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Background—The ability to identify atherosclerotic plaques with a high risk for sudden disruption before stroke or
myocardial infarction would be of great utility. We used a rabbit model of controlled atherothrombosis to test whether
in vivo MRI can noninvasively distinguish between plaques that disrupt after pharmacological triggering (vulnerable)
and those that do not (stable).

Methods and Results—Atherosclerosis was induced in male New Zealand White (n�17) rabbits by cholesterol diet and
endothelial denudation of the abdominal aorta. After baseline (pretrigger) MRI with and without gadolinium contrast,
the rabbits underwent 2 pharmacological triggerings to induce atherothrombosis, followed by another MRI 48 hours
later (post-triggering). Atherosclerosis was identified by the pretriggered images in all rabbits, and thrombosis was
identified in 9 of 17 animals (53%) by post-trigger MRI. After the animals were euthanized, 95 plaques were analyzed;
28 (29.5%) had thrombi (vulnerable) and 67 did not (stable) (70.5%). Pretriggered MRI revealed comparable stenosis
in stable and vulnerable plaques, but vulnerable plaques had a larger plaque area (4.8�1.6 versus 3.0�1.0 mm2;
P�0.01), vessel area (9.2�3.0 versus. 15.8�4.9 mm2; P�0.01), and higher remodeling ratio (1.16�0.2 versus
0.93�0.2; P�0.01) compared with stable plaques. Furthermore, vulnerable plaques more frequently exhibited (1)
positive remodeling (67.8% versus 22.3%; P�0.01), in which the plaque is hidden within the vessel wall instead of
occluding the lumen; and (2) enhanced gadolinium uptake (78.6% versus 20.9%; P�0.01) associated with histological
findings of neovascularization, inflammation, and tissue necrosis.

Conclusions—We demonstrate that in vivo MRI at 3.0 T detects features of vulnerable plaques in an animal model of
controlled atherothrombosis. These findings suggest that MRI may be used as a noninvasive modality for localization
of plaques that are prone to disruption. (Circ Cardiovasc Imaging. 2010;3:323-332.)
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Acute coronary syndromes (ACS) such as unstable
angina pectoris and myocardial infarction are the

leading causes of death in the United States.1 Histological
studies demonstrate that ACS are usually triggered by
rupture/erosion of vulnerable atherosclerotic plaques,
which results in luminal thrombosis.2,3 X-ray angiographic
studies, which do not provide information about plaque
composition, suggest that the majority of high-risk plaques
cause �50% luminal narrowing.4,5 In vivo MRI can
estimate the degree of luminal narrowing and identify
plaque components.6 –9 Contrast-enhanced MRI (CE-MRI)
using gadolinium-diethylenetriamine penta-acetic acid
(Gd-DTPA) has improved the discrimination between the
fibrous cap and the lipid core10,11 and necrotic core12 and
the visualization of coronary atherosclerosis.13,14 Further-

more, dynamic CE-MRI has shown that uptake of Gd-
DTPA is correlated with neovascularization15,16 and in-
flammation,17 both of which are increased in vulnerable
plaques.

Clinical Perspective on p 332
The inability to study thrombotic events and plaque vul-

nerability before atherothrombosis in humans necessitates the
use of animal models. The rabbit model of controlled athero-
thrombosis using an intermittent cholesterol diet followed by
pharmacological triggering was introduced by Contantinides
et al18 and later modified by Abela et al.19 Recently, we
further modified the preparation/dietary protocol and demon-
strated that such rabbits develop 6 of 8 types of plaques20

classified by American Heart Association (AHA) criteria.
Importantly, we20 and others19,21 have shown that pharmaco-
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logically induced thrombosis occurs in plaques with histolog-
ical features of vulnerability. In an alternative rabbit model of
atherothrombosis, plaques were ruptured after an inflatable
balloon was embedded into the plaque.22 Although these
rabbit plaques were histologically similar to human plaques,
this model has not yet been used for MRI studies. In contrast,
in vivo MR images of thrombosis associated with plaque
disruption in the rabbit model of pharmacologically induced
thrombosis have been reported.23,24

In this study, we used the rabbit model of experimentally
induced atherothrombosis20 to explore whether MR images
obtained in vivo at 3.0 T could identify plaques prone to
disruption.

Methods
Animal Model
Atherosclerosis was induced in adult male New Zealand White
rabbits (n�24, �2.8 kg, Charles River Laboratories, Wilmington,
Mass) as previously described.20 Briefly, rabbits were fed a 1%
cholesterol diet (PharmaServ, Framingham, Mass) for 2 weeks
before and 6 weeks after balloon injury of the abdominal aorta,
followed by 4 weeks of normal chow diet (Figure 1). Balloon injury
of the aortic wall was performed under general anesthesia
(acepromazine, 0.75 mg/kg IM; ketamine, 35 mg/kg IM; xylazine,
2.5 mg/kg IM). Pharmacological triggering of thrombosis was
induced with Russell viper venom (0.15 mg/kg IP; Enzyme Re-
search, South Bend, Ind) an activator of Factor X of the coagulation
cascade followed 30 minutes later by histamine, a vasoconstrictor in
rabbits (0.02 mg/kg IV; Sigma-Aldrich, St. Louis, Mo). This proce-
dure was performed twice, within 48 hours, in each animal, as
previously described.18–21,23,24 Within 24 hours after the post-trigger
MRI, the rabbits received heparin (1000 USP units IV, Sigma-Al-
drich) to prevent postmortem blood clotting and were euthanized
with a bolus injection of sodium pentobarbital (100 mg/kg IV).
Subsequently, the aortas were excised and fixed in 10% formalin for
histological analysis. Three age- and sex-matched, uninjured rabbits
were fed only normal chow diet and used as controls.

