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Abstract This study sought to reveal the effect of angiotensin II (Ang II)-induced atherosclerotic

vulnerability in rabbits and to determine whether in vivo magnetic resonance imaging (MRI) can

determine the effect of Ang II on atherosclerotic development over time. In total, 24 elderly male

New Zealand white rabbits underwent an intravascular balloon injury in the left common carotid

artery (LCCA) and were subsequently fed a high cholesterol diet for 12 weeks. At 8 weeks, rabbits

were randomly assigned to receive either Ang II (1.4 mg/kg/d, Ang II group) or vehicle (phosphate-

buffered saline, control) via a subcutaneous osmotic minipump for 4 weeks. The rabbits were

imaged three times: at baseline and at 8 and 12 weeks. After the 12-week MRI scanning, rabbits

were euthanized to obtain pathological and histological data. Atherosclerotic plaques were identi-

fied in the 21 rabbits that survived the 12-week trial. Typical feature of vulnerable plaques (VP),

intraplaque hemorrhage, were observed in 6 of 10 animals (60.0%) in the Ang II group. The Cohen

K value of MR imaging between the AHA classifications was 0.82 (0.73–0.91; P < 0.001). MRI

revealed that the change in carotid morphology were significantly different between the Ang II

and control group plaques. Our results support an important role for Ang II in plaque vulnerability

by promoting intraplaque neovascularization and hemorrhage as well as inflammation. The vulner-

able features induced by Ang II in rabbit carotid plaques could be accurately monitored with MRI

in vivo and confirmed with histomorphology.
� 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is

an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Carotid vulnerable plaques (VP) may result in rapid worsening
of stenosis and thrombus formation leading to stroke in

patients with carotid atherosclerosis. Therefore, early detection
of VP to allow early and effective interventions has become a
major research interest. Pathologically, a typical VP often con-

tains intraplaque hemorrhage (IPH) and a large lipid-rich
necrotic core (LRNC) covered by a thin fibrous cap and is
infiltrated by inflammatory cells, such as macrophages.

In recent years, a VP of the aorta can be successfully estab-

lished through a balloon-induced vascular endothelium injury
or by transfecting the abdominal aorta with the p53 gene fol-
lowed by pharmacological triggering in rabbits given a high-fat

diet (Qi et al., 2015; Phinikaridou et al., 2010). These types of
models have been the most common models used for magnetic
resonance imaging (MRI) studies, but few studies have been

related to the rabbit carotid model, which is anatomically suit-
able for further investigation of the stroke caused by carotid
atherosclerosis. In addition, some studies aimed at creating a

carotid VP model, such as a high cholesterol diet combined
with a balloon injury or cast placement, are both unable to cre-
ate a human-like vulnerable plaque in a limited period (Ma
et al., 2008; Den Dekker et al., 2014) because hepatic failure

may develop in New Zealand white (NZW) rabbits after the
long period of high cholesterol diet. So creating an accelerated
VP plaque model in the carotid artery is our major research

interest.
Angiotensin II (Ang II) is involved in various vascular

events, such as endothelial activation and dysfunction (Pueyo

et al., 2000; Laursen et al., 1997), cell proliferation (Kohno
et al., 2000) as well as proinflammatory effects (Mervaala
et al., 1999) of atherosclerotic lesions. Daiana et al. found that

Ang II–induced hypertension can specifically increase the
development of atherosclerosis in apoE knockout mice. Others
have also reported that the carotid atherosclerotic lesions from
Ang II–treated mice display a more pronounced vulnerable

plaque phenotype, such as intralesional neovasculature and
hemorrhage (Da Cunha et al., 2006; Cheng et al., 2006; Du
et al., 2016). Based on these murine models, this study is aimed

(1) to test whether Ang II act as an accelerating factor of the
lesion by promoting plaque vulnerability in a rabbit
atherosclerotic model and (2) to apply MRI measurements

to monitor the effect of Ang II on atherosclerotic development
over time and to see whether MRI is a useful modality for
accurate assessment and follow-up evaluation of plaques.

