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To demonstrate the feasibility of using a myeloperoxidase
(MPO)-specific paramagnetic magnetic resonance (MR)
contrast agent to identify active inflammation in an animal
model of common carotid artery (CCA) aneurysm.

All animal experiments were approved by the institutional
animal care and use committee. Elastase-induced saccular
aneurysms were created at the root of the right CCA in 16
New Zealand white rabbits. Intramural and perivascular
injection of Escherichia coli lipopolysaccharide (LPS) was
performed with an endovascular approach to induce aneu-
rysm inflammation. After intraarterial injection of an
MPO-specific (di-3-hydroxytryptamide of gadopentetate
dimeglumine, 0.1 mmol per kilogram of bodyweight) or a
non-MPO-specific (di-tyrosine of gadopentetate dimeglu-
mine, 0.1 mmol/kg) contrast agent, animals underwent
3-T MR imaging. Intramural presence of MPO in aneu-
rysms in which LPS had been injected was confirmed at
immunohistologic analysis. Active MPO activity was veri-
fied by measuring the spectrophotometric oxidation of
guaiacol.

Endovascular injection of LPS resulted in inflammatory cell
infiltration into the aneurysm wall, and there was a differ-
ence in active MPO expression between aneurysms in
which LPS had been injected and control aneurysms (20.3
ng of MPO per milligram of tissue vs 0.12 ng of MPO per
milligram of tissue, respectively; P < .002). MR imaging
with di-5-hydroxytryptamide of gadopentetate dimeglu-
mine revealed a difference in enhancement ratio between
inflamed aneurysms in which LPS had been injected and
control aneurysms (1.55 = 0.05 vs 1.16 = 0.10, respec-
tively; P < .02). In inflamed aneurysms, di-5-hydroxytrypt-
amide of gadopentetate dimeglumine exhibited delayed
washout kinetics compared with the kinetics of di-tyrosine
of gadopentetate dimeglumine. This finding enabled the
verification of MPO specificity.

The findings of this pilot study established the feasibility of
an animal model of saccular aneurysm inflammation that
can be seen with clinical-field-strength MR imaging and use
of the enzyme-sensitive MR contrast agent di-5-hy-
droxytryptamide of gadopentetate dimeglumine, which is a
paramagnetic MPO substrate that specifically enhances
MR signal.

© RSNA, 2009
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n the United States, an estimated 1

million to 12 million people (1%-6%)

harbor unruptured intracranial aneu-
rysms (IAs) (1). Of the 27 000 people
who experience aneurysmal subarach-
noid hemorrhage annually, almost half
die within 30 days after the event (2,3).
Management of an unruptured IA is con-
troversial. Primarily on the basis of natu-
ral history data compiled by the Interna-
tional Study on Unruptured Intracranial
Aneurysms investigators (4,5), when
making a clinical decision, physicians usu-
ally take into account the patient’s age
and attitude, the aneurysm size and loca-
tion, and the skills of local neurosurgeons
and neuroendovascular interventionalists
(6). Treatment options (microsurgical
clip placement and endovascular coil em-
bolization) carry associated risks; there-
fore, it is imprudent to treat unruptured
IA in all patients. Since most asymptom-
atic A ruptures occur without warning,
there is a pressing need to develop tech-
niques with which to identify unstable an-
eurysms, especially since the use of ad-
vanced imaging modalities increases the
number of unruptured IAs detected in the
general population (7).

IA pathogenesis is a complex multi-
factorial process that includes hemody-
namic sheer stress (8), certain genetic
modifiers (9), and inflammatory changes
(10-13) that may contribute to instability
of the aneurysm wall. Extracellular matrix
degradation secondary to macrophage in-
filtration is thought to play a large role
(12,13). Ruptured IAs are associated with
more acute intramural inflammation, as
characterized by the infiltration of neutro-
phils and macrophages (11,14). These
two inflammatory cell types express my-
eloperoxidase (MPO), which is a heme-
containing oxidoreductase enzyme that
functions primarily as a secretable micro-

Advances in Knowledge

B Experimental common carotid
artery aneurysm inflammation can
be induced by endovascular deliv-
ery of proinflammatory agents.

