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Abstract
Background—Inflammation undermines the stability of atherosclerotic plaques, rendering them
susceptible to acute rupture, the cataclysmic event that underlies clinical expression of this disease.
Myeloperoxidase (MPO) is a central inflammatory enzyme secreted by activated macrophages, and
is involved in multiple stages of plaque destabilization and patient outcome. We report here that a
unique functional in vivo magnetic resonance (MR) agent can visualize MPO activity in
atherosclerotic plaques in a rabbit model.
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Methods and Results—We performed MR imaging of the thoracic aorta of New Zealand white
(NZW) rabbits fed a cholesterol (n=11) or normal (n=4) diet up to 2 hours after injection of the MPO
sensor bis-5HT-DTPA(Gd) (MPO(Gd)), the conventional agent, DTPA(Gd), or an MPO (Gd)
analog, bis-tyr-DTPA(Gd), as controls. Delayed MPO(Gd) images (2 hour post injection) showed
focal areas of increased contrast (>2-fold) in diseased wall, but not in normal wall (p=0.84), compared
to both DTPA(Gd) (n=11; p<0.001) and bis-tyr-DTPA(Gd) (n=3; p<0.05). Biochemical assays
confirmed that diseased wall possessed three-fold elevated MPO activity compared to normal wall
(p<0.01). Areas detected by MPO(Gd) imaging co-localized and correlated with MPO-rich areas
infiltrated by macrophages on histopathological evaluations (r=0.91, p<0.0001). While macrophages
were the main source of MPO, not all macrophages secreted MPO, suggesting that distinct
subpopulations contribute differently to atherogenesis and supporting our functional approach.

Conclusions—Our study represents a unique approach in the detection of inflammation in
atherosclerotic plaques by examining macrophage function and the activity of an effector enzyme,
to noninvasively provide both anatomic and functional information in vivo.
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Atherogenesis is a complex, multi-stage process that culminates in rupture of a vulnerable
plaque, leading to acute arterial occlusion and life-threatening clinical end points 1, 2. Diagnosis
of atherosclerosis can occur relatively late in the disease process, just preceding or even
following the occurrence of an acute event. Delayed diagnosis limits the range and application
of effective evidence-based intervention strategies to reduce morbidity and mortality of
atherosclerosis 3. Therefore, there exists a pressing need to develop new biomarkers and
imaging techniques to detect and evaluate vulnerable plaques prior to their rupture and to better
risk stratify these patients.

Imaging inflammation has been proposed as a way to improve patient stratification and therapy
monitoring since this would allow localization of inflamed plaques and the degree of
inflammation in individual plaques could be tracked over time following treatment. Ultra-small
superparamagnetic iron oxide nanoparticles (USPIO) or other nanoparticles have been used to
detect accumulation of phagocytic cells in atherosclerotic plaques 4, 5. However, nanoparticles
may be taken up by both active and resting macrophages 6, as well as other cell types such as
neutrophils, endothelial cells, lymphocytes, and smooth muscle cells 7. In addition, different
phagocytic cells play diverse roles in inflammation, with some cell types having more
attenuated inflammatory or even anti-inflammatory properties 8-11. Thus, imaging only
phagocytes could overestimate the severity of plaque inflammation.

An emerging biomarker of plaque instability and future acute events is the enzyme
myeloperoxidase (MPO). Elevated plasma MPO concentrations are found in stroke patients
12 and predict major downstream cardiac events both in patients presenting with acute chest
pain 13, and in apparently healthy individuals 14. Within advanced human atherosclerotic
vulnerable plaques, MPO is expressed predominantly by activated macrophages and
macrophage-derived foam cells 15-17 and consumes hydrogen peroxide to generate
hypochlorite and other reactive oxygen species that contribute to plaque progression and
rupture ( Online Supplemental (OS) Fig. S1A) 18. In this study we have examined the utility
of a unique functional imaging sensor of MPO activity 19-21, called MPO(Gd), previously
shown to be highly sensitive and specific to MPO activity in mouse models of multiple sclerosis
22 and myocardial infarction 23, to identify inflamed plaques in a rabbit model of atherosclerosis
on a clinical magnetic resonance imaging (MRI) scanner. Our hypothesis is that once inside
the diseased wall, MPO-mediated activation causes the agent to oligomerize and bind to
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resident proteins, resulting in higher MR signal and prolonged retention of the activated agent
within MPO-rich plaque (Fig. S1B/C).