2. Materials and methods

2.1. Animal model

This experimental protocol was approved by our institutional
committee for animal use and care. In total, 24 male elderly

NZW rabbits(Department of Laboratory Animal Science of
Fudan University, Shanghai) weighing 3.0–3.5 kg were
recruited and were fed an atherogenic diet containing 1%

cholesterol (120–140 g/day) for 1 week and then subjected to
a balloon-induced intimal injury of the left common carotid
artery (LCCA). A balloon catheter with diameter of 2.5 mm

and a length of 20 mm (Medtronic, AVE, Santa Rosa, CA)
was inserted into the LCCA and inflated and deflated three
times for 180 s after rabbits had been anesthetized with an
intravenous injection of pentobarbital. After balloon injury
of the LCCA, rabbits were maintained on a high cholesterol

diet until sacrifice at the end of 12 weeks. Four weeks before
the end of the trial, animals were randomly assigned to receive
subcutaneous implantation of a minipump filled with either

angiotensin II (1.44 mg/kg/d, AngII group) or phosphate-
buffered saline (control). We choose an infusion rate of angio-
tensin II previously shown to accelerate atherosclerosis in

apoE-KO mice (Daugherty et al., 2000).

2.2. Blood pressure and lipid determination

After anesthetization through the auricular vein but prior to
sacrifice, catheters were placed in the right femoral artery for
recording of the rabbit’s arterial blood pressure. Arterial pres-
sure was measured in a conscious rabbit using a pressure trans-

ducer and recorded on a thermal array recorder (RTA 1200 M;
Nihon Kohden, Tokyo, Japan). Blood samples were collected
from the ear artery at 0 week and the end of the 8-week choles-

terol diet prior to the animal being sacrificed. Plasma total
cholesterol (TC), triglyceride (TG), high density lipoprotein-
cholesterol (HDL-C) and low density lipoprotein-cholesterol

(LDL-C) were measured with enzymatic reaction kits from
BioVision (Mountain View, Calif) and Wako Chemicals Co
(Richmond, VA), respectively.

2.3. Histopathological analysis

Immediately after sacrifice, the injured LCCA tissues were
removed from the rabbit and washed in saline. The distances

from the surgical cut and the carotid bifurcation were used
as internal reference points to co-localize between the MRI
findings and the histological specimen. The carotid arteries

were marked with suture ligatures on the left bifurcation over
the total length imaged by MRI. The specimens were fixed in
10% formalin, sectioned in 3.0-mm transverse slices, decalci-

fied, and embedded in paraffin. The paraffin-embedded speci-
mens were sectioned at 10 lm thickness, stained with
hematoxylin and eosin (HE), and subjected to histopathologi-
cal and immunohistochemical analyses. HE staining was used

for routine histopathological examination and compared with
the MRI. Atherosclerosis formation was histomorphologically
evaluated according to the AHA classifications (Stary et al.,

1995).

2.4. Immunohistochemical (IHC) staining

All of the tissue samples were pre-treated as previously
described (Torzewski et al., 1998). For Pentraxin3 (PTX3),
RAM11 and CD31 staining, slides were first incubated with

one of the following primary antibodies: PTX3 (1:200, code
LS-B6679, Life span), RAM11 (1:100, code M0633, Dako),
CD31 (1:200, code ab9498, Abcam) at 4 �C overnight. After
a wash in PBS, sections were incubated with biotinylated

anti-mouse secondary antibody (MaiXin Bio, Fuzhou, China)
at room temperature for 30 min and then with the avidin–bi-
otinylated horseradish peroxidase complex (ABC Elite kit,

Vector, Burlingame, CA, USA) for 30 min. Peroxidase labeling
was visualized using 0.2% (v/v) 3, 39-diaminobenzidine as a
chromogen. When using the antibodies, the sections were
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lightly counterstained with hematoxylin. All of the sections
were observed and photographed with an Axioskop 2 micro-
scope (Carl Zeiss, Oberkochen, Germany). PTX3 and

RAM11 expression levels were interpreted based on the ratio
and intensity of positive-staining cells: <5% scored 0;
5–24% scored 1; 25–49% scored 2; 50–74% scored 3; and

>74% scored 4 (Zhang et al., 2015). These scores were
determined independently by two senior pathologists. CD31+

neovessels in the plaque were counted by light microscopy.