® Molecular enzyme-specific MR
imaging of active inflammation is
feasible in an animal model of an-
eurysm inflammation.

bicidal enzyme (15). MPO released into
the extracellular space by activated in-
flammatory cells can induce the intramu-
ral formation of highly reactive free radi-
cals (16) and contribute to extracellular
matrix degradation by either activating
matrix metalloproteinases (17) or inacti-
vating matrix metalloproteinase inhibi-
tors (18). As a result, MPO has been im-
plicated in several disease processes,
such as lung and renal injury, carcinogen-
esis, and atherosclerosis (19).

In consideration of the correlation
between inflammation and TA rupture
and the lack of diagnostic imaging meth-
ods that can be used to identify IA inflam-
mation, we hypothesize that MPO-spe-
cific magnetic resonance (MR) signal en-
hancement could represent a biomarker
of IA instability. The purpose of this pilot
study was to demonstrate the feasibility
of using an MPO-specific paramagnetic
MR contrast agent to identify active in-
flammation in an animal model of com-
mon carotid artery (CCA) aneurysm.

Materials and Methods

Aneurysm Creation and Inflammation
Induction

All animal experiments were performed
in accordance with a protocol approved
by our institutional animal care and use
committee. Anesthesia was induced in 16
New Zealand white rabbits with intra-
muscular injection of ketamine (35 mg
per kilogram of body weight), xylazine (5
mg/kg), and glycopyrrolate (0.01 mg/kg)
and maintained with 1%-2% isoflurane at
endotracheal intubation. All rabbits re-
ceived 12-13 U of elastase (Sigma-Aldrich,
St Louis, Mo) to create an elastase-induced
saccular aneurysm at the root of the right
CCA, as described previously (20,21).
After a 21-day maturation and stabi-
lization period, aneurysm morphology
was assessed with three-dimensional re-
constructive x-ray angiography (Allura
FD20; Philips Healthcare, Best, the Neth-
erlands). Two authors (M.J.G., B.H,;
both of whom had 10 years of experience)
performed the angiographic procedures.
They used an endovascular approach to
advance a modified delivery tube through
the aneurysm wall (Fig 1) and intramu-

rally and perivascularly inject 200 pL of
5 wg/ml Escherichia coli lipopolysaccha-
ride (LPS) (Sigma-Aldrich) in saline to
induce inflammation (22). Control ani-
mals did not undergo any additional sur-
gical or endovascular procedures after
initial aneurysm creation. Two authors
(M.J.D., A.A.B.) prepared gold (approx-
imately 35 nm) nanoparticle colloids with
gold chloride (115 wg/mlL, Sigma-Aldrich)
colloidal nucleation in the presence of ci-
trate, as described previously (23). The
colloid was concentrated by centrifuga-
tion at 80 000g and injected into a subset
of two animals with either LPS or saline to
enable visualization of the injection site
with fluoroscopy.

In one animal, there was incomplete
balloon occlusion of the proximal right
CCA during aneurysm creation, which re-
sulted in elastase leakage into the circula-
tion. The animal was found dead 5 days
after the procedure. Necropsy revealed
gross hemorrhage of the lungs. This ani-
mal was not available for data collection.
Another animal was excluded from anal-
ysis after death secondary to anesthesia
overdose during postcontrast MR imag-
ing. In the final MR image analysis, a total
of 10 animals were included in the control
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(n = 35) and LPS (n = 3) groups. Four
additional animals that had aneurysms
with LPS-induced inflammation under-
went sequential MR imaging at multiple
time points with MPO-specific (n = 2)
and non-MPO-specific (n = 2) contrast
agents, as will be described in the next
section.

