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A rabbit model of atherosclerosis at carotid
artery: MRI visualization and histopathological
characterization

Abstract To induce a rabbit model of
atherosclerosis at carotid artery, to
visualize the lesion evolution with
magnetic resonance imaging (MRI),
and to characterize the lesion types by
histopathology. Atherosclerosis at the
right common carotid artery (RCCA)
was induced in 23 rabbits by high-
lipid diet following balloon catheter
injury to the endothelium. The rabbits
were examined in vivo with a 1.5-T
MRI and randomly divided into three
groups of 6 weeks (n=6), 12 weeks
(n=8) and 15 weeks (n=9) for post-
mortem histopathology. The lesions
on both MRI and histology were
categorized according to the American
Heart Association (AHA) classifica-
tions of atherosclerosis. Type I and
type II of atherosclerotic changes were
detected at week 6, i.e., nearly normal
signal intensity (SI) of the injured
RCCA wall without stenosis on MRI,
but with subendothelial inflammatory
infiltration and proliferation of smooth
muscle cells on histopathology. At
week 12, 75.0% and 62.5% of type III
changes were encountered on MRI
and histopathology respectively with

thicker injured RCCA wall of in-
creased SI on T1-weighted and proton
density (PD)-weighted MRI and mi-
croscopically a higher degree of
plaque formation. At week 15, carotid
atherosclerosis became more ad-
vanced, i.e., type IV and type V in
55.6% and 22.2% of the lesions with
MRI and 55.6% and 33.3% of the
lesions with histopathology, respec-
tively. Statistical analysis revealed a
significant agreement (p<0.05) be-
tween the MRI and histological find-
ings for lesion classification (r=0.96).
A rabbit model of carotid artery ath-
erosclerosis has been successfully in-
duced and noninvasively visualized.
The atherosclerotic plaque formation
evolved from type I to type V with
time, which could be monitored with
1.5-T MRI and confirmed with histo-
morphology. This experimental set-
ting can be applied in preclinical
research on atherosclerosis.
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Introduction

Atherosclerosis, the leading cause of mortality and mor-
bidity in the modern societies, is a disease of the vessel wall
that occurs in the coronary arteries, carotid arteries, aortas
and other peripheral arteries [1, 2]. Convincing evidence
has emerged over recent years to support the theory that
“endothelial injury” is the initiation of the arteriosclerosis

process. Under normal conditions, the endothelium
regulates vascular homeostasis through a variety of factors
including nitric oxide (NO), prostacyclin and endothelin,
which act locally in the vascular wall and lumen. Endo-
thelial dysfunction contributes to enhanced vasoconstrictor
responses, adhesion of platelets and monocytes, and
proliferation and migration of vascular smooth muscle
cells, all of which are the events occurring in atheroscle-
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rosis [3, 4]. Although magnetic resonance imaging (MRI)
has already demonstrated its capabilities to identify the
anatomy and even pathology of atherosclerotic plaques
both in animal models and in human patients, quantifica-
tion and classification of natural progression of atheroscle-
rosis require a MRI machine with very high spatial
resolution [5–8]. On the other hand, an appropriate animal
model proves critical to research and development of new
diagnostic and therapeutic modalities for conquering a
disease. Furthermore, accurate visualization of carotid
artery atherosclerosis formation in a small animal model
remains a technical challenge. In order to introduce an
experimental platform based on our current clinical
environment, we have made a series of efforts to induce
a model of carotid artery atherosclerosis in rabbits, to
visualize the lesion evolution with a clinical 1.5-T MRI
system and to characterize lesion types by histopathology.
In this technical report, we describe how rabbit carotid
artery was injured to trigger plaque formation through a
subsequent high-lipid diet and what types of atherosclero-
sis could be induced as characterized by both MRI and
histopathology according to the current standard clinical
classifications. We believe that, instead of grouped sacri-
fice at multiple time points, such an experimental platform
would be particularly useful for performing longitudinal
follow-up studies on atherosclerosis formation, diagnosis
and therapies in the same animals for improved accuracy
and efficacy.