Six high-power fields (40�) were acquired for each slice, and
the numbers of positively-stained cells in the intima and media
were counted. The count was acquired six times and then
averaged (Mao et al., 2010).

2.5. High-resolution multi-sequence MR imaging

Serial MRI examinations were performed 3 times, at baseline

and at 8 and 12 weeks on a 3.0 TMRI scanner (Achieva; Philips
Healthcare, Best, Netherlands) with an 8-channel phased-array
carotid coil (Chenguang Medical Technologies, Shanghai,

China). Rabbits were sedated with an intravenous injection of
40 mg/kg pentobarbital (Shanghai Chemical Reagent Co.,
Shanghai), allowing spontaneous respiration throughout the

examination. MRI were performed with the rabbits placed in a
prone position.A standardized imaging protocolwas performed
to obtain multi-contrast cross-sectional MRI scans: 3D TOF
(TR/TE, 20/4.9 ms; flip angle, 20�), quadruple inversion recov-

ery T1-weighted sequence (TR/TE, 800/10 ms), T2-weighted
sequence with multi-double inversion recovery 18 (TR/TE,
4800/50 ms), and 3D MPRAGE sequence (TR/TE, 8.8/5.3 ms,

flip angle, 15�). AllMRI axial scans were acquired with a section
thickness of 3 mm, anFOVof 140 � 90 mm, and amatrix size of
336 � 336. Fat saturation was applied to the acquisition of the

black-blood sequences to enhance the tissue contrast between
the carotid vessel wall and the surrounding tissues.

2.6. MR imaging analysis

The MR findings were interpreted independently by three radi-
ologists (ZHL, SBB, and HPP) who were experienced with
vascular imaging but blinded to the histological findings.

Quantitative MRI analyses were also performed by them by
consensus. The wall thickness of the injured LCCA or the dis-
tance between the outer and inner borders of the cross-section

on the carotid artery was measured using commercial software
(Vessel Mass, Netherlands). The measurements were usually
made on the T1W images, with the T2W images, 3D-TOF

and MP-RAGE cross-referenced. The morphological measure-
ments, including the vessel wall area (VWA) and max wall
thickness (max WT), were measured for 6 slices of each artery.

The presence or absence and the area of each carotid plaque
component (e.g., LRNC and IPH, calcification [CA]) in each
slice were identified based on a previous study (Saam et al.,
2005; Zhao et al., 2013). According to the modified American

Heart Association (AHA) criteria (Cai et al., 2002), type I and
II = nearly normal vessel wall thickness; type III = diffuse
intimal thickening or a small eccentric plaque with no calcifica-

tion; Type IV–V = plaques characterized by a lipid or necrotic
core surrounded by fibrous tissue with possible calcification.
Type VI = complex plaque with a possible surface defect,

hemorrhage, or thrombus.
2.7. Statistics

All obtained quantitative data were expressed as mean ± stan-
dard deviation (SD). Statistical analyses were performed with
the SPSS software (SPSS for Windows, version 11.0, 2001;

SPSS, Chicago, IL). Cohen’s j coefficient was used to assess
agreement between the MRI findings and the histological anal-
ysis. Kappa ranges from �1 (perfect disagreement) to +1 (per-
fect agreement), and kappa P0.75 was defined as strong

agreement, 0.4 < kappa< 0.75 was defined as moderate
agreement and kappa 60.4 was defined as poor agreement
(Curvo-Semedo et al., 2011), P < 0.05 were considered statis-

tically significant. The effect sizes of plaque parameters to
detect plaque development were calculated as the ratio of the
mean difference between 8 weeks and follow-up measurements

divided by the pooled standard deviation. Effect sizes were
compared using a paired t-test (Den Hartog et al., 2013).
The continuous variables were compared via an independent-

samples t-test when normally distributed or the Mann–
Whitney U test when non-normally distributed.