MPO-specific and Non-MPO-specific
Contrast Agents

An author (A.A.B., 18 years of experi-
ence) performed synthesis of MPO-
specific (di-5-hydroxytryptamide of gad-
opentetate dimeglumine) and non-MPO-
specific (di-tyrosine of gadopentetate
dimeglumine) MR contrast agents, as de-
scribed previously (24,25), with slight
modifications. Briefly, for the synthesis of
di-5-hydroxytryptamide of gadopentetate
dimeglumine, 5.6 mmol of diethylenetri-
aminepentaacetic acid bis anhydride
(Sigma-Aldrich) was reacted with 2.2
mol/L equivalents of serotonin (5-hy-
droxytryptamine) hydrochloride (Tokyo
Chemical Industry America, Portland,
Ore) in dimethylformamide in the pres-
ence of a 2.5 mol/L equivalent of triethyl-
amine under argon at 70° C with refluxing
for 6 hours. For synthesis of the non-
MPO-specific agent, tyramine was substi-
tuted for serotonin, and synthesis was
performed, as will be described later. Af-
ter cooling, 5% NaHCO, in water was

Figure 1

a.
Figure1:

added, the mixture was stirred, and sol-
vents were removed with a vacuum. To
obtain gadolinium salt, di-53-hydroxy-
tryptamide-diethylenetriaminepentaace-
tic acid was dissolved in a solution of 1.2
mol/L excess of gadolinium chloride in
1% sodium citrate adjusted with acetic
acid to have a pH of 6.5. After the solu-
tions had been stored for 48 hours at
room temperature, the solvents were re-
moved with a vacuum and underwent
precipitation twice with boiling methanol
and water (9:1 vol/vol) by using acetone.
The dried product was purified on car-
bon-18 high-performance liquid chromo-
tography column, lyophilized, and tested
by measuring longitudinal relaxivity be-
fore and after adding horseradish perox-
idase/H,0,, as described previously (24).
A 2.3-2.4-fold increase in relaxivity was
considered acceptable for further use in
animal experiments.

MR Imaging

Forty-eight hours after LPS injection, the
animals were anesthetized as described
previously and imaged with a 3-T whole-
body MR unit (Achieva; Philips Health-
care). Each rabbit was carefully posi-
tioned in the center of an eight-element
receive-only knee coil (SENSE; Philips
Healthcare). Radiofrequency transmis-
sion was performed with the built-in
quadrature body coil. Precontrast time-

b. [
Oblique (a) reconstructed three-dimensional x-ray angiogram, (b) digital subtraction angiogram, and (c) radiograph. In a, an elastase-induced aneurysm
(arrow) and the left CCA (arrowhead) are visible. In b, positioning of the LPS delivery tube (arrow) though the dome of the aneurysm is shown, and in ¢, gold nanopar-

ticles, which enabled us to confirm the perivascular injection of LPS (arrow) are visible.

of-flight MR angiography was performed
48 hours after LPS injection to assess an-
eurysm patency, primarily to rule out
thrombosis of the aneurysm. The first
pulse sequence used for analysis was a
3-minute 38-second T1-weighted three-
dimensional fast field-echo sequence
(repetition time msec/echo time msec,
17.9/2.3; 25° flip angle; 434.5 Hz/pixel
bandwidth; 120-mm field of view; 192 X
192 matrix; 0.63 X 0.63 X 2-mm reso-
lution; four signals acquired). A
2-minute 32-second three-dimensional
time-of-flight MR angiographic se-
quence was then performed (23/3.5,
20° flip angle, 217.2 Hz/pixel band-
width, 80-mm field of view, 448 X 115
matrix, 0.33 X 0.66 X 1.2-mm resolu-
tion, two signals acquired). Animals
were then injected with a sterile solu-
tion of 0.1 mmol/kg of di-53-hy-
droxytryptamide of gadopentetate
dimeglumine or di-tyrosine of gado-
pentetate dimeglumine in 15 mL of 5%
meglumine with a pH of 7. Imaging was
performed again 3 hours later with the
same imaging parameters. Time course
experiments were performed up to 330
minutes after contrast agent injection
with the same imaging parameters de-
scribed previously after administration
of either di-5-hydroxytryptamide of gad-
opentetate dimeglumine or di-tyrosine
of gadopentetate dimeglumine in ani-
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mals with aneurysms into which LPS
had been injected.