Of the 7 rabbits that did not complete the study, 3 died prema-
turely from respiratory distress, ischemic heart disease, and/or liver
failure (data not shown), 2 became anorexic early in the experimental
protocol and were returned to normal diet, and 2 rabbits became
paralyzed from the waist down after the first pharmacological
triggering and were euthanized before the end of the protocol.
Histological analysis of these 2 rabbits revealed occlusive thrombo-
sis in the distal aorta (data not shown). Animal studies were
performed in accordance with guidelines approved by the Institu-
tional Animal Care and Use Committee of Boston University.

MRI Experiments
In vivo MRI experiments were performed on supine rabbits under
deep sedation using a 3.0-T Philips Intera Scanner (Philips Medical
Systems, Ohio) and a synergy knee coil with 6 elements. A pulse
oximeter was placed on the ear for cardiac gating. The aorta of
atherosclerotic rabbits was imaged before and 48 hours after the first
pharmacological triggering (Figure 1). Control rabbits were imaged
once. MRI acquisition parameters are listed in Table 1. Ungated
coronal 3D phase contrast MR angiograms (PC-MRA) acquired with
a T1-weighted, fast-filed echo sequence were used as scout images.
Two-dimensional, T1-weighted, black-blood (T1BB) axial images
(4 mm) were then acquired with a double-inversion recovery
turbo-spin echo sequence and cardiac gating (at every other systolic
phase). Subsequently, ungated axial 3D PC-MRA images were
acquired immediately after a bolus injection of Gd-DTPA
(0.1 mmol/kg IV) (Magnevist, Germany). For every axial T1BB slice
(4 mm), 8 0.5-mm PC-MRA slices were acquired. Finally, post–
contrast-enhanced (post-CE) T1BB images were acquired 10 to 15
minutes after Gd-DTPA injection with parameters identical to those
used for the non–contrast-enhanced T1BB images.

Figure 1. Experimental timeline. Rabbits were fed a 1% cholesterol diet for 2 weeks before and 6 weeks after balloon injury of the
abdominal aorta, followed by 4 weeks of normal chow diet. In vivo MRI of the rabbit aorta is performed before (pretrigger) and after the
second (post-trigger) pharmacological triggering. Plasma biomarkers were also monitored at baseline, after 8 weeks of cholesterol diet,
and before triggering.

Table 1. MRI Parameters

3D Sagittal
PC-MRA

Ungated 3D
Axial PC-MRA

2D Axial
T1BB

Slice thickness, mm 1 0.5 4

Interslice gap
thickness, mm

0 0 1

TE, ms 3.5 7.4 10

Turbo factor … … 15

TR, ms 20 17 2 Cardiac cycles

Flip angle, degrees 15 15 90

Inversion recovery
delay, ms

… … 350

Black blood pulse
thickness, mm

… … 20

Flow velocity, cm/s 75 75 …

Field of view, mm
(AP, FH, RL)

25�300�150 35�60�50 100�60�125

Matrix 256�244 128�122 384�362

Reconstructed
resolution, mm

0.55�0.55�1 0.19�0.19�0.5 0.23�0.23

No. of averages 2 2 2

Scan time, min 3 8 8
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Plasma Lipid and Inflammatory Marker Analysis
Blood samples were collected after overnight fasting from the ear
artery at baseline, at the end of the 8-week cholesterol diet, and
before triggering. Plasma total cholesterol and HDL-cholesterol
(HDL-C) were measured with enzymatic reaction kits from BioVi-
sion (Mountain View, Calif) and Wako Chemicals Co (Richmond,
Va), respectively. C-reactive protein and plasminogen activator
inhibitor-1 were measured with ELISA kits from Immunology
Consultant Laboratory (Newberg, Ore) and Molecular Innovations
(Southfield, Mich), respectively.

Matching of MR Images and Histological Sections
The distances from the aortic renal branches and the iliac bifurcation
were used as internal anatomic markers to match the MR images and
histological sections.20

Histology and Identification of Vulnerable Plaques
Transverse cryosections (10 �m) were collected throughout the
length of the each segment and stained with Masson trichrome
(Sigma Aldrich) to identify cellular components and thrombi. Dis-
rupted (vulnerable) plaques were defined as those with attached
platelet and fibrin-rich thrombi. We have previously demonstrated
that thrombosis in this model originates both from rupture of thin cap
atheromas (60%) and superficial plaque erosion (40%), which
frequently occurred over plaques classified by the AHA as atheromas
and fibroatheromas and rarely over fibrotic plaques.20 Plaques that
had no overlying thrombus were defined as nondisrupted (stable).

Analysis of MR Images
Because the rabbits developed plaques throughout the region of the
aorta that was balloon injured, we performed a slice-by-slice analysis
of axial vessel wall images containing stable and vulnerable athero-
sclerotic plaques. Of the 204 pretriggered T1BB slices acquired from
17 rabbits, a total of 190 slices (95 before and 95 after gadolinium
administration) and 1520 PC-MRA slices (760 anatomic and 760
flow-encoded) slices were evaluated. One hundred nine T1BB
images were excluded from the analysis: 58 because either the T1BB
or the PC-MRA slices were of poor image quality (insufficient blood
suppression, bad signal-to-noise, motion artifacts) and 51 because
the corresponding PC-MRA slices contained side branches that could
impair the assessment of the remodeling ratio. Aortic regions
containing plaques detected in the pretriggered MR images were
classified into stable and vulnerable, based on the presence of
luminal thrombosis seen on the post-triggered T1BB images and the
corresponding histopathology. Subsequently, only the pretriggered
MR images were analyzed using ImageJ (NIH).

