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Background and aims: MRI has been validated as a suitable imaging modality for in vivo, non-invasive
detection of atherosclerosis and has provided quantitative predictors of high-risk plaque. Here, we
apply serial MRI to monitor the natural progression of plaques over a 3-month period in a rabbit model of
atherothrombosis to determine differences over time between plaques that ultimately disrupt to form a
luminal mural thrombus and plaques that remain stable.
Methods: Atherosclerotic plaques were induced in 12 male New Zealand White (NZW) rabbits by aortic
endothelial injury and a 1% cholesterol diet. The rabbits were imaged 5 times: at baseline, 1, 2, and 3
months, and 48hr after pharmacological triggering for plaque disruption.
Results: Starting at 2 months, plaques that disrupted after triggering exhibited a higher remodeling ratio
(RR, 1.05 ± 0.11 vs 0.97 ± 0.10, p ¼ 0.0002) and a larger vessel wall area (VWA, 6.99 ± 1.54 mm2 vs
6.30 ± 1.37 mm2, p ¼ 0.0072) than the stable non-disrupted plaques. The same trends were observed at 3
months: plaques that disrupted had a higher RR (1.04 ± 0.02 vs 0.99 ± 0.01, p ¼ 0.0209), VWA
(8.19 ± 2.69 mm2 vs 6.81 ± 1.60 mm2, p ¼ 0.0001), and increased gadolinium uptake (75.51 ± 13.77% for
disrupted vs 31.02 ± 6.45% for non-disrupted, p ¼ 0.0022).
Conclusions: MR images of plaques that disrupted revealed larger VWAs, RRs, and increased gadolinium
uptake at 2 months and continued progression of these vulnerable features between 2 and 3 months.
Non-disrupted plaques had an independent history without these hallmarks of vulnerability. Our results
show that MRI can provide early detection of plaques at a higher-risk for luminal thrombosis.

© 2015 Elsevier Ireland Ltd. All rights reserved.
1. Background

Atherosclerotic plaque rupture or erosion and subsequent
luminal/mural thrombus formation [1] may lead to myocardial
infarction and stroke [2,3], which are major causes of death in the
United States [4]. The ability to noninvasively monitor changes in
atherosclerotic lesion features in vivo could provide insights into
the development of plaque vulnerability and identification of pla-
ques that are at high-risk for thrombosis [5]. Studies of the natural
evolution of plaques in humans have many limitations, including
and Biophysics, Boston Uni-
Boston, MA 02118-2526, USA.

rved.
the long duration of plaque progression and the inability to induce
disruption as an endpoint for determining the high-risk plaques or
to follow a specific plaque from an early stage to its disruption.
Thus, studies of animal models with validated histology and in vivo
characteristics that replicate human disease are invaluable for
providing insights into human plaque progression and regression.

Magnetic Resonance Imaging (MRI) has been shown to be a
valuable imaging modality of atherosclerotic lesions in both
humans and animal models [6e11]. It has been used to visualize
and quantify changes in atherosclerotic plaques over time in both
small (mouse [8,12,13]) and large (rabbits [14e16], pigs [17,18])
animals. Mouse plaques differ from human plaques, limiting their
relevance to human disease [19,20]. Even with these limitations,
in vivo MRI of mice models have provided information on luminal
narrowing, vascular remodeling [12], and other characteristics of
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atherosclerosis [8,12,13]. MRI studies in pig carotid arteries have
provided information on disease states and vulnerability [18].
Studies of pig coronary arteries have shown features similar to
those in our rabbit model in plaques that disrupt [21]. Although pig
models have been reported to exhibit plaque rupture with distal
embolism [22], there is a lack of reports of controlled thrombosis
with attached luminal thrombus in pigs.

Because rabbit models can generate plaques that have luminal
disruption as well as plaques that exhibit similarities to human
coronary and carotid plaques [25], studies of rabbit models are
potentially more translatable to the clinical setting. An early MRI
study at 1.5T on NZW rabbits fed a low (0.2%) cholesterol diet for an
extended period (14e16 months) with two balloon injuries in the
abdominal aorta visualized changes in plaque features between 9
and 16 months [14]. NZW rabbits fed 0.3% cholesterol without
balloon injury did not show significant outward remodeling even at
20 months [23]. In another study without balloon injury, NZW
rabbits with cholesterol feeding (0.3%) for 4months were imaged at
4, 12, and 20 months later to compare progression and regression
[7]. In contrast, a Watanabe model with aortic balloon injury
showed compensatory remodeling with MRI [15]. However, these
studies define vulnerability based on histological plaque charac-
teristics, rather than plaque disruption [1] and the different pro-
tocols for inducing atherosclerosis make cross study comparisons
of results difficult.