Immunohistochemistry

Immediately after MR imaging, animals
were killed with intravenous injection of
100 mg/kg of pentobarbital. Thereafter, the
aneurysm and left CCA were resected and
rinsed in saline. The dome of the aneurysm
was divided longitudinally: Half of the spec-
mmen was transferred to 4% paraformalde-
hyde, and the other half was snap frozen in
liquid nitrogen for subsequent measure-
ment of MPO activity. The left CCA speci-
men was treated in a similar fashion. After
overnight fixation, the tissues were embed-
ded in paraffin and cut into 5-pm-thick
slices. Heat-induced epitope retrieval was
performed (M.J.D.) for 20 minutes at 95°C
in a tris-ethylenediaminetetraacetic acid
(10 mg/L.and 1 mg/L, respectively) solution
with a pH of 9. Slides were blocked for 1
hour in 5% horse serum and then incu-
bated with either 1.5 pg/mL digoxigenin-
labeled mouse antihuman MPO antibody
(Roche, Indianapolis, Ind) or 5 pg/mlL
mouse antihuman MAC387 antibody (Ab-
cam, Cambridge, Mass) diluted in 5%
horse serum for 1 hour at room tempera-
ture. Both antibodies are known to cross-
react with rabbit antigens. At washing,
slides were incubated with 0.4 pU/mL an-
tidigoxigenin alkaline phosphatase (Roche)
diluted in 5% horse serum for 30 minutes.
Color was developed with nitro blue tetra-
zolium chloride/3-bromo-4-chloro-3-inlolyl
phosphate (Vector Labs, Burlingame, Calif)
chromagen incubation for 30 minutes at
RT. Slides were lightly counterstained with
either hematoxylin-eosin or nuclear fast red
(Vector Labs, Burlingame, Calif) then dehy-
drated, cleared in xylene, and mounted in
permanent mounting media (Permount;
Fisher Scientific, Pittsburgh, Pa). Negative
controls were performed in the absence of
a primary antibody.

MPO Activity Assay

MPO activity was measured (M.J.D.) in an-
eurysms and the left CCA of control ani-
mals and those that received LPS. Tissues
frozen in liquid nitrogen as described previ-
ously were stored at —80°C until analysis.
Briefly, tissues were weighed, thawed, and
homogenized in 10 volumes of 0.5% hexa-
decyltrimethylammonium buffer solution.

Homogenates were centrifuged at 13g for
20 minutes, and 50-pL. supernatant was
added to 1 ml of 50 mmol/L. potassium
phosphate buffer containing 100 mmol/L
guaiacol and 0.0017% hydrogen peroxide.
Initial rates of change in absorbance at 470
nm were measured against a standard
curve by using purified human MPO (Me-
ridian Life Sciences, Saco, Me). Results
were expressed in nanograms of MPO per
milligram of tissue after determination of
the amount of total protein in each sample.

MR Image and Statistical Analyses

Two authors (M.J.G., M.J.D.) performed
blinded analysis of the MR images with
ImageJ software (National Institutes of
Health, Bethesda, Md). For each image,
regions of interest were placed over the
aneurysm, left CCA, and pectoralis se-
cundus muscle in the same planes as both
vascular structures. Mean signal intensity
of the aneurysm (SI,), left CCA (Slgca),
and pectoralis secundus muscle (SIy;)
were measured for each region. From im-
ages acquired before and after contrast
agent administration, signal intensities
were measured and normalized by using
Sly; as the reference standard. Enhance-
ment ratio of the aneurysm (ER,) was
calculated with the following equation:
ER, = (SIAp()St/SII\/Ip()sr)/SIAI)L'P/SIMI)L'P) ,
where the designators “pre” and “post”
indicate before and after contrast agent
administration, respectively. For compar-
ison, enhancement ratio of the left CCA
(ER¢ca) was calculated with the following
equation: ER¢epy = (SI(:(:Apnsr/SIMposr)/
Sleeapre/Shupre) - Statistical analysis of
MR images and MPO activity was per-
formed with the Mann-Whitney test
(GraphPad InStat software, version 3.06;
GraphPad Software, San Diego, Calif).
P < .05 indicated a significant difference.