Methods
Animal Protocol

A total of eighteen male New Zealand white (NZW) rabbits were used for this study. Eleven
rabbits were fed 100 g/day of cholesterol (CH)-supplemented rabbit chow for 28-29 months
to promote the formation of aortic lesions, as previously described 24, 25. The CH level in the
diet was titrated between 0.125 and 0.25% (w/w) for the length of the experiment. Please see
OS text for diet details and plaque characterization (Fig. S2A). Four age-matched male NZW
rabbits were used as controls and fed normal chow. Three additional CH-fed NZW rabbits (17
months on diet) were used to establish the vessel wall signal kinetics of the imaging agents.
Animals were cared for in accordance with guidelines of the Canadian Council on Animal
Care.

Imaging Agents
The MPO sensor, bis-5-hydroxytryptamide-diethylenetriamine-pentaacetate gadolinium
(bis-5HT-DTPA(Gd) or MPO(Gd)), and the analog agent bis-tyr-DTPA(Gd) were synthesized
according to a modified protocol based on Querol et al. 19. Chemicals were purchased from
Sigma-Aldrich (St. Louis, MO). DTPA-bisanhydride was reacted with serotonin (5HT) or
tyramide (tyr) in dimethylformamide in the presence of an excess of triethylamine. The product
bis-5HT-DTPA was isolated by recrystallization from methanol and acetone. Complexation
with Gd was performed in the presence of 5% citric acid (w/w), and purified by high
performance liquid chromatography. Purity of the agents was confirmed by mass spectroscopy
(MALDI-TOF). DTPA(Gd) was purchased from Berlex Laboratories (Berlex, Wayne, NJ).

Magnetic Resonance Imaging
Animals were sedated via an intramuscular injection of stock anesthetic (ketamine (23.4 mg/
kg), xylazine (1.3 mg/kg) and glycopyrolate (0.0075 mg/kg)) followed by intravenous
administration of a 10-fold dilution (in saline) of this stock at a rate of ∼3-12 ml/hr.
Anesthetized rabbits were imaged in the supine position using a clinical 3T MRI scanner (GE
Signa HD 12×, GE Healthcare, Waukesha, WI) interfaced with a custom-made two-channel
phased array surface RF coil 25. Axial images of the thoracic aortae of 11 CH-fed rabbits and
4 control rabbits were collected pre- and up to 2 hours post intravenous injection of either
DTPA(Gd) (0.2 mmol/kg) or MPO(Gd) (0.2 mmol/kg) using a T1-weighted (T1w) quadruple
inversion recovery fast-spin-echo (QIR-FSE) sequence developed previously for quantitative
contrast-enhanced imaging of atherosclerotic vessels 26. Three CH-fed rabbits were scanned
up to 4 hours and at 24 hours post MPO(Gd) administration. In three additional CH-fed rabbits
either MPO(Gd), DTPA(Gd), or bis-tyr-DTPA(Gd) (all at 0.1 mmol/kg) was administered and
imaging was performed on a 1.5T MRI scanner (GE Signa HD 12×, GE Healthcare, Waukesha,
WI). A minimum of 3 days was allowed to pass between each imaging agent administration.
Finally, ex vivo T1w imaging was performed on perfusion fixed (10% formalin), excised aortic
specimens from a CH-fed animal (17 months of feeding) sacrificed 2 hours after injection of
MPO(Gd). Please see OS text for technical specifications of MRI.