The novelty of the work presented here is the application of
serial MRI to monitor the evolution of plaques that ultimately
disrupt following pharmacological triggering. Our modified Con-
stantinides rabbit model [24,25] of atherothrombosis exhibits
complex lesions encompassing 6 of the 8 American Heart Associ-
ation (AHA) established human plaque classifications [26,27] and
replicates many histological [26] and imaging [9,28] features of
disrupted human plaques. Here, we apply MRI measurements
previously made only at the end of protocol to monitor develop-
ment and differentiation of individual plaques over our 3 month
our preparation period.
2. Methods

2.1. Rabbit model of atherosclerosis

The rabbit model used was prepared as previously described
[9,26]. Briefly, male NZW rabbits (n¼ 12, 2.8e3 kg) were purchased
(Pine Acres, Norton, MA) and atherosclerotic lesions were induced
with a high fat diet (HFD) in conjunction with aortic wall denu-
dation via balloon catheter under general anesthesia (aceproma-
zine, 0.75 mg/kg IM; ketamine, 35 mg/kg IM; xylazine, 2.5 mg/kg
IM). Plaque disruption was triggered twice, within 48 h, using
Fig. 1. Timeline of rabbit atherosclerosis protocol and imaging session schedule. The rabbi
balloon catheter surgery performed 2 weeks into the feeding protocol. Then, 4 week period o
24hr after the second triggering.
Russell Viper Venom (RVV, 0.15 mg/kg IP; Enzyme Research, South
Bend, IN), followed 30 min later by histamine (0.02 mg/kg IV;
SigmaeAldrich, St. Louis, Mo) as presented in Fig. 1. See supple-
mental materials for more details.

Of the twelve rabbits, one became unhealthy and did not com-
plete the study due to suspected multi-organ dysfunction. All ani-
mal studies were performed in strict adherence to guidelines
approved by the Institutional Animal Care and Use Committee of
Boston University.

2.2. Serial MRI

Rabbits were imaged a total of 5 times with identical scanning
procedures (Fig. 1) in a 3.0-T Philips Intera Scanner (Philips Medical
Systems, Ohio) as previously described in detail [9]. Un-gated cor-
onal 3D phase contrast MR angiograms (PC-MRA) were obtained to
visualize the vasculature and fat suppressed, T1-weighted black
blood (T1BB-FS) axial images were obtained with ECG gating in
4 mm increments to visualize the vessel wall. Another set of T1BB-
FS images with the exact same parameters was taken 15 min after
gadolinium-diethylenetriamine penta-acetic acid (Gd-DTPA) in-
jection (0.1 mmol/kg IV) (Magnevist, Germany). See supplemental
materials for more detail.

2.3. Identifying vulnerable plaques and matching scan data

Disrupted plaques were defined as those with a mural thrombus
present in the post-trigger MR images and non-disrupted plaque as
those that lacked thrombus [9]. To align corresponding MRI images
between serial scans, the distances from the iliac bifurcation and
left renal artery were used as internal anatomical landmarks. Pre-
vious work showed that the MRI methods used here were able to
accurately detect plaque disruption and subsequent thrombus
formation, as proved by histology [9].