Pre-CE T1BB images were used to calculate the plaque area (PA)
and the percent cross-sectional narrowing (CSN) by manually
segmenting the adventitial and luminal contours of the vessel wall.
Plaque area was calculated as: PA�adventitial area�lumen area and
the CSN as % CSN�(plaque area/vessel area)�100.

Ungated 3D PC-MRA images acquired immediately after injec-
tion of Gd-DTPA were used to calculate the remodeling ratio (RR)
and the percent stenosis from flow-compensated/anatomic and flow-
encoded images, respectively. In the anatomic images (T1-weighted
spoiled-gradient echo) flowing blood appears bright, whereas the
contrast of stationary tissues depends on the T1 relation times. In
flow-encoded images, only flowing spins elicit signal, and the
intensity is proportional to the velocity of flow, whereas stationary
tissues are suppressed. It has been shown that spoiled-gradient echo
images detect the adventitia/outer region of the vessel wall and that
the delineation of this contour becomes improved in contrast-
enhanced images.25–27 A comparison of the vessel area measured on
different MRI images is shown in Table 1 (supplemental data). Thus,
at each lesion site, the anatomic images were used to measure the
vessel area (VA) for the calculation of the RR, and the corresponding
flow-encoded images were used to calculate the unobstructed lumen
area (LA) and the percent stenosis. The RR and the percent stenosis
were calculated after correcting for arterial tapering28 and interindi-
vidual variability of arterial size.29 The RR was calculated as

RR�vessel arealesion/vessel areareference (see Figure 3A) and the 3
remodeling categories were defined as previously described30: pos-
itive if RR �1.05, intermediate if 0.95 �RR �1.05, and negative if
RR �0.95. The percent stenosis was calculated as % steno-
sis�1�[lumen arealesion/lumen areareference]�100. Because of dif-
fuse vessel wall thickening, the slice with the least amount of plaque
was used as a reference site, assuming that it was least affected by
the disease (mean values of references: PA�2.0�0.56 mm2,
VA�11.0�3.5 mm2, LA�7.2�1.5 mm2 and % CSN�21.4�6.3).

Post-CE T1BB images were visually compared with the pre-CE
T1BB images to evaluate the presence or absence of a circumferen-
tial (full ring) or crescent-shaped enhancement pattern of the vessel
wall. Bright signal from perivascular lymphatics and/or adipose
tissue was sometimes visible in the pre-CE T1BB images. To
eliminate ambiguities in the evaluation of the enhancement pattern of
gadolinium-enhanced images, these regions were outlined on the
pre-CE T1BB images and subsequently masked onto the
gadolinium-enhanced images.

Statistical Analysis
Analyses were performed using SPSS 11.0 (SPSS Inc). For 2-group
comparisons, continuous variables were compared using either a
2-sample t test or a Mann-Whitney nonparametric test after the
variables were ranked. Categorical variables were compared using
the �2 test. Qualitative data are presented as frequencies. Two
independent observers (A.P. and J.V.) analyzed the pre-CE T1BB
images to calculate the plaque area and evaluated the enhancement
pattern on the post-CE T1BB images. In addition, 2 independent
observers (A.P. and N.H) analyzed the PC-MRA images to calculate
the vessel and lumen areas. Observers (J.V and N.H) were blinded to
the MRI and histological findings. The interobserver variability was
assessed by using the interclass correlation coefficient (ICC) for
continuous variables and Cohen � for categorical variables. Indepen-
dent predictors of plaque vulnerability were identified by multilo-
gistic regression analysis after the plaques were categorized as
vulnerable and stable. Variables exhibiting statistical significance in
the univariate regression (ie, plaque area, vessel area, remodeling
index, presence of gadolinium hyperenhancement, and presence of
positive and negative remodeling) were then used in the multilogistic
regression model. Multiple linear regression analysis was used to
evaluate the relationship between plasma biomarkers and plaque
vulnerability. The sensitivity, specificity, positive and negative
predictive values (PPV and NPV), and diagnostic accuracy of the
MRI features alone or in combination were calculated. Data are
presented as mean�standard deviation. Probability values of
P�0.05 were considered significant.

Results
Atherosclerosis and Thrombosis Can Be Imaged
by MRI
Aortic plaques were located in vivo using the pretriggered
MR images, and the sites of luminal thrombosis were visu-
alized on MR images acquired 48 hours after pharmacolog-
ical triggering. The sites of plaques, plaque disruptions, and
thrombosis were validated by the corresponding histological
sections. Atherosclerosis was observed in all rabbits, and
thrombosis occurred in 9 of 17 (53%) of them. No athero-
sclerosis was observed in control rabbits. A total of 95 wall
segments containing plaques were included in this study, of
which 28 (29.5%) showed luminal thrombi and 67 did not
(70.5%).

Figure 2 shows representative MR images and histopathol-
ogy of a plaque that did not disrupt (Figure 2A through 2C)
and a plaque that disrupted after triggering (Figure 2D
through 2F). The pretriggered image of the stable plaque
(Figure 2A) demonstrates an eccentric plaque that did not

Phinikaridou et al In Vivo Detection of Vulnerable Plaque by MRI 325

 by guest on N
ovem

ber 21, 2017
http://circim

aging.ahajournals.org/
D

ow
nloaded from

 

http://circimaging.ahajournals.org/


change in appearance after pharmacological triggering (Fig-
ure 2B). The corresponding histological section confirmed
the presence of an intact fibrous cap overlaying a lipid-core
(Figure 2C). The pretriggered image of the vulnerable plaque
(Figure 2D) shows the plaque, whereas the post-triggered
image shows a new mass protruding into the lumen (Figure
2E). The corresponding histology (Figure 2F) revealed the
site of plaque rupture and confirmed the presence of an
overlying platelet- and fibrin-rich thrombus.