3. Results

Of the 24 rabbits initially selected, 2 from the Ang II group
died at 9 weeks due to a suspected multi-organ dysfunction.
In the control group, 1 died from an anesthesia accident at

8 weeks.

3.1. Artery pressure and serum lipid assay

At the end of week 12, lipid disorders were led by a high-
cholesterol diet, including significantly increased TC, TG,
HDL-C and LDL-C compared with the baseline levels

(P< 0.01) (Fig. 1). In addition, the body weights of the rab-
bits in the two groups gradually increased over time
(P< 0.05). However, all these parameters showed no signifi-

cant difference between the two groups (P > 0.05). At
12 weeks, the rabbits’ mean systolic pressure in the Ang II
group was higher than that in control group rabbits
(175.8 ± 7.5 vs 120.8 ± 6.4 mmHg).

3.2. Accelerated effect of Ang II in rabbit carotid atherosclerosis

model

Histologically, the 21 rabbits that survived until the end of the
study period all had formed various degrees of atherosclerotic
plaques. Six rabbits in the Ang II group (6/10, 60.0%) devel-

oped VPs (containing IPH) in the LCCA, but no IPH was
observed in the control group. Ang II had a dramatic effect
on the development of atherosclerosis in the carotid artery.
Representative examples of the LCCA after 4 weeks of Ang II

and vehicle treatment in the Ang II and control groups are
shown in Fig. 2. Note that other than more prominent neointima
augmentation and decreased lumen diameter, intimal changes

including irregularly developed intralesional neovasculature
and hemorrhages were more evident in the Ang II–treated
rabbits compared with the control group (Fig. 2).

Additionally, intimal lesions were characterized by the
presence of RAM 11-positive macrophage foam cells in
both groups, but the most intense staining occurred in the



Fig. 1 Body weight and lipid profile of control and angiotensin II-treated rabbits. TC, total cholesterol; TG, triglycerides; LDL-C, low-

density lipoprotein cholesterol and HDL-C, high-density lipoprotein cholesterol. Results are expressed as the mean ± S.E.M. ‘‘*” Each

group compared with 0 weeks (baseline), P < 0.01. ‘‘#” Each group compared with 8 weeks, P < 0.01. Angiotensin II, Ang II.
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Ang II–treated animals (Fig. 3). Fig. 3 also demonstrates that

the expression of inflammatory marker PTX3 and neovascu-
larization marker (CD31) were significantly higher in the
Ang II group than in the control group.

3.3. Agreement between the MRI and the histopathological
findings

Among the 126 carotid segments assessed histologically, 112

showed atherosclerosis ranging from AHA type I to VI.
Forty-three segments displayed the early stages of atheroscle-
rosis (AHA I–III), while 69 segments had advanced plaques

(AHA IV–VI). Advanced atherosclerotic plaques were found
more frequently in the Ang II group than the control group
(68.1% vs 31.9%, P < 0.001). Based on the above results,

the Cohen K value between the MR imaging and the AHA
classification was 0.82 (0.73–0.91) (P < 0.001) (Table 1).
Fig. 4 shows representative MR images and histopathology
of a IV–V plaque (Fig. 4a at 12 weeks) and a VI plaque

(Fig. 4c at 12 weeks). Fig. 4a at 12 weeks shows an MR image
of an eccentric type IV–V plaque. The corresponding histolog-
ical section confirmed the presence of an intact fibrous cap
overlaying a lipid-core (Fig. 4b). The MR image of the type

VI plaque shows a hyperintense signal in all sequences in the
thickened vessel wall (Fig. 4c at 12 weeks). The corresponding
histology (Fig. 4d) revealed the hyperintense site and con-
firmed the presence of intraplaque hemorrhage and abundant

foam cells.