MR Image and Data Analysis
MR images were analyzed with OsiriX DICOM reader (version 2.7.5, Geneva, Switzerland)
by two independent readers (JR and JC). In each image, the inner and outer vessel wall
boundaries were traced to determine average wall signal intensity (SIWall). Regions-of interest
(ROIs) were placed in both the paraspinal muscle adjacent to the aorta and in a motion-free
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region outside the animal (air) to determine average muscle signal intensity (SIMuscle) and the
standard deviation of the noise signal (σAir), respectively. Contrast-to-noise ratios (CNR)
between the wall and adjacent muscle were calculated (CNR = (SIWall-SIMuscle)/σAir) and
differences in CNR (ΔCNR) due to the addition of contrast agent were determined
(ΔCNR=CNR2Hr-CNRBaseline). For signal kinetics experiments, a region outside the animal
was not within the field-of-view, therefore contrast (SIwall-SIMuscle) at each time point was
calculated and normalized to baseline values. Enhancement ratios (ER) were determined (ER
= SIWall-2Hr/SIWall-Baseline), as previously described 27. ΔCNR was also calculated after tracing
of select ROIs within the wall that appeared noticeably bright on images collected 2 hours after
MPO(Gd) administration compared to images collected pre-contrast and 2 hours after DTPA
(Gd) administration. For correlational analyses, ROIs were placed to measure plaque size and
the areas positive for MPO, macrophages, lipid, and collagen in histopathological sections (see
below), with the reader blinded to the other imaging results.

Histology
After imaging, animals were sacrificed with an intravenous injection of ketamine (200 mg)
and transcardially-perfused under pressure with ∼1.5 L of heparinized (1 IU/ml) Hanks'
balanced salt solution. The imaged aortic segments were carefully isolated, marked on the
ventral surface with Evan's blue dye for matching to MRI, and dissected. Fresh-frozen sections
were collected from a portion (∼1 mm of the 3 mm total thickness) of each block. Sections
were then immunostained for plaque constituents including MPO and macrophages (RAM-11).
Negative control staining was also performed. Please see OS text for tissue block preparation,
additional plaque characterization (Fig. S2A) and peroxidase activity (Fig. S2B) staining, and
full staining descriptions. Images of stained sections were taken using a Zeiss Axioplan 2ie
microscope (Carl Zeiss Canada, Toronto, ON).

Myeloperoxidase Activity Assay
To quantify MPO activity in detergent extracts, we performed the guaiacol MPO activity assay
on a Beckman Coulter DU 530 UV/vis spectrophotometer (Fullerton, CA). Briefly, the portion
of each aortic block left over after sectioning (∼2 mm) was homogenized in 1%
cetyltrimethylammonium bromide extraction buffer followed by centrifugation for 10 minutes
at 10,000 rpm. The supernatant (detergent extract) was collected and protein concentration was
determined using a standardized bicinchoninic acid (BCA) assay (Pierce, Rockford, IL). The
MPO activity assay solution consisted of 3 mL of 0.1 M NaPO4 buffer, supplemented with 48
ml of guaiacol and 100 μl of 0.1 M H2O2. To this, 25 μg of protein was added to a final volume
of 0.6 ml and assayed at 25°C. The units of activity were computed according to the following
formula: Activity = (ΔOD × Vt × 4)/(E × Δt × Vs), where ΔOD = change in absorbance; Vt =
total volume; Vs = sample volume; E (extinction coefficient) = 26.6mM-1; Δt = change in
time.

Statistical Analysis
A two-tailed t-test was performed for comparison between animal groups for the peroxidase
activity assay (Fig. 1B). For comparisons of MR data between animal groups either a two-way
repeated measures ANOVA (if normal and diseased animals were tested – Fig. 2D (both
graphs)) or one-way repeated measures ANOVA were performed (Fig. 3A/B). For the above
tests where multiple measurements were collected per animal (e.g., MR slices) the data was
averaged to generate a single measurement per animal before performing the test. Error bars
in figures represent S.E.M. Pearson correlational analysis was performed between the area of
positive regions in MPO(Gd) MRI and various histological measures using data from
individual plaques (Table 1). In addition, multivariable regression analysis was performed to
assess the effects of both histological measures and rabbit identity (multiple plaques imaged
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per rabbit) on MPO(Gd) MRI values (Table 1). The nominal level of significance for all tests
was p<0.05. Both GraphPad Prism 4.0a (GraphPad Software Inc., San Diego, CA) and
Statistical Analysis Software (SAS Institute Inc. Cary, NC) were used for statistical analysis.