Quantitative MRI and MRA Measurements of
Stable and Vulnerable Plaques
Plaque area, vessel area, and remodeling ratio were signifi-
cantly larger in vulnerable plaques; however, luminal area,
percent stenosis, and percent CSN were similar between the 2
groups (Table 2). ICC revealed a high interobserver agree-
ment for the measurements of vessel area (ICC, 0.92; 95%
confidence interval [CI], 0.87 to 0.95) and luminal area (ICC,
0.9; 95% CI, 0.85 to 0.94) and moderate interobserver
agreement for the measurement of plaque area (ICC, 0.64;
95% CI, 0.38 to 0.78).

Vulnerable Plaques Are Associated With
Positive Remodeling
A key finding from the analysis of the pretriggered images is
that the plaques that disrupted after pharmacological trigger-
ing frequently exhibited positive remodeling (Figure 3).
Pretriggered PC-MRA images acquired from the same rabbit
demonstrate examples of negative and positive remodeling
compared with a reference site. The vessel area measured at
the site of the stable plaque (Figure 3B) was smaller than that
of the reference site (Figure 3D), which is indicative of
negative remodeling. In contrast, the vessel area of the
vulnerable plaque (Figure 3F) was markedly larger than the
reference site, suggestive of positive remodeling. Images of
the lumen (Figure 3C, 3E, and 3G) demonstrate that this
example of a stable plaque exhibited a greater extent of
stenosis compared with that calculated for the vulnerable
plaque. Overall, stable plaques frequently exhibited negative
remodeling whereas vulnerable plaques frequently exhibited
positive remodeling (Figure 3H). Similar findings were ob-
tained when the frequency of the remodeling types in stable
and vulnerable plaques was calculated using T1BB and
post-CE T1BB images (Table 2; supplemental data).

Vulnerable Plaques Show Hyperintense
Enhancement After Administration of Gd-DTPA
Another key finding that emerged from the analysis of the
pretriggered MR images is the hyperintense signal associated
with vulnerable plaques after administration of Gd-DTPA. A
stable plaque that showed mild uptake of Gd-DTPA (Figure
4A and 4B) had a thick fibrous cap overlaying a lipid-core
(Figure 4C). In contrast, vulnerable plaques demonstrated
hyperintense circumferential (Figure 4E) or crescent-shaped
enhancement (Figure 4H) that extended beyond the plaque. The

Figure 2. In vivo T1BB images and histopathology of stable and vulnerable plaques before and after pharmacological triggering (magni-
fied views are provided at the bottom right of each pane). The stable plaque appeared similar on the pretrigger (A) and (B) post-trigger
images. C, Corresponding histology showed a thick fibrous cap over a lipid core. D, Vulnerable plaque that formed a luminal thrombus
after triggering (E; asterisk). F, Corresponding Masson trichrome staining revealed the site of rupture (arrow) and confirmed the pres-
ence of a platelet and fibrin-rich thrombus.

Table 2. Quantitative MRI and MRA Measurements of Stable
and Vulnerable Plaque

Stable
(n�67)

Vulnerable
(n�28) P

Plaque area, mm2 3.0�1.0 4.8�1.6 0.01

Vessel area, mm2 9.2�3.0 15.8�4.9 0.01

Lumen area, mm2 7.0�1.4 7.5�1.2 0.19

% Stenosis 25.0�17.0 23.0�15.0 0.91

% Cross-sectional narrowing 39.3�14.3 34.9�11.0 0.16

Remodeling ratio 0.93�0.2 1.16�0.2 0.01
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corresponding histology (Figure 4F and 4I) confirmed that a
thrombus formed after pharmacological triggering and revealed
extensive neovessels in the fibrous cap (Figure 4F; arrow), the
intima, and the adventitia (Figure 4I; circles). Furthermore,
histology revealed degradation of the extracellular matrix and
tissue necrosis, 2 additional contributors of increased gadolinium
uptake. Contrast enhancement of the vessel wall was not
observed in control rabbits (data not shown).

The frequency of circumferential or crescent-shaped en-
hancement was statistically higher in vulnerable plaques
whereas the absence of the hyperintense enhancement was
statistically higher in stable plaques (Figure 4J). The Cohen �
statistic (��0.8) revealed a substantial interobserver agree-
ment in evaluating the presence or absence of hyperintense
enhancement after gadolinium administration.

The MRI features that discriminate stable and vulnerable
plaques are shown in Table 3 and Figure 1 (Data Supple-
ment). The presence of hyperenhancement on post-CE T1BB
images showed the best sensitivity, specificity, PPV, NPV,
and diagnostic accuracy. The NPV was high (97.6%), indi-
cating accurate detection of stable plaque when the plaque
was described by the presence of 1 of the 2 features (ie,

positive remodeling or Gd-DTPA enhancement). The PPV
was higher for plaques showing both features (positive
remodeling and Gd-DTPA enhancement) than for plaques
showing only 1 of these features, providing a high diagnostic
accuracy (83.2%) for the detection of vulnerable plaque. The
ability of positive remodeling, as calculated from 3 different
types of MRI images, to identify vulnerable plaques is
illustrated in Table 3 (supplemental data). The diagnostic
accuracy was higher when the remodeling ratio was calcu-
lated using the CE-PCMRA. This suggests that CE-PCMRA
images may improve the conspicuity of the outer vessel wall
boundary and thereby provide a more accurate determination
of the remodeling ratio.

