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Abstract

Purpose—The aim of this study was to compare the ability of 18F-FDG PET and iron contrast-

enhanced MRI with a novel USPIO (P904) to assess change in plaque inflammation induced by

atorvastatin and dietary change in a rabbit model of atherosclerosis using a combined PET/MR

scanner.

Materials and methods—Atherosclerotic rabbits underwent USPIO-enhanced MRI and 18F-

FDG PET in PET/ MR hybrid system at baseline and were then randomly divided into a

progression group (high cholesterol diet) and a regression group (chow diet and atorvastatin).

Each group was scanned again 6 months after baseline imaging. R2* (i.e. 1/T2*) values were

calculated pre/post P904 injection. 18F-FDG PET data were analyzed by averaging the mean

Standard Uptake Value (SUVmean) over the abdominal aorta. The in vivo imaging was then

correlated with matched histological sections stained for macrophages.

Results—18F-FDG PET showed strong FDG uptake in the abdominal aorta and P904 injection

revealed an increase in R2* values in the aortic wall at baseline. At 6 months, SUVmean values

measured in the regression group showed a significant decrease from baseline (p =0.015). In

comparison, progression group values remained constant (p =0.681). R2* values showed a similar

decreasing trend in the regression group suggesting less USPIO uptake in the aortic wall.

Correlations between SUVmean or Change in R2* value and macrophages density (RAM-11

staining) were good (R2 =0.778 and 0.707 respectively).
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Conclusion—This experimental study confirms the possibility to combine two functional

imaging modalities to assess changes in the inflammation of atherosclerotic plaques. 18F-FDG-

PET seems to be more sensitive than USPIO P904 to detect early changes in plaque inflammation.
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1. Introduction

Rupture of atherosclerotic plaques may trigger the onset of clinical events such as

myocardial infarction or ischemic stroke. Macrophages are inflammatory cells that have

been shown to play a critical role in plaque formation and contribute to plaque instability

and rupture [1]. Inflammation exerts detrimental effects by degrading the fibrous cap,

increasing apoptosis of the resident smooth muscle cells and increasing neovascularization

in the plaque. The beneficial effects of several therapeutics, such as statins, on plaque

inflammation have been previously established both in clinical and preclinical settings [2,3].

Therefore, there is increasing interest in the development of non-invasive imaging

techniques to visualize macrophage burden, and to monitor plaque activity as well as the

efficacy of therapeutic interventions. 18F-Fluorodeoxyglucose positron emission

tomography (18F-FDG-PET), used in combination with computed tomography (CT) or

magnetic resonance imaging (MRI), and iron contrast-enhanced MRI with ultra small super

paramagnetic iron oxides (USPIOs) are two established methods that have been used to

visualize the inflammation/macrophage burden in both preclinical and clinical settings [4,5].

The aim of this study was to compare the ability of 18F-FDG PET and iron contrast-

enhanced MRI with a novel USPIO (P904) to assess change in plaque inflammation induced

by atorvastatin and dietary change in a rabbit model of atherosclerosis.

2. Methods

2.1. Animal protocol

The Mount Sinai Institute of Animal Care and Use Committee approved all experiments.

Atherosclerotic lesions were induced in the aorta of New Zealand White rabbits (n =14;

mean age 3 months; mean body weight, 3.0–4.0 kg; Covance, Princeton, NJ) by

combination of high cholesterol diet and aortic denudation. Aortic injury was induced under

general anesthesia by an intramuscular injection of ketamine (20 mg/kg; Fort Dodge Animal

Health, Overland Park, KS) and xylazine (5 mg/kg; Bayer, Shawnee Mission, KS) with a 4F

Fogarty embolectomy catheter from the aortic arch to the iliac bifurcation. Procedure was

performed 2 weeks after starting the high cholesterol diet and repeated 4 weeks later.