Results
Hypercholesterolemic rabbits develop atherosclerotic aortic plaques that contain significant
numbers of MPO-expressing macrophages

We performed MPO immunostaining on aortic sections from cholesterol (CH)-fed rabbits, and
confirmed that the diseased wall expressed MPO (Fig. 1A). As in humans 17, we found that
the major source of MPO in these plaques was from macrophages and macrophage-derived
foam cells (Fig. 1A). Most plaques contained more macrophage-positive areas than MPO-
positive areas on histopathological analysis (Fig. S3A), which matched our observation that
macrophages in deeper portions of plaques expressed less MPO (Fig. 1A). MPO activity
analysis in diseased aortic sections from CH-fed rabbits was more than three-fold higher than
in corresponding normal aortic sections from control rabbits (Fig. 1B; p<0.01). Furthermore,
we found moderate positive correlations between the size of individual plaques and both the
area of MPO (r=0.78; p<0.001) and macrophage (r=0.76; p<0.001) immunostaining, and MPO
activity (r=0.58; p<0.05) (Figs. S3B/C/D, respectively). Therefore, similar to previous findings
28, these results suggest that as MPO expression and activity increases, so does plaque size.

MPO(Gd) imaging demonstrates increased and prolonged contrast of atherosclerotic aortic
wall

To understand the behavior of MPO(Gd) in diseased walls, we performed dynamic imaging
following MPO(Gd) injection in three rabbits fed a CH-diet for 17 months (Fig. 2). We then
compared the kinetics of the MR signal intensity change within individual plaques (compared
to muscle) using MPO(Gd) with those obtained using DTPA(Gd), which has no molecular
specificity (Fig. 2B). We found that both DTPA(Gd) and MPO(Gd) had similar contrast
enhancement over the first 20 minutes of imaging (Fig. 2A/C), but that in certain areas of the
plaques, MPO(Gd) started to demonstrate higher contrast by 30 minutes of imaging (Fig. 2C).
By 2 hours an unequivocal, large difference in contrast existed between DTPA(Gd) and MPO
(Gd) (Figs. 2B/C and S4A/B), and this difference persisted at nearly the same level over at
least 4 hours of imaging (Fig. 2C and S4A). This is consistent with the activated agent being
retained in MPO-rich regions. Furthermore, we noted that intraplaque areas that did not
enhance strongly on early or late-phase DTPA(Gd) or early-phase MPO(Gd) images were
clearly enhanced on delayed MPO(Gd) images (Fig. 2A/B and S4B). By 24 hours, the signal
in the plaques had returned to baseline levels (Fig. S4A). Note that the same dose (0.2 mmol/
kg) was administered for both agents, and that in the absence of MPO, MPO(Gd) had similar
r1 relaxivity as that of DTPA(Gd) (both approximately 4 s-1mM-1 at 1.5 T) and blood half-life
(in mice, ∼6 minutes) 22. Furthermore, it was noted that the increased enhancement was often
not homogeneous within the vessel wall, but was selective, showing focal areas of enhancement
that persisted in the late MPO(Gd)-enhanced images but not in the late DTPA(Gd)-enhanced
images (Fig. S4A).

MPO(Gd) imaging results in more than two-fold increase in contrast in areas with increased
MPO activity

Based on our dynamic imaging results pre-contrast and 2-hour post-contrast imaging using
MPO(Gd) and DTPA(Gd) was performed in 8 rabbits fed CH-diet for 28-29 months and 4 age-
matched control rabbits. Analysis of the imaging data (Fig. 2D) revealed that in focal areas
within diseased wall displaying increased signal there was more than a two-fold increase in
the difference in contrast-to-noise ratio at the 2 hour time-point (ΔCNR) compared with the
same regions imaged with DTPA(Gd) (p<0.001). In distinction, for normal wall no significant
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difference in ΔCNR was noted between the two agents (p=0.84) and we also obtained similar
ΔCNR values of the normal and diseased wall imaged with DTPA(Gd) (p=0.92).
Representative images of normal wall after administration of either MPO(Gd) or DTPA(Gd)
over the entire 2 hour period are available in OS text (Fig. S4C). To avoid potential bias, we
also performed the same analysis over the entire wall (Fig. 2D). Despite averaging in areas
without increased MPO activity, similar results were obtained with a 58% increase in ΔCNR
between diseased and normal walls imaged with MPO(Gd) (Fig. 2D; p<0.01). Finally,
enhancement ratio (ER) analysis over the entire vessel wall was performed revealing no
significant difference between MPO(Gd) and DTPA(Gd) imaging for normal wall (p=0.56),
whereas MPO(Gd) administration significantly and consistently enhanced diseased wall to a
greater degree than DTPA(Gd) administration (p<0.0001) (Fig. S4D).

