation alters water proton relaxation times in atherosclerotic
vascular samples and can affect MRI data.[12] Therefore, all
aorta segments had no formalin fixation and were immedi-
ately frozen with phosphate buffered saline solution until
MRI is performed.

Figure 1. Rabbit aortas with the extensive development of
atherosclerosis (white area)

2.2 MRI
For MRI measurements the aortas were thawed, and inserted
into the glass tubing (8 mm i.d.) in order to mimic the round-
form of aortas. The thoracic aorta starting from mediastinal
branches to downward 4 cm, which section best-situated
inside of the glass tubing, was imaged for atherosclerotic le-
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sions detection and designated as the region of interest (ROI).
All aortas were imaged ex vivo at room temperature. Each
aorta was placed inside a vertical imaging scanner (Oxford
Instruments, Abington, UK) equipped with a Unity/Inova
console (Varian/Agilent, Palo Alto, CA), operating at
14.1 T with a bore of an internal diameter of 5 cm. The
gradient coils were driven by a set of Varian amplifiers, cre-
ating a maximum gradient of 950 mT/m at 200 V and 100
A with a risetime of 15 µs and a deviation from linearity of
less than 5%. Varian transmitter/receiver quadrature RF coil
was used with an internal diameter of 3.0 cm. T2-weighted
coronal (along an aorta) 2-D sections were acquired first to
determine a region of the most representative aorta lesions
formation using a Spin-Echo (SE) multi slice pulse sequence.
Figure 2 shows a chosen ROI in aorta with the total 4 cm
length. Then, T2-weighted (SE) images were acquired in
transversal sections (see Figure 2a) of chosen ROI in order
to obtain a quantitative analysis of the atherosclerotic lesions.
The transverse images were acquired slice by slice with no
gap between slices using the following set of imaging param-
eters:
repetition time (TR) = 3,000 ms, echo time (TE) = 30 ms,
number of transients /averages (NT) = 1, spectral width
(SW) = 50 kHz, field of view (FOV) = 0.8 × 0.8 cm2, ma-
trix size = 256 × 256, in-plain resolution = 30 × 30 µm2,
slice thickness = 2.0 mm, number of slices = 20, acqui-
sition time = 10 min. Spin-spin relaxation time T2 value
(30 ms) was adjusted experimentally to optimize both the
best image quality and T2 contrast of atherosclerotic lesion
components.

Figure 2. a) The region of the thoracic aorta for MRI
imaging; b) T2-weighted ROI coronal 2D aorta image in the
length of 4 cm

2.3 Cholesterol analysis
The imaged region (4 cm) of the thoracic aorta was cut,
weighed and homogenized, and the total lipids were ex-
tracted with chloroform/methanol (2:1, v/v) according to

the method of Folch et al.[13] The total lipid extracts were
finally dissolved in isopropyl alcohol containing 100 g Triton
X-100/L.[14] The total cholesterol concentration was mea-
sured calorimetrically using Wako cholesterol-E kits.

3. RESULTS AND DISCUSSION
Before MRI imaging, the excised aortas were inspected vi-
sually and were photographed by a digital camera for the
histological record (see Figure 1). An extensive develop-
ment of atherosclerosis was noted without staining, e.g. the
yellow-shaded areas corresponding to atherosclerotic lesions
formation (white areas in Figure 1). Figure 1 also shows
the heterogeneous distribution of the atherosclerotic lesions
along the aortic wall.

The CSH MRI analysis and fast postprocessing software al-
gorithm was carried out following a flow chart as shown in
Figure 3. All original MRI images were stored as FID files
and then analyzed with specially designed software utilizing
Matlab (6.5.0). In order to reduce noise effects, the signal
from the empty (no subject) RF coil was acquired with the
same set of MRI acquisition parameters and then subtracted
from the aorta compressed image histogram.

Figure 4 shows a typical set of 20 T2 weighted transverse 2D
MRI images in a .jpg (.tiff) format (see step 3 in Figure 3).
The set of 20 transverse MRI images has been then summa-
rized (see step 4 in Figure 3) into a single compressed image
(see Figure 5).

The 2-dimensional MRI signal acquisition with no gap be-
tween slices contains detailed information about atheroscle-
rotic lesions distribution along the aorta. At the same time
the subsequent compressed image averages MRI data in a
chosen ROI of aorta thus providing statistically weighted
results. Figure 6 shows the coordinated system utilized in
slice compressing procedure.

To quantify the distribution of the MRI data the histogram
of each of the compressed image set was calculated (see
Figure 7). Histogram allowed us to determine numerically
the weight of intensity for each point value in summary array
with number of points (NP) equal to:

NP = nSlice× PE ×RO (1)

where PE is a number of points in a phase encoding direc-
tion; RO is a number of points in a read out direction; nSlice
is a number of slices.