Materials and methods

Animal model

This experimental protocol was approved by our institu-
tional committee for animal use and care. A total of 23 male

New Zealand white rabbits (Jinlin Farm Inco, Nanjing,
China), 3 months of age and 2.0–2.5 kg of body weight,
were recruited, fed with high cholesterol diet for 1 week,
and then subjected to balloon-induced intimal injury of the
right common carotid artery (RCCA). The balloon injury of
the RCCA was performed via an interventional approach
under a C-arm angiography unit (Innova 3100, GEMedical
System). After anesthesia by intravenous injection of
40 mg/kg pentobarbital (Shanghai Chemical Reagent Co.,
Shanghai), aortic arteriography on bilateral carotid arteries
was performed through transcatherization of the right
femoral artery with a cut-down technique. A balloon with a
diameter of 2.5 mm and a length of 20 mm (Medtronic,
AVE, Santa Rosa, CA) was inserted into the RCCA and
inflated and deflated three times for 180 s. Carotid
arteriography was taken again immediately after transcath-
eter intervention (Fig. 1). After balloon injury on the
RCCA, the rabbit was kept with a high cholesterol diet till
sacrifice at the end of the experiment. The rabbits were
euthanized in groups for histological evaluation after MRI
examination at different time points of week 6 (n=6), week
12 (n=8) and week 15 (n=9), respectively.

MRI scan protocol

Serial MRI examinations were performed at the 6th, 12th
and 15th week on a 1.5-T clinical MR system (Eclipse,
Philips Medical Systems) with a standard knee coil. The
rabbit was sedated with an intravenous injection of 40 mg/
kg pentobarbital (Shanghai Chemical Reagent Co., Shang-
hai), allowing spontaneous respiration throughout the
examination. MRI was performed with the rabbit being
placed in a prone position. The applied MRI protocol was
the following: TR/TE of 500/12.5 ms, FOV of
120×120 mm, Res of 384×256, spatial resolution of

Fig. 1 Carotid arteriography
before (a) and after (b) trans-
catheter balloon injury on the
right common carotid artery
(RCCA). Arrows indicate the
injured RCCAwith dilatation by
a balloon catheter
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0.312 mm, flip angle of 90°, slice thickness of 4.0 mm, and
band width of 12.86 KHz with scan time of 6 min 40 s for
T1-weighted imaging (T1WI) sequence; TR/TE of
3,000/68.4 ms, FOV of 120×120 mm, Res of 384×256,
spatial resolution of 0.312 mm, flip angle of 90°, slice
thickness of 4.0 mm, and band width 22.26 of KHz with
scan time of 5 min 50 s for T2-weighted imaging (T2WI)
sequence; and TR/TE of 3,000/15.0 ms, FOV of
120×120 mm, Res of 384×256, spatial resolution of
0.312 mm, flip angle of 90°, slice thickness of 4.0 mm
and band width 25.26 KHz with scan time of 7 min 50 s for
proton density-weighted imaging (PDWI) sequence.

Histopathological analysis

Immediately after sacrifice, the rabbit was perfusion-fixed
with 10% formaldehyde, and the injured RCCA was
excised. To facilitate this procedure and later co-localiza-
tion between the MRI findings and histological specimen,
the last MRI pictures were used as guidance taking the
cervical vertebra as a land marker. The specimens were
then embedded in paraffin and sectioned into slices of 4 μm
in thickness for subsequent hematoxylin-eosin staining and
microscopic observation.