2.4. Image analysis

To follow a specific plaque over a time series of MRI scans,
plaque segments were aligned as above to match corresponding
images from different scans. Of the 212 plaque segments visualized
using T1BB-FS images, a total of 181 segments were analyzed and
the remaining segments (14.6%) were excluded due to poor image
quality. For each plaque segment, both the T1BB-FS and the
CET1BB-FS images were manually segmented using ImageJ (NIH)
for 1, 2 and 3 month (pre-trigger) scans. The post-trigger images
were only used to categorize each plaque segment as non-
disrupted (no thrombus, Fig. 2A Non-disrupted) or disrupted
(attached thrombus, Fig. 2A Disrupted, red arrow).
ts are fed a 1% high cholesterol diet for a total of 2 months, with an aortic inundation
f normal rabbit chow occurs prior to plaque trigger. MRIs taken at 0, 1, 2, 3 months, and



Fig. 2. A) Example of serial images of a disrupted and a non-disrupted plaque in the same rabbit aorta. The red arrow points to a luminal thrombus. B) Remodeling Ratio (RR) of
plaque segments shown in A, which shows an increasing RR value for the disrupted plaque and a stable RR value for the non-disrupted plaque. C) Increase in contrast enhancement
of the plaques shown in A. The disrupted plaque showed a much greater increase in signal enhancement over time than the non-disrupted plaque. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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T1BB-FS images were used to calculate the vessel area (VA) and
the lumen area (LA), the vessel wall area (VWA ¼ VA e LA) and the
remodeling ratio (RR). The RR was calculated after correcting for
arterial tapering and individual differences between rabbits [9,29].
Briefly, the RR is the ratio of the outer vessel wall area of a plaque
segment with respect to the outer vessel wall area of a reference
segment. The segment chosen for the reference has the smallest
VWA (assumed to be least affected by atherosclerosis). A plaque
segment is classified has having negative remodeling (RR < 0.95),
intermediate remodeling (0.95� RR� 1.05), or positive remodeling
(RR > 1.05) based on the value of RR [29]. These calculations were
done for each rabbit at each time point.

To assess gadolinium uptake, the CET1BB-FS images were
manually segmented and normalized to an external standard. The
average VWA signal intensity obtained at baseline was used to
normalize the values obtained for all the subsequent scanning
sessions and the results were expressed as a % increase from
baseline of the signal intensity as shown below:

CEplaque
CEbaseline

� 100� 100 ¼ % Increase from Baseline

Where CEplaque is the normalized signal intensity of the plaque
segment at the analyzed time point and CEbaseline is the normalized
signal intensity of the same plaque segment at baseline.
2.5. Statistical analysis

All statistical analysis was performed using Excel (Microsoft,
Redmond WA). For comparisons between disrupted and non-
disrupted plaques, a Student's t-test was used to determine if the
two samples had different means. Data are presented as mean ±
standard error in figures, tables and text. Probability values of
P < 0.05 were considered significant.
3. Results

3.1. Serial MRI can differentiate at-risk and stable plaques over time

Atherosclerotic plaques were observed in 11 rabbits by MRI, 10
of which developed thrombus. A total of 181 plaque segments were
analyzed, 39 (21.5%) of which were classified as disrupted. Fig. 2A
shows example serial images of a disrupted and a non-disrupted
plaque within the same rabbit. A qualitative assessment of the
VWA and signal enhancement showed that the both plaques were
similar at 1 month. At 2 months, the two types of plaques became
different with respect to the RR and contrast enhancement. The
non-disrupted plaque showed a small increase in RR and signal
enhancement, while the disrupted plaque showed a significant
increase in RR and signal enhancement. The quantitative changes
for these two specific plaques are plotted in Fig. 2B and C.

On average, both plaque types exhibited no significant differ-
ences in all parameters measured at 1 month, but began to show
differences at 2months (Figs. 3 and 4). Disrupted plaques had larger
VWA (Fig. 3) compared to non-disrupted plaques at 2 and 3months
(6.99 ± 0.25 mm2 vs 6.30 ± 0.11 mm2; p ¼ 0.0072 and
8.19 ± 0.43 mm2 vs 6.81 ± 0.13; p ¼ 0.0001, respectively). The RR of
the disrupted and non-disrupted plaques followed a similar pattern
(1.05 ± 0.02 vs 0.97 ± 0.01; p ¼ 0.0002 at 2 months and 1.04 ± 0.02
vs 0.99 ± 0.01; p ¼ 0.0209 at 3 months). The findings at 3 months
agree with our previous findings [9] and both measurements have
been associated with plaque vulnerability in numerous studies
[9,30e33].