LPS Injection and Increased Intramural
MPO in Aneurysms

Hematoxylin-eosin staining of elastase-
induced aneurysms revealed the morphol-
ogy of control aneurysms and LPS-in-
jected aneurysms (Fig 2). Control an-
eurysms were negative for MPO while
LPS-injected aneurysms were strongly

positive for MPO. MPO expression was
primarily intramural, and in most histo-
logic slices, a progression of cellular infil-
tration from the luminal side to the ad-
ventitial side of the aneurysm wall could
be appreciated. At immunohistochemical
staining with the MAC387 antibody, we
verified that there were no inflammatory
cell infiltrates in control aneurysms, while
LPS-injected aneurysms had strong
MAC387-positive cellular infiltration
(neutrophils and macrophages) into an-
eurysm walls. Analysis performed in the
absence of a primary antibody did not
reveal any appreciable nonspecific stain-
ing. There was a difference in MPO activ-
ity as measured with MPO guaiacol oxi-
dation between LPS-injected aneurysms
and control aneurysms (20.3 ng of MPO
per milligram of tissue vs 0.12 ng of MPO
per milligram of tissue, respectively; P <
.002). There was also a difference in
MPO activity between the LPS-injected
aneurysms and left CCA vessels in both
control animals and LPS-injected animals
(0.38 ng of MPO per milligram of tissue vs
0.63 ng of MPO per milligram of tissue,
respectively) (Fig 2).

Sensitivity and Specificity for MPO in
Inflamed Aneurysms

The kinetics of enhancement of the aneu-
rysm and left CCA with both di-5-hy-
droxytryptamide of gadopentetate dime-
glumine and di-tyrosine of gadopentetate
dimeglumine are shown in Figure 3. The
enhancement ratio of the inflamed aneu-
rysm in the animal that received di-5-
hydroxytryptamide of gadopentetate
dimeglumine remained elevated through-
out the entire time course of this study
when compared with that of the left CCA
in the same animal. Both the inflamed
aneurysm and the left CCA in the animal
that received di-tyrosine of gadopentetate
dimeglumine had similar enhancement
ratios measured at each point of the time
course. These data provide the rationale
for choosing the time point of 3 hours
after contrast agent administration for fi-
nal enhancement ratio analysis.

MPO-specific Contrast Agent Targets MPO
in Inflamed Aneurysms

Postcontrast T1-weighted fast field-echo
MR images demonstrated a difference be-
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tween the enhancement ratio of the aneu-
rysm in animals injected with LPS and that
in control animals (Fig 4) (1.55 = 0.05 vs
1.16 = 0.10, respectively; P < .02). There
was no significant difference between the
enhancement ratio of the CCA in animals
mmjected with LPS and that in control ani-
mals (1.66 = 0.47 vs 1.63 £ 0.43, respec-
tively). In the control group, there was no
difference between enhancement ratio of
the aneurysm and enhancement ratio of the
CCA; however, in the animals injected with
LPS, there was a significant difference be-
tween enhancement ratio of the aneurysm

Figure 2

and enhancement ratio of the CCA (P <
.02) (Fig 4).

In this article, we have described an ani-
mal model of saccular aneurysm inflam-
mation that can be depicted with clinical-
field-strength MR imaging and use of the
enzyme-sensitive MR contrast agent di-5-
hydroxytryptamide of gadopentetate dime-
glumine, which is a paramagnetic myelo-
peroxidase substrate that enhances MR sig-
nal in an enzyme-specific manner (235). The

MR signal enhancement effect is based on
increased longitudinal relaxivity of the
products of MPO-mediated substrate oxi-
dation (25). As described before (24), the
use of low-molecular-weight gadopentetate
dimeglumine-based MR contrast agents is
relevant because they have been approved
by the Food and Drug Administration, and
their bismonomethylamide derivatives are
nontoxic. Furthermore, we administered a
contrast agent dose of 0.1 mmol/kg, which
was consistent with clinical gadopentetate
dimeglumine doses in humans (26). There-
fore, MR imaging of inflammation in the