Rabbits were fed a high-cholesterol diet (Purina rabbit chow, 0.3% cholesterol; Research

Diets, New Brunswick, NJ) for a minimum of 4 months and subsequently were randomly

divided into 2 groups. The first group (progression, n =7) was fed a 0.15% cholesterol diet

and the second group (regression, n =7) was fed a chow diet + 3 mg atorvastatin/kg for a
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total duration of 6 months. At 6 months after randomization, animals were euthanized for

validation studies (i.e histology described below) and for a separate analysis of end points.

2.2. Contrast agent P904

P904 (γ-Fe2O3) is an ultra small paramagnetic iron oxide particle developed by Guerbet

(Paris, France). The relaxivities measured in water at 1.42 T and 37 °C were r1 =14 mM−1

s−1 and r2 =87 mM−1 s−1 with a mean hydrated particle diameter of 21 nm. The agent is

supplied in suspension at a concentration of 11.9 mg of iron per milliliter. Its plasma half-

life in hyperlipidemic rabbits is 3.5 h for a dose of 1000 μmolFe/kg [6]. The injection dose

was 50 μmolFe/kg and was performed through a catheter placed in the marginal ear-vein.

2.3. MRI and PET-MRI acquisition

All animals underwent USPIO contrast enhanced MRI with P904 and FDG-PET/MRI at

baseline and 6 months after randomization. Imaging was performed under general

anesthesia. Rabbits were immobilized with a body-fitting thermosetting plastic holder

compatible with both the MRI and PET scanning systems to assure the exact same

positioning for both imaging studies.

2.3.1. MR protocol—MR Imaging was performed using a 3T MRI clinical system (Philips

3T Achieva, Philips Healthcare Systems, Best, The Netherlands) using a knee coil for signal

reception. The imaging protocol included MRI of the abdominal aorta prior and 24 h after

injection of P904, both at baseline and 6 months after randomization. For each imaging

time-point, after conventional gradient echo scouts, 2D-time of fiight imaging was

performed to better localize the aorta. We applied a gradient echo T2*-weighted sequence

for USPIO detection throughout the abdominal aorta with TR =150 ms and with 16 echo

times ranging from 4.8 ms to 38.5 ms (30 slices, 3 mm thickness).

2.3.2. PET protocol—18F-FDG PET/MRI was performed 24 h after injection of P904, 3

h after injection of 18F-FDG (1 mCi/kg) using the Philips Ingenuity TF sequential whole-

body MR/PET system (Philips Healthcare, Cleveland, OH), which combines the Philips

GEMINI TF PET camera and the Philips Achieva 3T X-Series MRI system with a rotating

bed that allows accurately registered sequential acquisition of MR and PET images, similar

to the standard PET/CT workflow. During PET acquisition the knee coil was removed to

avoid attenuation caused by MR coils. PET images were acquired in 3D mode, using time of

fiight (TOF) information standard with the GEMINI TF system. Images were reconstructed

into a 128 × 128 × 90 matrix with 2 × 2 × 2 mm voxel size, using a 3D RAMLA

reconstruction algorithm, with corrections for normalization, dead time, attenuation, scatter,

random coincidences, sensitivity and decay.

2.4. Image analysis

2.4.1. MRI USPIO uptake analysis—Pre- and post-USPIO MRI images were manually

co-registered according to plaque morphology and distance from the renal arteries. Inner and

outer vessel wall contours were delineated manually on T2* weighted sequences. An

adjustment by translation and rotation of the ROIs was performed when necessary. T2*

maps were generated (Matlab, MathWorks, Natick, MA) in the aortic wall and R2* values
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(1/T2*) were calculated pre and post P904 injection and averaged in the vessel wall over the

entire abdominal aorta. The relative percentage change in the R2* values between pre and

post P904 injection were determined as: % change = ([R2*post –R2*pre]/ R2*post) × 100.