Multilogistic regression analysis identified the gadolinium
hyper-enhancement (P�0.01; odds ratio [OR], 13.46; 95%
CI,3.17 to 57) and increased vessel area (P�0.004; OR, 1.36;
95% CI, 1.1 to 1.68) as independent predictors of plaque
vulnerability. However, the regression model also showed
that positive remodeling had values of P�0.11; OR, 4.7; 95%
CI, 0.68 to 32.65; and negative remodeling, P�0.87; OR,
1.17; 95% CI, 0.15 to 9.13. These results, together with the
fact that the higher diagnostic accuracy was achieved when

Figure 3. Examples of negative and positive remodeling in stable and vulnerable plaques. A, Types of vessel wall remodeling. The area cir-
cumscribed by the adventitial contour (blue line) indicates the vessel area. The remodeling ratio�vessel arealesion site/vessel areareference. The
reference site is the site with the least amount of plaque. Positive remodeling and negative remodeling are defined from the remodeling ratio
as shown. B to G, Examples of negative and positive remodeling in a stable (B to C) and a vulnerable (F to G) plaque compared with a refer-
ence site (D to E). B, D, and F, Flow-compensated images acquired with gadolinium showed negative remodeling at the site of a stable
plaque (B) and positive remodeling at the site of a vulnerable plaque (H). C, E, and G, Flow-encoded images show the unobstructed luminal
area. H, Frequency of negative, intermediate, and positive remodeling in stable and vulnerable plaques. Negative remodeling was significantly
greater in stable plaques whereas positive remodeling was significantly greater in vulnerable plaques. Intermediate remodeling was similar
between the 2 groups. RR indicates remodeling ratio; VA, vessel area; and LA, luminal area.
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both positive remodeling and gadolinium hyperenhancement
were present, illustrate the value of multiple measurements to
discriminate stable from vulnerable plaque.

Plasma Lipids and Inflammatory Markers Were
Not Associated With Plaque Vulnerability
Measurement of plasma markers indicated the develop-
ment of an atherogenic and inflammatory milieu under
these experimental conditions (supplemental data; Table
4). Total cholesterol and C-reactive protein levels in-
creased whereas plasminogen activator inhibitor-1 levels
did not change significantly, in either group of rabbits.
Importantly, HDL-C levels decreased after 8 weeks of
cholesterol diet and returned to baseline after 4 weeks of
normal diet. Despite these changes, there was no statistical
difference in these biomarkers between rabbits with or
without thrombi at any time point. In addition, multiple
linear regression analysis revealed that none of these
serum biomarkers was an independent predictor of throm-
bosis (supplemental data; Table 5).

Discussion
In this study, we used in vivo MRI to image the rabbit aorta
before and after pharmacological triggering of thrombosis to

discriminate vulnerable and stable plaques. After histological
classification of the plaques into stable (70.5%) and vulnerable
(29.5%) as determined by overlying thrombosis, we examined
the MRI characteristics of the plaques in each category using the
pretriggered images. To our knowledge, we demonstrate for the
first time using in vivo MRI that vulnerable plaques are
associated with (1) positive remodeling, in which the plaque
remains hidden within the vessel wall instead of occluding the
lumen; and (2) a circumferential or crescent-shaped hyperintense
enhancement pattern after administration of Gd-DTPA, consis-
tent with histological findings of neovascularization, inflamma-
tion, and tissue necrosis. The combination of both MRI findings
provided a PPV of 87.5%, NPV of 82.3%, and diagnostic
accuracy of 83.2%. Vulnerability was independent of the degree
of stenosis and levels of plasma biomarkers. Regression analysis
identified the hyperintense enhancement pattern on the post-CE
images and increased vessel wall area as independent predictors
of plaque vulnerability.

Several in vivo imaging methods, including MRI,9–11,15–17,31

intravascular ultrasound (IVUS),32–35 computed tomogra-
phy,36 and positron emission tomography,37 have identified
features associated with vulnerable plaques as determined by
histological findings and/or clinical symptoms. However,

Figure 4. Uptake of gadolinium in stable and vulnerable plaques. Pretriggered T1BB MR images before (A, D, and G) and after (B, E,
and H) injection of gadolinium-DTPA, with corresponding histological sections stained with Masson trichrome (C, F, and I). B, Stable
plaque showed a mild enhancement (red arrow). C, Corresponding histology showed a thick fibrous cap overlaying a lipid core. E, Vul-
nerable plaque with circumferential enhancement. F, Histology verified that this was a vulnerable plaque that developed a thrombus
after triggering. Red blood cell–filled neovessels (yellow arrow) spanned the fibrous cap underneath the thrombus. H, Vulnerable plaque
with a crescent enhancement. I, Histology showed a luminal thrombus (asterisk) and a thin fibrous cap (arrowhead). Yellow circles indi-
cate neovessels in the intima and adventitia. J, Frequency of the enhancement pattern after injection of gadolinium-DTPA in stable and
vulnerable plaques. The frequency of the presence of circumferential and crescent-shaped enhancement pattern after injection of gado-
linium was statistically higher in vulnerable compared with stable plaques.