F’ﬁg‘ﬂ? Figure 2:  (a—f) Examples of histologic findings. (Original magnification, 10.) Hematoxylin-eosin—
40 = stained (@) control aneurysm and (b) LPS-injected aneurysm. Anti—-MPO-antibody staining is (c) absent in
control aneurysms and (d) strongly positive in LPS-injected aneurysms. MAC387 staining was (e) absentin
% 30 control aneurysms and (f) strongly positive in LPS-injected aneurysms. (g) Bar graph shows significantly ()
= increased MPO activity in the LPS-injected aneurysms compared with control aneurysms and left CCAs (P<<
g .002). Bars represent 0.1 mm.
E 204
o
o
3
2 10+
0 L] L]
Control LPS Control LPS
Aneurysm Left CCA
g.
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aneurysm wall with di-5-hydroxytrypt-

amide of gadopentetate dimeglumine has

the potential to translate into clinical use.
MR imaging is an attractive modality

because of its nonionizing properties and
high spatial resolution with excellent soft-
tissue contrast. The development of con-
trast agents for use in molecular imaging

41— di-5-HT-GADTPA
—— di-Tyr-GdDTPA

3
o [+
w w
1% T T T 1% T T T
0 100 200 300 0 100 200 300
Time (min) Time (min)
a. b.

Figure 3:  Graphs show kinetics of enhancement of (a) a representative LPS-injected aneurysmand (b) the
left CCA. The enhancementratio (ER) of di-5-hydroxytryptamide of gadopentetate dimeglumine (di-5-HT-
GADTPA)is compared with that of di-tyrosine of gadopentetate dimeglumine (dii-Tyr-GdDTPA).

Figure 4

1.6 1

e.

p<0.02
3k
Control LPS Control LPS
Aneurysm Left CCA

Figure 4:
(a, b) control aneurysm (arrow) and (c, d) LPS-injected aneurysm
(arrow) obtained before (a, ¢) and after (b, d) contrast agent injection.
a=aorta. There is no difference in enhancement after intraarterial
injection of an MPQ-specific contrast agent into the control aneu-
rysm; however, there is significant enhancement in the LPS-injected
aneurysm. (e) Bar graph shows LPS-injected aneurysms have a
significantly (=) different enhancement ratio (ER) compared with
control aneurysms and left CCAs (P <.02).

has the potential to increase the specific-
ity of MR imaging techniques. Relatively
recently, enzyme-mediated aggregation
of gadolinium-serotonin chelates has
been described both in vitro (27) and
in vivo (28,29). The mechanism of action
of di-5-hydroxytryptamide of gado-
pentetate dimeglumine involves enzyme-
mediated structural changes that lead to
accumulation (oligomerization) and re-
tention (covalent bond formation with
amino acids) at the site of MPO activity
(eg, as a result of covalent bond formation
with tyrosine residues of local proteins)
(25). Previous study results have shown
that MPO is highly selective for di-5-
hydroxytryptamide of gadopentetate
dimeglumine, leading to an increase in
relaxation rate (25). As mentioned previ-
ously, we measured longitudinal relaxivity
of di-5-hydroxytryptamide of gado-

(a—d) Coronal T1-weighted MR images of the
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pentetate dimeglumine prior to its injec-
tion into animals and observed corre-
sponding increases in relaxivity in the
presence of MPO and hydrogen peroxide.
Use of di-5-hydroxytryptamide of gado-
pentetate dimeglumine has resulted in
strong MR enhancement in basement
membrane matrix gel implants and in-
flamed tissues in mice (28). Furthermore,
use of the same contrast agent in rabbits
has led to the visualization of MPO in
atherosclerotic plaques (30).

While transgenic mice (MPO /")
have been used to reveal the specificity of
di-5-hydroxytryptamide of gadopentetate
dimeglumine for MPO in a model of myo-
cardial ischemia and infarction (29),
MPO-deficient rabbits are not avail-
able. Our results showed that di-5-
hydroxytryptamide of gadopentetate
dimeglumine is specific for MPO in our
rabbit elastase model of aneurysm inflam-
mation. We compared the observed en-
hancement ratio with that of di-tyrosine
of gadopentetate dimeglumine, which is a
contrast agent that is structurally similar
to di-3-hydroxytryptamide of gado-
pentetate dimeglumine and has been
demonstrated in vitro to be activated by
peroxidases but not by MPO (24). Thus,
it is unlikely that the site-specific T1-
shortening effect seen in this study was
caused by the nonspecific uptake of the
contrast agent by inflammatory cells,
since this is not the case in this or other
animal models.