Figure 7 demonstrates the usability of suggested CSH analy-
sis on a modeling system. Figure 7a shows MRI compressed
2D images of two phantoms with different (and known) pro-
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ton concentrations and different T2 relaxation times. Follow-
ing the above algorithm and adjusting set of T2-weighting
parameters one can easily separate and analyze correspond-
ing histograms shown in Figure 7b. The results indicate that
integral histogram intensities (areas under the curves) cor-

relate (with a percentage standard deviation of ±2%) with
proton concentrations in the phantoms. Note that any desir-
able histogram can be chosen for analysis thus providing a
basis for selective quantitative assessment.

Figure 3. Flow chart of fast
post-processing CSH algorithm for
quantitative MRI of atherosclerosis

Figure 4. A typical set of 20 slices of rabbit aorta T2 weighted transverse 2D images (2 mm/slice)
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T2-weighted imaging has been successfully employed by
many researchers for the visualization of fibrous and lipid
components of atherosclerotic lesions[15, 16] although ad-
ditional imaging sequences can be applied to assist with
the differentiation of all the other components of complex
atherosclerotic lesions.[17–19] Utilizing different MRI modal-
ities (e.g. weighting, different imaging pulse sequences, fat
suppression, etc.) the developed CSH protocol can be ad-
justed (“tuned”) to contrast any particular atherosclerotic
lesion components.

Figure 8 shows integral histogram intensity of the com-
pressed 2D aorta images with a noise subtracted (steps 5-7 in
Figure 3). The set of imaging parameters listed in the method
section 2 has been employed. Note that spectral filter can be
introduced into the processing algorithm in Figure 3 to in-
crease components differentiation of complex atherosclerotic
lesions.

Figure 5. Compressed single transverse 2D image obtained
by summarizing 20 MRI images shown in Figure 4 (a/aorta
#1; b/aorta #2)

The obtained histogram integral intensity of the aorta im-
ages have been compared with the aortic cholesterol content
(ACC) data (see Figure 9). Relative MRI as well as ACC
data was calculated by regular normalization procedure, and
an aorta with minimum cholesterol content (see aorta # 7 in
Table 1) was used as a reference. It was noted an apparent
visual agreement between MRI data in Figure 9 and corre-
sponding excised arterial segments in Figure 1. To obtain
more detailed MRI data, a well-known calibration proto-
col can be employed with the use of a calibrated reference
sample or staining.[8, 10]

Linear regression analysis (see Figure 9) shows good corre-
lation between MRI and cholesterol content in the thoracic

aortas examined. Pearson correlation was calculated for
statistical comparison of atherosclerotic lesions measure-
ments obtained by MRI and the aortic cholesterol content. A
significant correlation was found with Pearson correlation
coefficient r = 0.95.

Figure 6. Coordinated system used in a slice compressing
procedure (see step 4 in Figure 3)

Figure 7. (a) 2D compressed MRI images of two phantoms
with known and different proton concentrations and T2
relaxation times; (b) corresponding histograms

4. CONCLUSIONS
The developed CSH analysis has allowed obtaining reliable
statistically averaged MRI data of the total atherosclerotic
lesion of aorta without using any contrast reagents. The
results show that with an appropriate set of imaging param-
eters a histogram integral intensity of compressed 2D aorta
images can be employed as a quantitative distribution of
atherosclerotic lesions. CSH method does not require high
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spatial or temporal MRI resolution providing statistically
weighted results. Different MRI modalities (e.g. weighting,
different imaging pulse sequences, fat suppression, etc.) can
be employed to assist with the differentiation components
of complex atherosclerotic lesions. A fast 2-D slice by slice
acquisition can be used to decrease MRI timing session. The
reported findings indicate significant correlations between
results obtained with the cholesterol content of aorta and
MRI lesion assessment, thus potentially allowing use of the
non-invasive CSH-MRI for characterizing lesions in humans
and animals with arterial disease. The developed fast post-
processing algorithm can be incorporated into MRI scanner
software to meet minimal user-interaction requirements. The
results suggest that the developed CSH-MRI analysis may
thus be clinically useful, in view of the growing need to eval-
uate the progression and regression of atherosclerotic lesion
of aorta without the requirement of invasive procedures.

Figure 8. Final histogram integral intensity of the
compressed 2D aorta images with a noise histogram
subtracted (see steps 5-7 in Figure 3)

Figure 9. Linear regression analysis between MRI and
aortic cholesterol contents (r = 0.95)

Table 1. Total cholesterol contents of the thoracic aorta
 

 

Animal # Total cholesterol content (mg/g wet tissue) 

1 17.73 

2 22.18 

3 24.74 

4 18.31 

5 21.72 

6 18.13 

7 15.21 

8 34.56 
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