Table 3. MRI Features That Discriminate Stable and Vulnerable Plaque

Sensitivity, % Specificity, % PPV, % NPV, % Diagnostic Accuracy, %

Positive remodeling 67.8 77.6 55.9 85.2 74.7

Gadolinium enhancement 78.5 79.1 61.1 89.8 78.9

Positive remodeling or gadolinium enhancement 96.4 59.7 50.0 97.6 70.5

Positive remodeling and gadolinium enhancement 50.0 97.0 87.5 82.3 83.2
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these methods have not yet prospectively identified which
plaques are likely to cause a cardiovascular event. Studies of
human atherothrombosis are particularly challenging because
plaque disruption cannot be controlled experimentally. The
advantage of our rabbit model is that most types of human
plaques can be replicated in the rabbit aorta and plaque
disruption can be experimentally controlled.20

We found that positive remodeling was frequently associ-
ated with vulnerable plaques, whereas negative remodeling
was frequently associated with stable plaques. As found for
human vulnerable plaques in vivo,4,5,32,38 the rabbit vulnera-
ble plaques did not cause excessive luminal narrowing and
were indistinguishable from stable plaques on the basis of
luminal area or degree of stenosis, even though they had a
larger plaque area than stable plaques. Positive remodeling
has been recognized as a possible mechanism to alleviate
luminal narrowing based on histological39–41 and in vivo
imaging studies.34,35,42–44 However, only recently the associ-
ation of positive remodeling with plaque vulnerability has
been demonstrated in vivo by IVUS32,33 and computed
tomography.36 In previous in vivo MRI studies of patients
with subclinical coronary atherosclerosis43,44 and of Wa-
tanabe hypercholesterolemic rabbits,45 positive remodeling
was observed as an increase in the vessel area, determined by
the outer vessel wall contour, with concurrent preservation of
the lumen area. Although these studies demonstrated that
MRI can detect positive arterial remodeling in the presence of
atherosclerosis, they did not quantify remodeling to provide a
basis for comparison across subjects. On the other hand,
IVUS studies have established standardized cut-off values for
the classification of arterial remodeling.30,32 Here, we dem-
onstrated for the first time a noninvasive MRI method for
classifying arterial remodeling using the cut-off values estab-
lished by IVUS. We have previously demonstrated that
positive remodeling was histologically associated with in-
creased lipid content, inflammation, and medial and adventi-
tial degradation in rabbit vulnerable plaques.20 Furthermore,
histological studies of human coronary arteries have sug-
gested that positive remodeling and plaque vulnerability are
linked through increased macrophage content46 and secretion
of matrix metalloproteinases,47 which degrade the extracellu-
lar matrix promoting plaque instability. In contrast, although
negative remodeling causes more luminal narrowing, it is
associated with human stable plaques.28

In our study, the plaque burden assessed by calculating the
percent CSN was similar between stable and vulnerable
plaques. Studies of carotid atherosclerosis have shown that
normalized wall index, which is similar to the percent CSN,
correlated with complicated carotid plaques, intraplaque hem-
orrhage (IPH), and plaque rupture.48 Conversely, another
study9 showed that the degree of atherosclerotic burden was
similar between symptomatic and asymptomatic carotid
plaques in subjects with unilateral atherosclerotic disease. We
believe that these discrepancies might originate from the role
of IPH in the natural progression of atherosclerotic disease.
The presence of IPH accelerates plaque burden progression
and increases the size of the lipid-rich necrotic core in
asymptomatic subjects.49,50 Furthermore, the later study50

postulated that the rapid increase of plaque burden in the

presence of IPH might occur because the local plaque
environment changes too quickly to allow sufficient remod-
eling of the vessel wall to compensate for the sudden increase
of plaque burden. However, in our rabbit model, IPH does not
occur, which could account for the similar plaque burden
found between stable and vulnerable plaque.

We also demonstrated that vulnerable rabbit plaques were
associated with increased uptake of Gd-DTPA. Although all
plaques showed some enhancement, the majority of vulner-
able plaques had either a circumferential or crescent shape
hyperenhancement pattern within the plaque and the sur-
rounding vessel wall. Together with the presence of positive
remodeling, this observation demonstrates that plaque vulner-
ability is more than a localized accumulation of lipids and
thinning of the fibrous cap, 2 widely accepted histological
features of plaque vulnerability. Aoki et al51 were the first to
observe a band of enhancement corresponding to the outer
wall, which was attributed to angiogenesis of the wall itself.
Enhancement of the outer rim was minimal in early phases of
the disease and gradually increased. Studies of gadolinium-
enhancement of the carotids reported excellent contrast be-
tween the fibrous cap and the lipid-core at 5 to 10 minutes
after contrast agent administration10 and that the uptake of
gadolinium plateaus after the first 10 minutes.52 In our study,
we did not intend to use gadolinium to discriminate between
plaque components. Our goal was to acquire delayed
gadolinium-enhanced images at the plateau-phase and assess
the overall uptake of the contrast agent. For this reason, a time
interval of 10 to 15 minutes was chosen.

We have previously reported20 that rabbit vulnerable
plaques are characterized by increased histological changes
including neovascularization, inflammation, tissue necrosis,
and vessel wall disorganization. Therefore, we can attribute
the increased uptake of Gd-DTPA reported herein to the
presence of these histological changes. Our data are in
agreement with previous studies that have demonstrated a
correlation between gadolinium uptake and plaque neovascu-
larization, inflammation, endothelial permeability, and fibro-
sis, both in human12,13,15–17,53 and animal models.16,54 Al-
though we did not decipher the mechanisms that could
account for the circumferential versus the crescent-shaped
enhancement patterns, we postulate that circumferential en-
hancement involved a higher extent of the histological
changes described above compared with the crescent-shaped
enhancement. Furthermore, we found that stable plaques
showed mild enhancement, whereas no enhancement of the
aortic wall was observed in control rabbits. Our findings are
consistent with previous studies that showed progressive
uptake of Gd-DTPA with increasing severity of atheroscle-
rosis both in patients with coronary artery disease14 and
hypercholesterolemic Watanabe rabbits45 compared with no
uptake in healthy subjects and minor uptake in control
rabbits.