2.4.2. FDG uptake analysis—The attenuation correction method implemented on the

Philips whole-body PET/MR system is provided by performing a T1-weighted sequence to

match the PET dimensions, allowing for anatomical detail and attenuation correction in a

similar fashion to a low-dose CT image in a standard PET/CT acquisition. The segmentation

algorithm to produce the MR attenuation map, in the case of animal imaging, consists of a 2-

segment classification between air and soft tissue (Appendix 1). This method provides a

body contour segmentation image of the animal with the interior of the animal assigned a

pre-determined soft-tissue attenuation co-efficient value (0.095 cm−1) and air attenuation

coefficient value (0 cm−1). An attenuation template of the patient table was included into the

final attenuation map during reconstruction, as is standard on the system. The novel bed in

the sequential MR/PET system minimized movement between MR and PET acquisitions to

ensure co-registration and thus anatomical structures identified by MRI could be correlated

with the FDG uptake. FDG-PET/MRI data were analyzed by measuring mean Standardized

Uptake Value (SUVmean) in the aortic wall by placing ROIs on axial cross sections of the

abdominal aorta and averaging the values for total of 25 consecutive axial slices, beginning

from the renal arteries for both progression and regression groups at baseline and 6 months.

SUVmean was then averaged over the total number of slices for each group and each imaging

time point.

2.5. Histopathology analysis

After the animals were sacrificed, the abdominal aorta was resected and sectioned into 3 mm

segments. Specimens were fixed in formalin and embedded in paraffin for histologic

analysis. Perls’ stain was used to determine the presence of iron particles, and RAM-11

monoclonal antibody (Dako, Trappes, France) was used to label the macrophages and

determine the percentage of total vessel wall area occupied by macrophages.

2.6. Statistical analysis

Results are expressed as mean ± standard error of the mean. Results were analyzed by one-

way analysis of variance (ANOVA) and Student’s t-test where appropriate. Unpaired data

were compared using unpaired 2-sided t tests; paired data were compared using paired 2-

sided t tests. If either normality or equality of variances was rejected, the nonparametric

Mann– Whitney test was used. Correlation coefficients were assessed with Spearman rank

correlation. A two-tailed value of p < 0.05 was considered statistically significant.

3. Results

3.1. USPIO and FDG uptake

At baseline we observed an increase of R2* values post P904 injection and a strong uptake

of FDG in the abdominal aorta indicating atherosclerotic plaque inflammation. At baseline,

R2* values and SUVmean were similar in Regression and Progression group (p =0.936 for

R2* change, p =0.701 for SUVmean).
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At 6 months we observed a lesser increase in R2* values post P904 injection in the

regression group compared to baseline (32.91% vs 48.12%) but without significant

difference (p =0.602). In the progression group increase in R2* values post P904 injection

was similar to that observed at baseline (52.09% vs 51.05%, p =0.936) (Fig. 1).

At 6 months, SUVmean values measured in the regression group showed significantly less

uptake of FDG in the abdominal aorta compared to baseline (0.511 vs 0.834, p =0.015). In

comparison, the progression group showed a similar SUVmean compared to baseline (0.774

vs 0.792, p =0.681) (Fig. 2).

3.2. Histology results

RAM-11 immunohistochemistry revealed a significant difference in macrophage content in

the plaques of the regression group versus the progression group measured by 23.11%

(±1.91) of vessel area in progression group versus 16.72% (±1.10) of vessel area in

regression group (p =0.003) (Fig. 3).

P904 USPIO detected by Perls iron staining proved to co-localize with macrophages stained

in the aortic wall (Fig. 4). Immunostaining with RAM11 showed a good correlation between

change in R2* values and macrophages content (R2 =0.707, R2 =0.820 in the regression

group and R2 =0.569 in the progression group).

The SUVmean also showed a good correlation with the macro-phage burden stained with

RAM11 in the aortic wall (R2 =0.778, R2 =0.776 in the regression group and R2 =0.778 in

the progression group) (Fig. 5).