Our study had certain limitations.
Procedural catheter manipulation and ad-
vancement of the modified tube through
the aneurysm wall could have caused an
imtramural inflammatory response; this
will be characterized in future studies.
Furthermore, a fixed single concentration
of LPS was used to induce inflammation.
The amount and concentration of LPS
could have influenced the magnitude and
time course of inflammation induction.
While inflammation is associated with IA
progression and rupture in humans, the
molecular environment in the aneurysm
wall in the months, days, and hours prior
to rupture is unknown (11,12,14). Only
recently have the results of studies of A
pathogenesis in rats shown that inflam-
mation plays a central role in IA progres-
sion (10,31). Macrophage infiltration and

extracellular matrix degradation likely
lead to defects in the vessel wall at the site
of endothelial damage secondary to he-
modynamic stress (10).

While it has been shown that the
number of chronic intramural inflamma-
tory changes are substantially increased
in unruptured IAs compared with that in
normal cerebral vessels (32), Frosen et al
(14) went a step further to implicate
acute intramural inflammatory cell infil-
trates in ruptured IAs versus unruptured
[As. The results of a more recent study
showed that nuclear factor-k B, a family
of transcription factors that regulates
gene transcription in response to inflam-
matory mediators, is a key regulator of IA
formation (31). Because of these findings,
we chose to image MPO-mediated acute
inflammation in experimentally-induced
aneurysms rather than analyze a longer
more chronic condition. As an area of
future study, MPO imaging in aneurysms
can be performed over a longer period of
time after induction of inflammation with
correlative in vitro MPO studies. Alter-
natively, a method with which to in-
duce chronic inflammation can be as-
sessed with MPO imaging. A previous
study in which the authors used di-53-
hydroxytryptamide of gadopentetate
dimeglumine to image myocardial in-
farction showed that peak enhance-
ment after left coronary artery ligation
occurred 2 days after ligation and was 6.1
times higher at this time point than on day
8 (29).

To our knowledge, no studies have
been performed to analyze MPO activity
in ruptured versus unruptured aneu-
rysms. To address this deficiency in the
literature and further investigate the role
of inflammation in aneurysm rupture, in
our future research, we will examine re-
sected human aneurysm tissue after mi-
crosurgical clip placement for MPO activ-
ity, with the goal being to correlate our
animal model with clinical data.

The elastase model of aneurysm cre-
ation in the New Zealand white rabbit is
well characterized and used for a variety
of investigational purposes, including flow
dynamics (33) and medical device testing
(34). Aneurysms created with this
method are similar to human [As in size
(35), wall thickness, and disruption of the

internal elastic lamina (36). However,
they are relatively devoid of intramural
inflammation (36), providing the ratio-
nale for experimental inflammation in-
duction. Other animal models of IA mod-
els exist, such as the rat model of renal
hypertension and unilateral CCA ligation
(37). However, IAs in these rats take any-
where from 1-3 months to form, the
stage of IA formation varies widely among
parallel animals, and IA formation rates
may be as low as 10% (10). Inflammatory
changes are present in these IAs (10,13)
but are inconsistent. The rabbit model of
aneurysm inflammation described in this
article is technically feasible with success-
ful induction of acute intramural inflam-
mation with LPS. Endovascular delivery
of proinflammatory agents, such as LPS,
can be achieved with fluoroscopic guid-
ance. Histologic and MPO-activity analy-
ses enabled us to confirm that MPO was
not present in the left CCA in the LPS-
injected animals; this structure is in close
proximity to the aneurysm. This was why
we compared enhancement of the left
CCA with that of the aneurysm at MR
image analysis. Variability in MPO activ-
ity is accounted for by variable distribu-
tion of LPS in and around the aneurysm
wall and variability in the host immune
response to LPS. We believe that these
principles combine with the predictable
size and location (38) of elastase-induced
aneurysms to serve as a reliable model
with which to study aneurysm inflamma-
tion.

Practical applications: The use of
MR contrast agents in molecular imaging
has the potential to enhance our ability to
diagnose a broad spectrum of diseases.
As we advance our understanding of the
pathogenesis of [A formation and pro-
gression, a noninvasive diagnostic test
with which to depict active inflammation
in aneurysms could serve as a valuable
tool with which to identify patients at risk
of IA rupture.
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