To further verify that the focal enhancement observed with MPO(Gd) imaging is not from
nonspecific accumulation of MPO(Gd) but from activation by MPO, we synthesized an analog
of MPO(Gd), bis-tyr-DTPA(Gd), that is a substrate for peroxidases such as horseradish
peroxidase but is not activatable by MPO. We performed comparative imaging in three rabbits
with MPO(Gd), bis-tyr-DTPA(Gd), and DTPA(Gd) (Fig. 3). This experiment showed that only
MPO(Gd) imaging demonstrated significantly increased ΔCNR (Fig. 3A; p<0.01) and ER (Fig.
3B; p<0.01) supporting that the increased enhancement observed is the result of specific MPO
activation of MPO(Gd). The bis-tyr-DTPA(Gd) non-activatable agent demonstrated an
enhancement pattern and intensity similar to those of DTPA(Gd) (Fig. 3C), suggesting that the
addition of small phenolic groups to a base DTPA molecule does not significantly affect
distribution of an agent of this type. Furthermore, only MPO(Gd) imaging allowed the
unequivocal identification of MPO rich areas that matched MPO immunohistochemistry (Fig.
3D).

MPO(Gd) imaging reveals areas of increased MPO activity in atherosclerotic plaques
To identify areas of increased MPO activity, and thus “active” inflammation, we compared
MR images taken two hours after injection of MPO(Gd) with corresponding sections
immunostained for MPO. Two representative sections (Fig. 4A) showed that the areas
highlighted by MPO(Gd) imaging matched extremely well to MPO-positive staining. A scatter
plot (Figure 4B) compared the positive areas identified on MPO(Gd) imaging to areas of
positive MPO immunostaining further validated the imaging findings across all the animals
studied. Multivariable regression analysis was performed to investigate any effects of rabbit
identity (multiple plaques were analyzed per rabbit) and the various histological measures of
plaque composition on the variability in the MR data (Table 1). This analysis revealed a
significant relationship between the area of MPO immunostaining and positive MPO(Gd)
(p<0.0001). No other measures achieved significance. To further validate the imaging findings,
we performed correlation analysis and found that the areas highlighted during MPO(Gd)
imaging at 2 hours correlated well to areas stained positive on MPO histopathology (Table 1;
r=0.91; p<0.0001). We further compared MPO(Gd) imaging results to macrophage, lipid, and
collagen histopathology (Table 1). We found a mild positive correlation of MPO(Gd) imaging
with lipid histopathology (r=0.66; p<0.05), but no significant correlation with macrophage or
collagen histopathology.

To learn about the regions of the plaque where MPO(Gd) accumulated, we also performed ex
vivo imaging of fixed aortic segments from a rabbit sacrificed at 2 hours after MPO(Gd)
administration (Fig. 5). We obtained nearly exact matches between the brightest areas in in
vivo and ex vivo images. Interestingly, MPO(Gd) accumulated most often in the shoulder
regions of the plaque, an area of high mechanical stress 29. In addition, MPO(Gd) appeared to
not only be retained in the intima and fibrous cap, but also penetrated into the plaque core.
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Discussion
In this study, we showed that MPO activity in rabbit atherosclerotic plaques, and thus
biologically relevant active inflammation, can be detected non-invasively using a clinical MR
scanner by employing the MPO-activatable agent MPO(Gd). MPO rich areas are selectively
enhanced by MPO(Gd) and easily identified 120 minutes post-administration. We verified that
the foci of increased intensity on MPO(Gd) imaging co-localized and correlated with MPO-
rich areas infiltrated by macrophages on histopathological evaluations. Biochemical assays
showed that atherosclerotic plaques possessed elevated MPO activity compared to normal
arterial walls, and that MPO activity correlated positively with plaque size. The results
demonstrate that in vivo MPO activity is well associated with atherosclerotic plaque
development and progression.