4. Discussion

Combined FDG PET and USPIO contrast enhanced MRI can be used to monitor the effect

of statin therapy and dietary change in atherosclerotic rabbits. FDG PET mean SUV

reduction in atherosclerotic plaque was significant after 6 months while USPIO MRI signal

change also showed a decrease in macrophage inflltration but without statistical

significance.

Human prospective studies have already shown the ability of USPIO contrast enhanced MRI

or FDG PET to monitor the effect of statin therapy at different doses. Results of the

ATHEROMA study, using USPIO enhanced MRI revealed a significant change in signal

intensity in carotid plaque after 6 weeks of 80 mg atorvastatin therapy while no significant

change was observed for a lower dose (10 mg) [7]. A multicenter PET-CT study also

showed a significant reduction in atherosclerotic inflammation at 12 weeks of 10 or 80 mg

atorvastatin but with a significant additional reduction with 80 mg relative to 10 mg [8].

However, these human results are not comparable to those obtained in our preclinical

experiment mainly for methodological reasons: the USPIO contrast agent and protocol used

were different, especially the signal change analysis.

Our study shows a decrease in iron uptake in the aortic vessel wall at 6 month but failed to

find a significant difference compared to baseline. To our knowledge there is no gold

standard validated technique for quantitative analysis of USPIO signal change and its
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correlation with macrophage density by histology. Signal to noise ratio (SNR) has been used

by several authors with significant differences of the methods for signal normalization or

differences of the area measured [9–11]. Others assessed the degree of blooming on T2*

weighted images as a semi-quantitative “darkening index” (DI) [12]. In an attempt to

improve detection and quantification, several positive contrast approaches after USPIO

injection such as GRASP have also been examined [13]. Yet another technique previously

described, uses R2* maps to calculate the mean R2* value in the plaque [14]. We chose to

use this method to measure USPIO uptake because it has been shown that quantitative R2*

mapping allows non-invasive estimations of cellular iron load and number of iron-labeled

cells [15]. Drawbacks in the measurement of USPIO signal loss by MRI include the

proximity of the lymphatic to the arterial wall. Focal signal loss of the aortic wall on the T2*

weighted images can be caused by the accumulation of USPIOs in peri-arterial lymph nodes

[12]. Furthermore, the relationship between signal loss on T2* weighted imaging and

macrophages density is probably not linear since iron oxide particles induce

inhomogeneities in the static magnetic field and cause rapid dephasing of diffusing water

protons, including those diffusing further away from the plaque. Using R2* in our study, we

demonstrated a good correlation between USPIO signal change on MRI and macrophages

density on histology (RAM11). The non-significant decrease of R2* values post P904

injection in the regression group can be explained by the high variability of the measurement

and the lack of power related to the small number of rabbits. There is a high variability (high

standard deviation) in R2* values in the progression group and the composition of

atherosclerotic plaque changes over time and become more heterogenous, especially in the

progression group with some black area in T2* weighted pre injection images making the

change in R2* probably lower than expected. This observation is confirmed by the

difference in correlation (R2* – RAM11) between both progression and regression groups

(R2 =0.569 vs. R2 =0.820). Furthermore other USPIO compounds with greater R2* values

and/ or longer circulation times could improve the sensitivity of such approach.

Our results also demonstrate the ability of FDG PET MRI to monitor the effect of statin

therapy and diet on vascular inflammation. We observed a significant decrease in FDG

uptake after 6 months of treatment. A significant change in FDG uptake after dietary change

or stabilizing plaque therapy has already been observed in both animal and in human studies

[16–19]. Although it has been suggested to use Target to Background Ratio (TBR) as a

quantification method for the trial of systemic therapies such statins, we decided to use the

mean SUV of the infrarenal abdominal aorta without blood correction [20]. It has been

shown that SUV is the most reproducible method for estimation of FDG uptake as compared

to vessel-to-blood ratio and metabolic rate of glucose (Ki) [21]. The use of FDG-PET SUV

to measure response to anti-inflammatory treatments is also well established [22]. Derlin et

al. recently reported that additional correction by division with SUV blood-pool might lead

to an overcorrection and concluded that there is no reason to prefer TBR over SUV for the

quantification of tracer uptake [23]. More studies looking at the utility of these different

parameters are needed.