Disrupted plaques also shifted towards higher RR values (Fig. 4)
as the disease progressed, while non-disrupted plaques had an RR
value distribution that was relatively stable over time. The dis-
rupted plaques started with ~31% of the plaques having an
RR > 1.05, which increased to over 40% of the plaques having an
RR > 1.05 by the last time point. Only 24% of the non-disrupted
plaques had a RR > 1.05 at 1 month and the distribution



Fig. 3. Vessel wall area (VWA) and remodeling ratio (RR) over time. The VWA and RR both showed statistically significant differences between disrupted and non-disrupted plaques
starting at 2 months.

Fig. 4. Progression of remodeling ratio (RR) distributions between non-disrupted and disrupted plaques. Over disease development, the disrupted plaques exhibited higher RR
values, while non-disrupted plaques showed very little shift in RR.
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remained nearly unchanged by the end of the experiment.
Fig. 5 shows that there is a general increase in the uptake of the

contrast agent Gd-DTPA during atherosclerosis progression. Dif-
ferences in the % increase of signal intensity between disrupted and
non-disrupted plaques were seen at each month, but became sig-
nificant at 3 months (75.51 ± 13.77% for disrupted vs 31.02 ± 6.45%
for non-disrupted, p ¼ 0.0022).

The averaged numerical values for measurements of VWA,
remolding ratio, and gadolinium enhancement for each MRI scan
are presented Tables 1, 2 and 3 (supplemental materials).

4. Discussion

This serial MRI study, monitoring the natural progression of
Fig. 5. Contrast enhancement increase over baseline for disrupted and non-disrup
atherosclerotic plaques, revealed some remarkable examples of
independent development of plaques within the same aorta. Our
results showed that on average VWA, RR and gadolinium uptake
were different in stable and disrupted plaques at both 2 and 3
months. All three became more pronounced at month 3, even after
the rabbits were switched to normal chow.

Most characteristics of vulnerable plaques have been gleaned
from morphological studies, but with greater interest in clinical
applications, there has been a much needed shift from morpho-
logical attributes, to specific cardiac events as end points. Despite
the many advances in the understanding of specific morphological
and biological features, a compelling argument can be made for
relevant translational animal models that produce vulnerable pla-
ques at risk for rupture [1]. The fact that the majority of human
ted segments. Disrupted plaques showed a greater increase in enhancement.
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plaques with vulnerable features do not disrupt, and very long
prospective studies are required to validate the in vivo character-
istics of the highest risk plaques, accentuates the value of an animal
model with plaque disruption.

Our rabbit model provides not only an endpoint of disruption
but also advantages of observing different plaques types in the
same aorta at the end of the 3 month protocol whenMR images are
obtained. Our previous histology studies showed that increased
vessel wall area, excessive outward remodeling, inflamed fibrous
cap, adventitial breakdown and neovascularization were highly
associated with plaques that disrupted [26]. Here, we applied our
MRI diagnostic protocols to measure some hallmarks of high-risk
plaques: VWA, RR and gadolinium uptake [9].

Our new data for RR quantified over time showed that at 1
month, the RRs of all plaques exhibited intermediate remodeling
levels (0.95 � RR � 1.05). At 2 months, the non-disrupted plaques
remained in the intermediate range, while the disrupted plaques
increased into the positive remodeling category (RR > 1.05). Pla-
ques that disrupted were more likely to progress to an outward
remodeled state (RR > 1.05), while the plaques that did not disrupt
had similar RR values between 1 and 3 months (Fig. 4). These re-
sults corroborate with our previous findings using MRI at only 3
months [9] and previous work using IVUS [21,31,34] and CT [30,35],
which showed an association between positive remodeling and
plaque vulnerability in animals and humans. This difference in RR
between the two types of plaques could signify an important
pathological change that triggers/transforms a plaque from stable,
to a plaque at high-risk for disruption, which has been implicated in
earlier studies without an endpoint of disruption [21]. Early posi-
tive RR and increased VWA suggest that plaque growth itself is a
stimulating factor that triggers outward remodeling at sites of
future vulnerability to avoid luminal narrowing [32,36,37]. This
speculation is in agreement with the increased lipid content and
inflammatory infiltrate seen in histological studies of positively
remodeled rabbit plaques in our model [26]. Additionally, human
studies have linked positive remodeling with increased macro-
phage content [33,38] and increased plaque volumes [38,39]. RR
can potentially be used as an early marker of plaque vulnerability,
thus helping clinicians select specific plaques to track as the disease
progresses. Additionally, the RR could also be used as an efficacy
marker for the testing of therapeutics.