Our animal model develops arterial plaques that exhibit several plaque features that have been
described as markers of plaque vulnerability in human plaques, including neovascularization
and extensive macrophage infiltration 2, 30. Interestingly, some areas within the plaques were
rich in macrophages but not in MPO (Figs. 1 and S3), which agrees with the concept of distinct
macrophage phenotypes within plaques 17. This was supported by the strong correlation of
MPO(Gd) imaging to MPO immunostaining, but not macrophage staining, since areas
containing MPO-poor macrophages should not be highlighted by our agent (Table 1). There
was also a mild positive correlation of MPO(Gd) imaging with lipid histopathology but not
with collagen histopathology (Table 1), consistent with the concept that lipid cores are
associated with more advanced unstable plaques and that many of the macrophages that
produced MPO were rich in lipid (foam cells). These findings underscore the importance of
our functional approach. Furthermore, the plaques in our rabbit model expressed substantially
lower amounts of MPO (mean 7.7 U/mg protein) than did human atherosclerotic tissue (mean
251 U/mg protein) 16. While underscoring some differences between rabbit and human plaques,
this also has important implications for the translation of this agent for imaging human plaques,
since the increased MPO content of human plaques should result in substantially greater signal
intensity at sites of MPO(Gd) activation, which could allow lower doses of the agent to be used
as well as increasing the sensitivity for detecting plaque vulnerability at the earliest stages of
development.

Previous enzyme-sensitive MRI agents are based on a cleavage mechanism to remove masking
groups that limit water access 31, albumin binding groups 32, or solubility 33. These studies
represented significant advances in imaging agent design. However, to date these prototype
agents have not been shown to be effective in vivo without significant manipulations of the test
animals (which had been limited to invertebrates and small mammals), and unlike MPO(Gd),
cannot be administered intravenously, important for clinical translation. MPO(Gd) achieves
signal amplification by enzymatic addition instead of cleavage. In a mouse model of myocardial
infarction treated with atorvastatin, we found that MPO(Gd) was sufficiently sensitive to detect
a decrease in MPO activity and inflammation 23. Furthermore, MPO(Gd) discriminated
between wild type mice with full MPO expression, MPO heterozygous mice with intermediate
MPO expression, and MPO knockout mice with no MPO expression. As MPO is highly
conserved across mammalian species 34, these and the results in this study confirm high
sensitivity and specificity of the agent for MPO activity.