As expected we observed a significant decrease of macrophage content within the plaques of

the group treated with atorvastatin compared to the untreated group. This effect has already
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been demonstrated in animal models and in human carotid atheroscle-rotic plaques [24,25].

However, in our study, the decrease in plaque macrophage density of the regression group

cannot be exclusively related to the statin therapy. The diet was also different between the 2

groups (chow diet in the regression group and high fat diet in the progression group) in order

to maximize the difference between the atherosclerotic lesions observed. Riedmuller et al.

have shown that atherosclerotic plaques in thoracic aorta of rabbits respond to withdrawal of

high cholesterol diet by decrease in number and phenotype of macrophages [26].

Our histological results show a good correlation between the mean SUV and the

macrophage density on histology and confirm that vascular macrophage activity can be

quantified non-invasively with FDG-PET. The difference in correlation between

macrophage density and SUV or USPIO signal change must be interpreted with caution.

Even though both modalities are known to detect plaque inflammation, the mechanisms of

action are different (macrophage glucose consumption for FDG and macrophage

phagocytosis for P904) and type of macrophages detected probably not the same

(“activated” macrpophages for USPIO and hypoxia-stimulated macrophages for FDG)

[11,27].

Therefore the stage of inflammatory process detected is probably different between these

two imaging modalities.

This experimental study shows the possibility to combine two functional imaging modalities

to assess changes in the inflammation of atherosclerotic plaques upon therapeutic

intervention. Combined MR/PET systems are becoming more widely available both pre-

clinically and clinically. Such systems provide the advantages of MRI in tissue

characterization (high spatial-resolution of soft tissue) and less radiation than CT. High

Resolution MRI has been demonstrated as a reliable tool for noninvasive plaque burden

assessment, plaque component characterization and plaque vulnerability/high-risk features.

Furthermore new MRI sequences, especially dynamic sequences improve the

characterization of neovascularization [28]. In addition to USPIOs, molecular MRI with

different targets such as Macrophage Scavenger Receptor, Oxydation-Specific Epitopes or

MMPs activity has been developped [29–32]. These approaches could provide additional

information on the inflammatory status of the atherosclerotic plaques.

These results FDG-PET seems to be more sensitive than USPIO enhanced MRI to detect

early changes in plaque inflammation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
T2* weighted images pre and post USPIO injection for a “progression” rabbit at baseline

(A) and at 6 months (B) and for a “regression” rabbit at baseline (C) and at 6 months (D).

Graph and table comparing change in R2* show a non-significant decrease in the regression

group.
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Fig. 2.
Fused 18F-FDG PET/MR images at baseline and at 6 months showing a persistant strong

FDG uptake in the abdominal aorta at 6 month in a “progression” rabbit (A,B) and a lesser

uptake at 6 months in a “regression” rabbit (C,D). Graph and table comparing the mean

SUV evolution in the 2 groups show a significant decrease of SUVmean in the regression

group.
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Fig. 3.
RAM 11 staining on histology slices showing a massive inflltration of macrophages in

progression group (A, ×2 magnification) and a lower inflltration in regression group (B, ×2

magnification). Graph comparing the percentage of wall area occupied by RAM 11 staining

show a significant difference in the two groups.
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Fig. 4.
T2* weighted images pre (A) and post USPIO injection (B) show a loss of signal in the

arterial wall in a rabbit from the progression group. Co-localization between Perls iron

staining (C) and Ram 11 staining (D) (×4 magnification).
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Fig. 5.
Graph showing correlation between SUVmean and Ram 11 staining and between change in

R2* values and Ram 11 staining.
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