Measurement of VWA is a common approach to detect and
monitor plaque burden without high resolution of plaque compo-
nents. In our study, VWA exhibited a larger increase for disrupted
plaques compared to stable plaque starting at 2 months in both the
individual example (Fig. 2) and the averaged data, in agreement
with our previous work [9] and a characteristic of high-risk human
lesions [30].

Uptake of Gd-DTPA was consistently higher in plaques that ul-
timately disrupt. In some specific examples (Fig. 2), the comparison
of signal increase was very profound. Increased enhancement is
likely caused by increased inflammation, neovascularization, and
decreased vessel wall integrity over time as shown by our previous
detailed histological work on rabbit plaques [26]. The patterns of
gadolinium uptake in this study are complementary to results of
other investigators showing increasing Gd-DTPA uptake as the
atherosclerotic plaques progressed in both human [40,41] and
rabbit models [42] compared with little or no gadolinium
enhancement in healthy patients and control rabbits.

Inflammation is now recognized as a key pathology of all stages
of atherosclerosis, but this finding shows that it may be a major
driving force for thrombosis of plaques in the high-risk categories
that can be measured by non-invasive MRI. Once inflammation
starts, it can be a self-propagating process that continues even after
lowering cholesterol intake and allow plaques advance to stages of
higher risk. Our findings support conclusions of the pig model of
coronary plaques that excessive remodeling is highly associated
with plaque progression to higher vulnerability. The correspon-
dence of higher gadolinium uptake with RR also supports the
conclusion that the inflammation status of a plaque is a key factor
in the evolution of plaques to the high-risk category [21]. The rabbit
provides an excellent model for detecting high-risk plaque at an
early stage and for systematic and controlled studies of therapeu-
tics. Because the MRI measures features that are known to be
characteristics of human plaques and our studies were performed
on a clinical 3T scanner, they have the potential for clinical trans-
lation. Our MRI protocol could be used for early/intermediate stage
detection of plaque disruption risk and lead to a new standard of
care for diagnosing and monitoring of human atherosclerotic pla-
ques, if confirmed in humans. The rabbit model used here cannot
completely mimic atherosclerotic disease progression found in
humans, but exhibits the complex plaques found in human plaques,
and only plaques with multiple vulnerable features disrupt with
our triggering mechanism [26]. Although the exact mechanism for
plaque rupture in humans has not been identified, studies point
toward platelet activation and adhesion [43,44], and the release of
vasoconstriction molecules as possible critical steps in the process
[45]. Using this as a basis, ourmodel uses procoagulant factor (viper
venom) and a vasoconstriction agent (histamine) as plaque rupture
catalysts. The thrombus is in our rabbit is platelet-rich with fibrin
and collagen [46], characteristics of thrombus formation in
humans. Furthermore, balloon injury and cholesterol feeding in the
rabbit has recently been shown to replicate features of human
thrombosis including tissue factor expression and its regulation by
NF-kappa B [47,48]. In spite of these limitations, the quantitative
measurements by MRI as described in this study detect vulnerable
plaque evolution prior to the triggering and predicts disruption in
this model. For potential clinical translation, a limitation of this
study is the time needed for manual segmentation of the MR im-
ages. However, some groups have reported the continuing devel-
opment of automatic segmentation programs that show promise as
a solution for this issue [49].

5. Conclusions

In this study, we showed that MRI can be used to visualize
progressive atherosclerotic plaque development and discern pla-
que features associated with vulnerability to induced disruption
(large VWA, positive remodeling, and increased gadolinium up-
take) as early as 2 months in a rabbit model of atherosclerosis.
These findings affirm the feasibility of using MRI as a tool for
assessing and monitoring high-risk plaques, at least in pre-clinical
animal models. The non-invasive nature of using MRI makes it
possible to have longitudinal evaluation of the disease in animal
models and offers a potential application for use in human studies
of atherosclerosis. An unanswered clinical question is whether or
not the reversal of vulnerable plaque features induces a reduction
of plaque ruptures. This animal model can be used to gain further
insights.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.atherosclerosis.2015.11.013.
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