In summary, key advantages of this molecular technology lie in enabling clinical MRI scanning
and T1-weighted sequences to identify pathology noninvasively and to localize and track
harmful oxidative reactions in atherosclerotic lesions. An additional advantage is the short
readout delay between injection and imaging (90-120 minutes). Our study provides initial
proof-of-priniciple for a new, more specific imaging approach of inflammation in
atherosclerosis by imaging macrophage function and the activity of an effector enzyme, and
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thus is of direct biological relevance. Unlike measuring the presence of phagocytes, measuring
MPO activity in plaques is likely to have greater predictive value on the risk of plaque rupture.
This technology thus can localize plaques with significant active inflammation prior to
devastating thromboembolic events. Consequently, it could change clinical standards by
enabling earlier diagnosis and improved risk-stratification as well as allowing the ability to
track the effects of timely, patient-specific interventions.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
(A) RAM-11 and MPO immunostaining on adjacent sections, revealed that macrophages and
macrophage-derived foam cells at the surface of plaques expressed significant amounts of MPO
(*). In contrast, macrophages found in the deeper parts of the plaques often weakly expressed
MPO (arrows) (scale bar represents 100 μm). (B) On average, MPO activity of diseased wall
was 3-fold higher than in normal wall (n=8, 23 sections analyzed for diseased wall; n=4, 12
sections analyzed for normal wall).
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Fig. 2.
(A) As acquired (5 cm field-of-view – top) and higher magnification (bottom – centered around
aorta) early-phase (∼10 min.) MR images of diseased wall in rabbit fed CH-diet for 17 months
using DTPA(Gd) (left) and MPO(Gd) (right). Similar levels of enhancement were seen at this
time point using both agents. (B) Delayed MPO(Gd) images (∼2 hrs - right) showed
substantially increased enhancement compared to both late-phase (∼2 hrs - left) and early-
phase (seen in A) DTPA(Gd) images. (C) Kinetics study: Increased and prolonged contrast
was found using MPO(Gd) compared to DTPA(Gd) (n=3 animals). (D) Analysis of pre-
contrast and 2 hour post-contrast MR images of rabbits fed CH-diet for 28-29 months (n=8)
and age-matched controls (n=4) using MPO(Gd) and DTPA(Gd). ΔCNR in both focal wall
areas (left) and the entire wall (right) revealed no difference using MPO(Gd) and DTPA(Gd)
in normal wall (n=4, 11 sections analyzed). Diseased wall imaged using DTPA(Gd) (n=8, 24
sections analyzed) also showed no difference compared to normal wall with either agent. In
distinction, diseased wall imaged using MPO(Gd) (n=8, 24 sections analyzed) showed
significantly higher ΔCNR (∼2X) compared to all other values.
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Fig. 3.
Imaging with a nonactivatable analog of MPO(Gd). (A) ΔCNR and (B) ER analysis of diseased
walls in CH-fed rabbits (n=3 rabbits, 11 sections analyzed) imaged after the administration of
DTPA(Gd), MPO(Gd), and a nonactivatable analog of MPO(Gd) (bis-tyr-DTPA(Gd)), with
each agent administered at least 3 days apart. Significantly increased ΔCNR and ER using
MPO(Gd) compared to both control agents was found, supporting that the increased
enhancement observed is the result of MPO activation of MPO(Gd). No significant (NS)
differences were observed between the analog and DTPA(Gd). (C) Representative 2 hour
delayed images demonstrating that only the activatable MPO(Gd) is able to show focal
increased enhancement to confirm MPO activity. The window/level settings were determined
on the pre-contrast images to ensure that the paraspinal muscles appear similar between the
images for each agent, and then these settings were applied to the post-contrast images. (D)
MPO immunohistochemistry (IHC) confirms MPO(Gd) imaging findings.
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Fig. 4.
MPO(Gd) imaging identifies distinct foci of MPO activity in diseased atherosclerotic wall.
(A) MPO(Gd) images of diseased wall taken 2 hours after administration revealed focal regions
of increased enhancement. These regions correlated well with portions of the plaque identified
as rich in MPO in immunostained, matched sections (scale bar=500 μm). Outlined areas on
the second column of MR images are shown as a visual aid. (B) Scatter plot of positive areas
by MPO immunostaining versus the positive areas identified by MPO(Gd) imaging (n=8
animals, 13 sections). Line represents regression line.
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Fig. 5.
Matched in vivo (0.195 × 0.260 × 5 mm3) and ex vivo (0.1 × 0.1 × 0.3 mm3) images of the
diseased aorta of a CH-fed rabbit 2 hours after injection of MPO(Gd). Images were aligned
with the help of agarose beads adhered with cyanoacrylate to the ventral and right side of the
aorta after fixation. In the 4 examples, nearly exact matches between the brightest areas in
vivo and ex vivo images are noted. Interestingly, it appears that MPO(Gd) accumulated most
often in the shoulder regions of the plaque and was retained not only in the intima and fibrous
cap, but also penetrated into the plaque core.
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Table 1
Multivariable Regression Parameters for Positive Areas of MPO(Gd) Imaging Based on Model including Rabbit
Identity and Various Histological Measures of Plaque Composition

Regression Parameters

Independent Variable P-value Partial R-square Model R-square r-value* (p-value)

MPO IHC <0.0001 0.82 0.82 0.91 (<0.0001)

Mac IHC NS … … NS

Lipid NS … … 0.66 (<0.05)

Collagen NS … … NS

Rabbit NS … …

*
Pearson correlation coefficient in analysis of histological measures to positive areas of MPO(Gd) imaging.

NS = not significant (p>0.15).
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