3.4. MRI measurements of plaque development in the Ang II and
control groups

At 12 weeks, 90 of the total 112 axial vessel wall images con-
tained plaque (AHA III–VI) according to the modified AHA

criteria for MRI; 48 (53.3%) were in the Ang II group, and
42 (46.7%) were in the control group. At 8 weeks, no IPH were
found in these two groups, and the plaque composition

(LRNC area) and plaque burden (Max WT and VWA) were
not significantly different between these two groups. In order
to testify the accelerated effect of Ang II on atherosclerosis,
the effect sizes of plaque composition and burden to detect pla-

que development during 8–12 weeks were calculated in these
two groups (Table 2), which showed that significant changes
were exhibited in VWA, max WT, and LRNC area in these



Fig. 2 The histopathologic features of angiotensin II–treated

rabbits. (Upper panel) Plaque lesions from the control animals

showed a thickened intima displaying smooth muscle cells in a

matrix background in different regions of the vessel but with rare

small intralesional vessels. (Lower panel) Plaque lesions in

angiotensin II–treated rabbits display a more complex morphol-

ogy characterized by large and more irregular intralesional vessels

(red arrow) and the presence of intralesional hemorrhages (white

arrow). Angiotensin II, Ang II.
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two groups. In addition, the Ang II group has a greater effect
size of the plaque parameters (VWA, max WT and LRNC
area) than those of the control group. The morphologic

changes of these two groups’ LCCAs are illustrated in Fig. 4.

4. Discussion

The present study revealed the followings: (1) Ang II short-
term administration prompts the vulnerability of carotid ather-
oma and creates more extensive plaque lesions by inducing

intralesional hemorrhage and neovascularization as well as
abundant inflammation in our rabbit atherosclerosis model;
and (2) in vivo MRI is capable of accurately identifying and

quantifying the major components of the carotid atheroscle-
rotic plaques in the Ang II-treated rabbit model and can also
monitor the development of carotid atherosclerotic plaques

over time.
Plaque vulnerability is closely associated with the incidence

of stroke and acute myocardial infarction. So, early and accu-
rate detection of VPs is very important. In our study, Ang II

was used to enhance plaque vulnerability, which induced neo-
vascularization, IPHs, and inflammation. IPHs are considered
prominent markers of plaque progression and instability,

which are closely correlated with plaque disruption
(Kolodgie et al., 2003). While, Valdeci et al. showed that
besides Ang II-induced neovascularization, hemorrhage and

inflammation, the plaque lesion is also accompanied by further
expansive remodeling in apolipoprotein E–deficient mice. Ivan
et al. demonstrated a close relationship between intimal
inflammation and expansive remodeling in ligated arteries of

apoE-KO mice (Ivan et al., 2002). Others have also claimed
that expansively remodeled atherosclerotic vessels often give
rise to more rupture-prone lesions (Schoenhagen et al.,
2000). So our study, for the first time, explores the effect of

Ang II on the combination of a high cholesterol diet and bal-
loon injury in the LCCA, which is different from the ligation
of the LCCA (aim to trigger the remodeling) in the study by

Valdeci. Through these design differences, we included that
Ang II-induced vulnerable features of plaques may be indepen-
dent of the expansive remodeling process.

Ang II administration increases mechanical strain on the
lesions by raising blood pressure, and Ang II–induced hyper-
tension can accelerate the development of atherosclerosis in
ApoE-deficient mice (Weiss et al., 2001). Ang II infusion into

hyperlipidemic mice also augments lesion formation indepen-
dent of elevation in blood pressure by eliciting a proinflamma-
tory Th1-like phenotype or by increasing the angiogenic

properties of the plaque (Mazzolai et al., 2004). Inflammatory
mechanisms are known to play central roles in the pathogene-
sis and progression of atherosclerosis, plaque rupture and sub-

sequent thrombosis and stroke. PTX3 is the prototypic
member of the long pentraxin family that is produced at the
site of inflammation in response to primary inflammatory stim-

uli by various cell types, including monocytes/macrophages,
endothelial cells, vascular smooth muscle cells, fibroblasts,
and adipocytes (Garlanda et al., 2005). PTX3 has been sug-
gested as a marker of inflammatory activity and plaque insta-

bility (Matsuura et al., 2012). A number of studies have
suggested PTX3 was associated with plaque vulnerability in
the carotid and coronary arteries (Shindo et al., 2014; Hollan