Data analysis

The MR findings were interpreted independently by three
radiologists (ZLM, GJT and XLM) who were experienced
with vascular imaging, but blinded to the histological
findings. Quantitative MRI analyses were also performed
by them with consensus. The wall thickness of injured
RCCA or the distance between the outer and inner borders
of the cross section on the carotid artery was measured
using commercial software (Neusoft PACS/RIS 3.0,
Shenyang, China). The measurements were usually made
on the PDW images, which typically yielded the highest
contrast/noise (C/N) ratio, with T1W and T2W images
cross-referenced. The per-slice mean values of the wall
thickness from the adjacent five slices were averaged for
each rabbit. In addition, atherosclerotic lesions were
characterized in terms of lesion shape and type. The
American Heart Association (AHA) classifications for
atherosclerosis on MRI [9, 10] were employed for imaging
analyses in this study. Briefly, type I and II denote nearly
normal vessel wall thickness; type III refers to diffuse
intimal thickening or small eccentric plaque with no
calcification; type IV and V are plaques with a lipid or
necrotic core surrounded by fibrous tissue with possible
calcification; type VI is complex plaque with possible
surface defect, hemorrhage or thrombus; type VII is a
calcified plaque, and type VIII is fibrotic plaque without
lipid core and with possible small calcification [9, 10].

The histopathological findings were independently
interpreted and evaluated by three experienced pathologists
(PSC, AFZ, ZYS) who were blinded to the MRI findings.
All rabbits were measured histologically for the wall
thickness of the RCCA by an image analysis software
system (Motic Co, Xiamen, China). The values were
averaged for the slices from five consecutive tissue blocks
of the carotid arterial wall.

Atherosclerosis formation was histomorphologically
evaluated according to the AHA classifications [11, 12].
Briefly, type I is the initial lesion with few foam cells, type
II is fatty streaks with layers of multiple foam cells, type III
is preatheroma with extracellular lipid pools, type IV is
atheroma with a confluent extracellular lipid core, type V is
fibroatheroma, type VI is complex plaque with possible
surface defect, hemorrhage or thrombus, type VII is
calcified plaque, and type VIII is fibrotic plaque without
lipid core [11, 12]. Findings from cross-sectional histopa-
thology were carefully compared with that from corre-
sponding MRI.

Statistics

All obtained quantitative data were expressed as means ±
standard deviation (SD). Statistical analyses were per-
formed with the SPSS software (SPSS for Windows,
version 11.0, 2001; SPSS, Chicago, IL). The agreement
between the MR findings and the histological grades was
statistically evaluated with Pearson coefficient correlation.
P values<0.05 were considered statistically significant.

Results

MRI and histopathological findings in the 6th week
Compared with the left uninjured carotid artery 6 weeks
after balloon catheter intervention, the SI of injured RCCA
was slightly higher on PDWI MRI (Fig. 2a). The MRI
findings of the atherosclerosis formation in these rabbits
could be classified as type I and type II based on the
criteria of the AHA classifications. Histological examina-
tions in these rabbits showed proliferation of intima and
infiltration of inflammatory cells with abundant smooth
muscle cells within the interstitium underneath the injured
endothelium (Fig. 2b), which were conformable to the
criteria for type I and II based on the AHA histological
classifications and consistent with the corresponding MRI
classifications (Table 1). The measured wall thickness of
the RCCA was 0.2344±0.018 mm.

MRI and histopathological findings in the 12th week MRI
in the 12th week showed that the injured arterial wall
(0.513±0.032 mm) was thicker than that seen in the 6th
week, and hyperintense on the T1WI and PDWI, but
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hypointense on the T2WI (Fig. 3a–c). The carotid wall
thickness as measured histologically was 0.305±0.024 mm,
which was comparable to that derived from MRI if 60–
70% of shrinkage due to dehydration during histological
preparations was taken into account. Based on the criteria of
the AHA classifications forMRI evaluation, of eight rabbits
in this group, two were classified as type II and six as type
III, whereas the histopathological classifications of these
rabbits showed one as type I, five as type III and two as type
IV (Table 1). On histomorphology, the plaques at this stage
were mainly characterized by enriched foam cells and
smooth muscle cells (Fig. 3d).

MRI and histological findings in the 15th weekMRI in the
remaining rabbits in the 15th week showed much more
thickened vessel wall (0.659±0.058 mm) with narrowing
lumen in the injured RCCA (Fig. 4a–c). Of nine rabbits, two
were recognized as type III, five as type IVand two as type
V based on the AHA classifications for MRI. Histopath-
ological findings corresponded well to that from MRI with
thewall thickness of theRCCAmeasured as 0.48±0.041mm.
The plaques at this stage were primarily composed of smooth
muscle cells, foam cells and soft lipid-rich core (Fig. 4d).