Although positive remodeling and gadolinium uptake were
associated with vulnerable plaques both measurements
showed false-positive and false-negative results. However, it
is unlikely that clinical practice will change with 1 test for
vulnerable plaque, with MRI or any other imaging modality.
Rather, a combination of tests should be used to provide
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greater confidence when choosing and/or monitoring therapy.
For example, we demonstrated that combining positive re-
modeling and gadolinium enhancement provided a higher
diagnostic accuracy (83.2%) for the detection of vulnerable
plaque than either test alone (74% to 79%).

Study Limitations
One limitation of this rabbit model is the absence of plaque
calcification and intraplaque hemorrhage. Although both
features have been previously reported when rabbits were fed
a similar cholesterol diet for much longer periods (8.5 months
to 2 years) than those used in this study, animal mortality was
increased because of generalized lipid toxicity.21

Another important issue is whether pharmacologically
triggered plaque disruption in rabbits reflects spontaneous
plaque rupture in humans. Although we20 and others19–21

have shown that pharmacologically induced thrombosis is
associated with rabbit plaques that encompass histological
features of plaque vulnerability, this methodology is a phys-
iological approximation. Precisely what triggers human
plaques to rupture or erode is unknown. Studies of canine55

and human56,57 coronary arteries have suggested that it
involves platelet activation and adhesion and the release of
vasoconstriction molecules, including thromboxane A2 and
serotonin. Therefore, the combination of a procoagulant
factor (viper venom) and a vasoconstriction agent (histamine)
may be an acceptable physiological approximation. Further-
more, our accelerated model of atherosclerosis could result in
a greater extent of atherosclerosis and a higher percentage of
plaque disruption that one would expect in the natural history
of atherothrombosis in humans. To this end, the higher
percentage of disrupted plaques may alter the positive and
negative predictive values of the MRI tests reported herein.

Another limitation of this study is that approximately one
fourth of the MR images were excluded from the analysis due
to poor image quality. In our current studies, improved pulse
sequences, coil design, and animal positioning during scan-
ning are being utilized. Finally, the contrast-enhanced images
were acquired only at 10 to 15 minutes after administration of
Gd-DTPA without the use of dynamic CE-MRI protocols that
provide quantitative measurements of changes in signal
intensity. We are currently exploring dynamic CE-MRI to
quantify the temporal uptake of Gd-DTPA to (1) optimize the
minimum dosage of gadolinium, (2) optimize the delay time
between administration of gadolinium and image acquisition,
(3) provide a quantitative comparison between stable and
vulnerable plaque, and (4) provide a mechanism associated
with gadolinium uptake.

Conclusions
Using a rabbit model of controlled atherothrombosis, we dem-
onstrated that in vivo MRI can detect positive remodeling and
increased uptake of Gd-DTPA, both of which were associated
with vulnerable plaque and provided a high diagnostic accuracy
for the discrimination of stable from vulnerable plaque. In
contrast, thrombosis was independent of the degree of stenosis
and levels of plasma biomarkers. The protocols reported in this
study are promising because they are noninvasive, used the use

of a clinically approved contrast agent, and were performed
using a clinical MRI scanner.
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CLINICAL PERSPECTIVE
Rupture or erosion of vulnerable atherosclerotic plaque is responsible for a substantial number of deaths and disabilities
worldwide. Thus, in situ detection of plaques at high risk of disruption and thrombosis may improve risk prediction and
treatment of individuals with atherosclerotic disease. The present study describes the use of MRI to identify characteristics
of vulnerable plaques in a rabbit model of controlled plaque disruption. Our findings are promising because they are
noninvasive, do not entail the use of ionizing radiation or nephrotoxic contrast agents, and can be performed with clinical
MRI scanners. Furthermore, the development and testing of drugs to stabilize vulnerable plaques is a major challenge.
Because atherosclerosis progression in humans is slow and large patient numbers are required for pharmacological studies,
the rabbit model could be used to test the efficacy of therapeutic strategies on plaque morphology. If future investigations
find that arterial remodeling and gadolinium uptake have prognostic and clinical value in identifying vulnerable plaques,
then the findings of this study can be expanded to monitor the effectiveness of interventions in humans.
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Table 1: Vessel wall area (mm2) measured on different MRI images with and without gadolinium 

 

 

 

 

 

 

P:  paired student t-test 

P1: T1BB vs. CE-T1BB 

P2: T1BB vs. CE-PCMRA (spoiled gradient echo-anatomical images) 

P3: CE-T1BB vs. CE-PCMRA 

T1BB: T1-weighted black blood images, CE-T1BB: contrast-enhanced (gadolinium) T1-weighted black 

blood images, CE-PCMRA: contrast-enhanced (gadolinium) phase contrast MRA (T1-weighted spoiled 

gradient echo images).  

 

 

 

 

 

 

 T1BB  CE-T1BB CE-PC MRA P1  P2  P3 

Vessel area       

 Stable plaque 9.7±2.4 9.5±2.6 8.2±3.2 0.19 0.01 0.01 

 Vulnerable plaque 12.8±3.0 13.9±4.2 14.6±4.1 0.02 0.02 0.9 
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Table 2: Frequencies of remodeling types in stable and vulnerable plaque assessed using T1BB, CE-

T1BB and CE-PCMRA images 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
P:  x2  test  

      T1BB: T1-weighted black blood images 

      CE-T1BB: contrast-enhanced (gadolinium) T1-weighted black blood images  

      CE-PCMRA: contrast-enhanced (gadolinium) phase contrast MRA images (T1-weighted spoiled      

      gradient echo images).  