et al., 2013), Akihiro Shindo et al. have shown that serum
PTX3 levels in both systemic and intracarotid samples before
and after carotid artery stenting were higher in the vulnerable

group than in the stable group. Neovessels within plaques
characterized by fragility and high perfusion have also been
considered to be an additional feature of VPs. These neovessels

can increase the permeability of inflammatory cells, especially
the presence of extensive macrophage accumulation (Chen
et al., 2005; Lin et al., 2007). Multiple studies have emphasized
a critical link between intravascularization and intralesional

hemorrhage and instability by stimulating infiltrated inflam-
matory cells, which all play important roles in plaque progres-
sion and destabilization (Chen et al., 2005). In our study,

plaque lesions in the Ang II group had extensive neovascular-
ization; moreover, abundant macrophage cells as well as exten-
sive staining for inflammation marker PTX3 were diffusedly

distributed in the Ang II-treated vessel wall. So our data
showed that the IPHs that occurred in the lesions in response
to angiotensin II stimulation may be correlated with disrupted
intralesional vessels and abundant inflammatory cell infusion.

Our findings greatly substantiate the multipotent ability of
Ang II to affect plaque vulnerability.

High-resolution MRI is a non-invasive technique to moni-

tor the natural progression of atherosclerotic plaques not only
including general features of a plaque but also some character-
istics of a vulnerable plaque: a thin or ruptured fibrous cap, a

large lipid-rich necrotic core, and intraplaque hemorrhage.
With the rapid development of MRI in recent years, MRI
studies on atherosclerosis in various vulnerable atherosclerotic

animal models have been described. Our results showed
that an MR vessel wall image can accurately identify and
quantify the rapid carotid atherosclerotic progression in the
Ang II-accelerated rabbit model over time. Ang II induced



Fig. 3 Effect of angiotensin II on the expression of RAM11, PTX3 and CD31. Representative sections of the left common carotid

arteries from the control (Upper panel) and angiotensin II–treated (Lower panel) rabbits after staining with hematoxylin and eosin and

immunostaining for RAM11 and PTX3 expression and capillary density (a). The quantification of immunohistochemistry analysis of

RAM11, PTX3, and CD31 staining of sections from artery tissues (b). *P < 0.05. Angiotensin II, Ang II.

Table 1 The agreement between MRI and histopathologic findings via Cohen’s Kappa test.

MRI type Histology type Kappa P

I–II III IV–V VI Total

I–II 8 4 0 0 12 0.82(0.73–0.91) <0.001

III 4 25 2 1 32

IV–V 0 2 42 0 44

VI 0 0 1 23 24

Total 12 31 45 24 112

Cohen’s Kappa test.
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more extensive lesions that enabled us to determine that there
was a good correlation between MRI classifications and

histopathological classifications in our rabbit models. Even
these correlations have also been studied by others, prior
authors either mainly focused on the relationship between the

measurements of vessel wall thickness with MRI and
histopathology (Wang et al., 2006) or have scarce plaques fulfill
the criteria for advanced human atherosclerotic plaque. In

addition, different from other MRI studies involving vulnerable
atherosclerosis models, which were either long-term experiments
with rare advanced lesions or involving a toxic-triggered
thrombus that does not represent true plaque rupture

(Ma et al., 2008, 2012), in our study, vulnerable plaques were
induced by Ang II administration based on a classical high
cholesterol-diet and endothelial injury. In particular, the

intraplaque hemorrhage which is currently viewed as the
driving force in plaque progression (Virmani et al., 2005) and
regarded as prone to disruption (Kampschulte et al., 2004;

Milei et al., 2003; Zhang, 2016), can be accurately and directly
detected byMRI at 12 weeks even when plaque rupture, and an
occlusive thrombus is not observed. Based on these observa-

tions, MRI analysis also showed that the Ang II accelerates
atherosclerotic progression, which is indicated by a larger
effective size of VWA, max WT, and LRNC area. Our study
is the first to substantiate the proatherosclerotic effect of Ang

II with MR vessel wall images.