AHA classifications showed one rabbit as type III, five as
type IV and three as type V (Table 1).

Correspondence between MRI and histopathological
findings The measured wall thickness on MRI correlated
well with the morphometric histology as supported by the
correlation coefficients of r=0.86 (P=0.006) at the 12th
week and r=0.69 (P=0.043) at the 15th week, respectively.
The lipid components of the vessel wall were showed as
hyperintense regions both on T1WI and PDWI (Fig. 4a,b)
and hypointense on T2WI (Fig. 4c). According to the eight
types in the AHA classifications for both MRI and
histolopathological findings, in this study from the
induced rabbit model, the consistency of type I and II
between MRI and histology was 100% (6/6) in the 6th
week. However, in the 12th week the identification of type
III dropped to 75.0% and 62.5% on MRI and histopathol-
ogy, respectively. In the 15th week, the identification of
type IV and type V was 55.6% and 22.2% on MRI, and
55.6% and 33.3% on histology, respectively. The agree-
ment between MRI and histopathology for atherosclerosis
classification was statistically significant (p=0.0368) as
evaluated with Person correlation test (Table 2).

Table 1 MRI versus histopathological classifications of atherosclerosis

Types I, II III IV V VI VII VIII

6 weeks (n=6) 6(6)*
12 weeks (n=8) 2(1)* 6(5)* (2)*
15 weeks (n=9) 2(1)* 5(5)* 2(3)*

( )* The numbers of animals on histolopathological classifications

Fig. 2 In the 6th week after intervention on the rabbit, the axial
section on proton density-weighted imaging (PDWI) showed the
RCCAwith a slightly increased signal intensity (SI) and arterial wall
thickness (arrow) in comparison to the uninjured left carotid artery

(arrowhead) (a). Corresponding histological section of the RCCA
showed that the intima (confronting arrows) of the injured arterial
wall was mainly composed of proliferated smooth muscle cells (b)
(HE staining, ×40)
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Fig. 4 In the 15th week, MRI
showed that relative to the
uninjured left carotid artery
(arrowhead), the injured RCCA
wall (arrow) contained greater
plaque with hyperintensity on
T1WI (a) and PDWI (b), but
appeared hypointense on T2WI
(c). Histological section (d)
corresponding to (a–c) showed
larger and more extensive pla-
ques (arrows) with a signifi-
cantly narrower lumen of the
injured artery (HE staining, ×40)

Fig. 3 In the 12th week, MRI
showed that relative to the
uninjured left carotid artery
(arrowhead), the injured RCCA
wall (arrow) became thicker
with higher SI on T1WI (a) and
PDWI (b), but appeared hy-
pointense on T2WI (c). The
histological examination (d)
demonstrated that the athero-
sclerotic plaque was composed
of foam cells (arrows) and the
smooth muscle cells (arrow-
heads) (HE staining, ×40)
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Discussion

The histopathological changes of atherosclerosis take place
in vessel wall and can be generally classified as the
following three categories: fatty streak, fibrous plaque and
complicated lesions [3, 9, 10]. Conventional imaging
techniques such as angiography are optimized only to
detect the focal and high-grade stenosis without the ability
to identify vessel wall changes, since the arteries can
compensate for the progressive growth of atherosclerotic
plaques by increasing their external circumference, thereby
maintaining lumen diameter [13]. Therefore, the radiolog-
ical assessment of atherosclerosis needs to shift emphasis
from the vascular lumen to the arterial wall. The extra-
vascular ultrasound, which is routinely used to evaluate the
carotid arteries, is still largely based on location and degree
of stenosis and limited in its ability to distinguish lipid-rich
from collagenous layers within plaques. Therefore, this
technique cannot generate any specific information for
atherosclerotic plaque formation [14, 15]. Intravascular
ultrasound (IVUS) can delineate the thickness and
echogenicity of vessel wall structures; however, IVUS is
limited in detection of thrombus and lipid-rich lesions, and
it is an intrinsically invasive modality [16]. On the other
hand, MRI is advantageous over other existing techniques.
It has the ability similar to that of IVUS to accurately
evaluate the vessel wall area without invasive maneuvers;
unlike X-ray based angiography, it does not involve
ionizing radiation or arterial catheterization; with the best
intrinsic soft tissue contrast and ever-improving spatial
resolution, it provides images of both the vessel wall and
lumen, and it can be repeatedly applied for serial follow-up
studies [17]. An additional advantage of MRI is that it may
offer the possibility to allow co-registration of both
molecular and anatomical information within a single
imaging mode [18, 19]. Therefore, MRI may become the
leading noninvasive in vivo imaging modality for the
assessment of atherosclerotic burden.