 
 
 
 
 
 
 

 Stable 

 (n=67) 

Vulnerable  

(n=28) 

P 

Positive remodeling    

 T1BB images 37 (55.2) 24 (85.7) 0.009 

 CE-T1BB 32 (49.2) 23 (76.6) 0.01 

 CE-PC MRA 15 (22.3) 19 (67.8) 0.01 

Negative remodeling    

 T1BB images 20 (29.8) 1 (3.7) 0.009 

 CE-T1BB 12 (17)      3 (10) 0.04 

 CE-PC MRA 38 (56.7) 4 (14.2) 0.01 

Intermediate remodeling    

 T1BB images 11 (16.4) 3 (10.7) 0.5 

 CE-T1BB 21 (32.3) 4 (13.3) 0.05 

 CE-PC MRA 14 (20.8) 5 (17.8) 0.73 
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Table 3: Comparison of positive remodeling in discriminating stable from vulnerable plaque when 

calculated using three different types of MRI images 

 
 
 
T1BB: T1-weighted black blood images 

CE-T1BB: contrast-enhanced (gadolinium) T1-weighted black blood images 

CE-PCMRA: contrast-enhanced (gadolinium) phase contrast MRA images (T1-weighted spoiled gradient 

echo images).  

 

 

 

 

 

 

 

 

 

 

 

 Sensitivity  

% 

 

Specificity 

% 

 

Positive 

predictive value 

% 

Negative 

predictive value 

 % 

Diagnostic 

accuracy 

% 

T1BB images 85.7 44.8 88.2 39.3 56.8 

CE-T1BB 76.7 50.8 41.8 82.5 58.9 

CE-PCMRA 67.8 77.6 55.9 85.2 74.7 
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Table 4: Plasma lipids and inflammatory markers in rabbits without and with thrombosis 

 
P1= baseline vs. 8 weeks cholesterol diet, P2=baseline vs. 4 weeks normal diet, P3=rabbits without thrombosis vs. rabbits with thrombosis at 8 

weeks of cholesterol diet, P4=rabbits without thrombosis vs. rabbits with thrombosis at 4 weeks of normal diet. 

 Rabbits without thrombosis after triggering                                     Rabbits with thrombosis after triggering 

 Baseline 8 weeks 

cholesterol 

diet 

4 weeks 

normal 

diet 

P1 P2 Baseline 8 weeks 

cholesterol 

diet 

4 weeks 

normal  

diet 

P1 P2 P3 P4 

Total 

cholesterol 

(mg/dL) 

 

172.0±57.0 

 

632±55 

 

596±107.8 

 

0.01 

 

0.01 

 

162±60 

 

654.2±53.4 

 

475.0±177.4 

 

0.01 

 

0.01 

 

0.46 

 

0.17 

HDL-

cholesterol 

(mg/dL) 

 

57.5±16.3 

 

37.4±5.9 

 

65.2±13.0 

 

0.03 

 

0.13 

 

63.3±10.7 

 

40.4±8.5 

 

72.0±16.0 

 

0.01 

 

0.11 

 

 

0.53 

 

 

0.05 

 

CRP  

(μg/ml) 

2.7±0.5 6.6±5.8 11.2±5.5 0.17 0.01 3.0±0.8 9.6±5.2 13.1±7.6 0.01 0.01 

 

0.35 

 

0.61 

 

PAI-1 

(ng/ml) 

18.0±4.3 15.7±2.6 17.4±6.4 0.33 0.87 15.7±3.8 17.9±5 20.5±6.7 0.31 0.08 0.39 0.40 
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Table 5: Multiple linear regression analysis of serum biomarkers to indentify predictors of plaque 

vulnerability 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 95.0% Confidence Interval for  

 

Variables 
Odds 

Ratio P value Lower Bound Upper Bound 

CRP (baseline) .858 .156 -1.346 2.586

CRP (8 weeks cholesterol) .295 .346 -.179 .233

CRP (4 weeks chow) .973 .090 -.050 .174

PAI-1 (baseline) -.711 .184 -.424 .246

PAI-1(8 weeks cholesterol) -.653 .356 -.667 .518

PAI-1 (4 weeks chow) -.996 .138 -.301 .142

Total cholesterol (baseline) -.420 .231 -.021 .014

Total cholesterol (8 weeks cholesterol) -.258 .316 -.019 .014

Total cholesterol (4 weeks chow) -.467 .157 -.006 .003

HDL-cholesterol (baseline) .217 .410 -.190 .234

HDL-cholesterol (8 weeks cholesterol) .351 .446 -.583 .704

 

HDL-cholesterol (4 weeks chow) .868 .244 -.437 .650
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Supplemental Figures 

Figure 1: Receiver operating characteristic curve for the MRI features that discriminate stable and 

vulnerable plaque  

 
 
 
 
 
 
 
 
 
 
 
 

 
Areas under the curves ranging between 0.7-0.8 indicate a fair diagnostic performance of the MRI 

features in detecting vulnerable plaque. 

 

 

MRI test Area under the curve 
Positive remodeling 
 

0.73 

Gadolinium enhancement 
 

0.79 

Positive remodeling AND gadolinium-enhancement 
 

0.73 

Positive remodeling OR gadolinium-enhancement 
 

0.78 