Fig. 4 MR images showed different development over time between the control group (a) and the angiotensin II-treated group (c),

corresponding with histopathology (b and d). (a) In the control group, compared to the baseline MRI, the injured LCCA wall (white

arrow) became thicker with hyperintense on T1WI and appeared isointense on T2WI in the 8th week. At the 12th week, the LCCA wall

(white arrow) contained a plaque with hyperintensity on T1WI but appeared hypointense on T2WI and there were no hyperintensities in

MP-RAGE (AHA IV–V). The histological section (b) corresponding to (a) showed plaques composed of foam cells (blue arrow) with a

narrower lumen (black star, HE staining, �40). (c) In the Ang II-treated group, the MRI showed that the injured LCCA wall (white arrow)

contained a plaque with hyperintensity on T1WI and appeared hypointense on T2WI at the 8th week after 4 weeks of the Ang II

treatment. The MRI demonstrated an advanced atherosclerotic plaque (white arrow) composed of IPH that appeared hyperintense on

T1WI, TOF, MP-RAGE and appeared iso/hypointense on T2WI. The histological section (d) corresponding to (c) showed larger and

more extensive plaques (AHA VI) composed of abundant foam cells (blue arrow), neovessels (broad white arrow) and IPH (red arrow) with

a significantly narrower lumen (blue star, HE staining, �40). Angiotensin II, Ang II; left common carotid artery, LCCA.
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4.1. Limitations of this study

Our study has some limitations. First, the Ang II accelerated

model of atherosclerosis resulted in a greater extent of
atherosclerosis and a higher percentage of IPH but plaque
CA, rupture and thrombosis were absent, perhaps because of
short follow-up period in our study design. Another important
issue involving our analysis of the consistency between MRI
classifications and histopathological classifications, the MRI
slice thickness (3 mm) is greater than that of the histological

section (10 lm). The MR image represents a composite of
300 histology sections. To lessen this mismatch, we sectioned
the tissue in 3.0-mm transverse slices corresponding to the

MRI slice thickness and chose the histological sections for



Table 2 Comparison of the changes of LCCA over time of the Ang II group and control group.

Plaque parameters 8 weeks MRI 12 week MRI Growth t-value Effective size

Control group (n = 42 slices)

VWA (mm2) 2.37 ± 0.74 4.85 ± 2.21 2.48 ± 2.26 7.12 1.09*

max WT (mm) 0.53 ± 0.23 1.10 ± 0.40 0.57 ± 0.42 8.59 1.32*

LRNC area (mm2) (12 slices) 0.29 ± 0.35 2.77 ± 1.32 2.48 ± 1.43 6.18 1.78*

Ang II group (n = 48 slices)

VWA (mm2) 2.60 ± 4.07 8.45 ± 2.66 5.85 ± 4.94 8.19 1.18*

max WT (mm) 0.55 ± 0.14 1.29 ± 0.35 0.74 ± 0.41 12.56 1.81*

LRNC area (mm2) (23 slices) 0.28 ± 0.46 3.27 ± 1.09 2.99 ± 1.20 11.68 2.43*

Effect sizes (t-value/n�2) were compared using a t-test.

Data are means±standard deviations.

VWA, vessel wall area; max wall thickness, max WT; lipid rich necrotic core, LRNC.
* P< 0.05
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HE and IHC staining near the interval level. However, in some
complex specimens containing lesions that may change signif-

icantly in size or composition from section to section, obtain-
ing precise co-registration can be difficult. Also, due to the
tissue degradation and dehydration, artifactual transformation

of histological sections may occur. So, we performed HE and
IHC staining as soon as possible after animals were sacrificed
to reduce those possible influences.

In conclusion, as shown in this accelerated atherosclerotic
rabbit model, our data further strengthen the effect of Ang
II on promoting plaque vulnerability by inducing neovascular-
ization, hemorrhage, and inflammation. Additionally, MR pla-

que imaging represents a useful modality for accurate
assessment and follow-up evaluation of atherosclerotic pro-
gression that substantiated roles the roles of Ang II from the

view of radiology.
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