MRI studies on atherosclerosis in various animal
models, including rabbits [17], have been widely reported
[20, 21]. Atherosclerosis of the aorta is the most frequent
model used for MRI investigations, and few studies were
involved in carotid artery in rabbit models [13]. The
reasons why we selected the RCCA of rabbits for our
experiments are the following: (1) carotid artery athero-

sclerosis refers to one of the highest clinical prevalence of
the disease; (2) anatomically common carotid artery of
relatively large size is located in a superficial position with
a straight course and insignificant motion, all of which
make it highly suitable for MRI evaluation of the vessel
wall using a surface coil or a cylindrical knee coil; (3) the
symmetric presence of the contralateral left common
carotid artery serves as a perfect intraindividual control
artery for MRI comparative analyses.

The appearances of atherosclerosis formation in rabbit as
shown on MRI in this study are similar to those as reported
by the other researchers, e.g., lipid components of the
vessel wall as hyperintense regions both on T1WI and
PDWI, but hypointense on T2WI [22].

The correlation between MRI and pathological findings
of atherosclerotic formation process in rabbit models has
been investigated by other authors [23, 24]. However, they
mainly focused on the relationship between measurements
of vessel wall thickness with MRI and histopathology.
There were few studies that paid attention to the correlation
between MRI classifications and histopathological classi-
fications of the atherosclerosis in rabbit models. The
present study not only showed a good correlation of the
wall thickness as measured with MRI and morphometric
histology, but also demonstrated that the histopathological
process of atherosclerosis formation can be monitored by
using a 1.5-T clinical MRI scanner. Furthermore, advance-
ment of atherosclerosis from type I to type V in this
particular rabbit model combining RCCA injury and lipid
diet during the 15 weeks of observation is evident with
both MRI and pathological findings. Therefore, MRI may
be a useful investiagtion to show the particular types of
atherosclerosis both in rabbit models and human patients.

There are several limitations in this study. Firstly,
advanced stages of type VI to VIII of atherosclerosis
were encountered in neither histopathology nor MRI in this
series over 15 weeks, which calls for further investigations.
Secondly, similar to other studies [25, 26], lack of the
features of human atheroma makes the rabbit model
difficult for the study of atherosclerosis progressing toward
plaque vulnerability and rupture, which is important in the
clinical situations. Thirdly, since dedicated phased-array
radiofrequency coils or state-of-the-art clinical MRI
scanners were not available at the time of this study, the
delicate imaging quality in differentiating fibrous from

Table 2 Correlationship between MRI and histopathological classification positive rate of atherosclerosis

Types I, II III IV V VI VII VIII

Positive rate of MR 100%(6/6) 75.0%(6/8) 55.6%(5/9) 22.2%(2/9)
Positive rate of histology 100%(6/6) 62.5%(5/8) 55.6%(5/9) 33.3%(3/9)

Correlation test: Pearson correlation coefficient (r=0.96), p=0.0368

2179



lipid components of the atherosclerotic lesions in our study
with this rabbit model appears not as good as that of the
others with high-resolution imaging systems [27].

In summary, the present study suggested that using a 1.5-
T clinical MRI scanner should be feasible to visualize
atheroma burden and types of atherosclerotic formation in a
rabbit model of carotid arterial atherosclerosis. Such a

study should be of great help to the laboratory research on
pathogenesis, diagnosis and treatment of atherosclerosis.
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