stratification through imaging

Vascular diseases including stroke, myocardial infarction, cerebral aneurysm and aortic aneurysm are among
the most widespread causes of death and disability globally. As these conditions are generally asymptomatic
before unexpectedly presenting with cardiovascular or cerebrovascular events, it is challenging to identify
which individuals can benefit from further intervention such as surgical intervention, aggressive medical
management or close clinical surveillance. Noninvasive imaging has been proposed as the solution to this
problem by individualizing risk assessment. MRI is a powerful tool that can identify atheromatous plaque
constituents and can enhance risk prediction beyond vessel measurements such as degree of stenosis, the
traditional marker of disease severity. Iron oxide nanoparticle contrast media have the potential to contribute
additional information regarding vascular risk by demonstrating regions of inflammation. This review explores
the capability of ultrasmall superparamagnetic iron oxide-enhanced MRI to improve the risk assessment of
vascular events in the setting of carotid atherosclerosis, cerebral aneurysm and abdominal aortic aneurysm.
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Cardiovascular and cerebrovascular diseases
constitute some of the most frequent causes of
death and disability in the developed world. The
ability to predict the risk of vascular diseases
with the intent of preventing morbidity and mor-
tality events is of ultimate importance to both
developed and developing nations Traditional
risk assessment of stroke mortality has relied on
modifiable risk factors and laboratory values in
order to ascertain the predicted mortality rate for
an individual patient. The greatest challenge to
reducing the burden of vascular disease is tar-
geting the appropriate populations in which to
intervene, particularly as atherosclerosis is ubiq-
uitous and mostly asymptomatic. To exemplify
this difficulty, nearly a tenth of elderly indi-
viduals have severe asymptomatic carotid ste-
nosis — identifying who out of this substantial
percentage of the population requires surgical
intervention, aggressive medical management
or advanced imaging surveillance is a Sisyphean
task. Carotid stenosis alone is an inadequate
predictor of the risk of future cerebrovascular
rates with a nonlinear association between ste-
nosis and stroke rate [1]. A similar conclusion
is drawn regarding the importance of factors
aside from stenosis in the coronary atheroscle-
rosis literature as well [2]. Equally challenging is
predicting which abdominal aortic aneurysms
(AAAs) merit surgical repair and which cerebral
aneurysms will go on to rupture.
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In coronary atherosclerosis, plaque inflamma-
tion indicated by macrophage presence has been
identified more frequently in those with acute
angina and associated with greater risk of plaque
rupture, an occurrence that has also been applied
to carotid atherosclerosis [3.4]. As inflammation
is a fundamental process of atherosclerosis pro-
gression and precipitates plaque rupture, many
have attempted to utilize inflammatory bio-
markers such as C-reactive protein for enhanc-
ing vascular risk prediction [4-¢]. Clinicians can
employ novel imaging approaches to identify
inflammation in new ways that were not previ-
ously possible by using a variety of modalities
[7]. Measuring plaque-specific inflammation in
conjunction with direct visualization with ves-
sel wall imaging may offer additional insight
beyond that of measurements of plaque size and
degree of stenosis alone. Preliminary work using
fluorodeoxyglucose—PET/computed tomogra-
phy (CT) imaging to assess plaque inflammation
has already highlighted the importance of plaque
inflammation in carotid atherosclerosis, and has
even been used as an indicator of stroke recur-
rence risk independent of degree of stenosis [8.9].
There are, however, some limitations that argue
against the use of fluorodeoxyglucose—PET/CT
imaging in evaluating atherosclerotic disease,
including the burden of radiation exposure to
a large patient population and the superiority
of MRI in characterizing plaque components.
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For this reason, much effort is being dedicated
to supplementing the plaque characterization
capabilities of high-resolution vessel wall MRI
with the addition of contrast media that add the
ability to detect inflammation in atherosclerosis.
Two approaches have been used in an attempt
to assess macrophage accumulation in ather-
omatous plaque: traditional gadolinium con-
trast media with calculation of contrast uptake
in dynamic contrast-enhanced MRI (discussed
elsewhere [10-12]); and nanoparticle-based con-
trast media using iron oxides, which is the topic
of this review.

There are many promising targets for imag-
ing atherosclerosis that have been reviewed else-
where [13], including inflammation imaging in
particular (7], while this review focuses on how
superparamagnetic iron oxide-enhanced MRI
could serve as contrast media for improving
the vascular risk assessment of atherosclerosis

been proposed for (although not approved) the
purposes of MR angiography, blood pool agents,
liver imaging, lymph node imaging and athero-
sclerosis imaging. Investigators currently utilize
these ultrasmall superparamagnetic iron oxide
(USPIO) media on an ‘off-label’ basis. In this
review, we hone the discussion on the ability
of these nanoparticles to image inflammation.

B Pharmacology

Superparamagnetic iron oxides consist of nano-
particles of magnetite (F,O,) or maghemite
(F,0,) and may be coated with various surface
coatings, generally dextrans in their biomedical
applications (Taee 1). The fundamental mag-
netic property of these particles is their lack of
magnetic activity without an external magnetic
field (e.g., field applied in an MRI scanner) [14].
There are three broad categories of iron oxides
based on size:

in multiple vessels and clinical settings ranging
from carotid atherosclerosis and stroke to AAAs
and risk of rupture.

USPIO, less than 50 nm in diameter;

Superparamagnetic iron oxide, greater than
50 nm;

Iron oxide contrast media
Iron oxide nanoparticles are presently the only

Micron-size iron oxide, around 1000 nm [14].

clinically approved metal oxide nanoparti- USPIO media were initially entertained as

cles and exist in several different preparations blood pool media for use in MR angiography
(tase 1). These contrast media, some of which  because of their T, shortening effect, although

serve as methods of iron supplementation, have it was found that longer echo time would lead

Contrast Names Developer/status Size Blood Relaxivity' Details Indication(s)
media (d, half-life
nm) (h)
Ferumoxytol Feraheme, AMAG 17-31 14 r,=15 Iron oxide core and a Iron deficiency anemia
Rienso Pharmaceuticals/ r,=89 carboxydextran coating in adult patients with
available, off-label chronic kidney disease
Ferumoxtran-10  Sinerem®, Guerbet, Advanced 17-21 24-30 r, =10 Dextran-coated iron oxide Detection of metastatic
Combidex® Magnetics/ r,=65 nanoparticles lymph nodes
withdrawn (withdrawn)
P904 - Guerbet/Phase | 21 - r,=14 Hydrophilic coating by a  In development
r,=92 monomeric molecule with
20 hydroxylic groups
P1133 - Guerbet/preclinical 26 - =12 Amino PEG derivative of  Preclinical
r,=95 folic acid coupled onto the
carboxylate bearing iron
core
Feruglose Clariscan® Amersham Health/ 11-20 2 r,=20 Pegylated starch coating  Perfusion MRA
discontinued r,=35 (withdrawn)
Ferucarbotran ~ Supravist®, Bayer Schering 62 - r,=25 Iron oxide core and a Liver lesion detection
Resovist®, Pharmaceuticals/ r,=151 carboxydextran coating contrast agent (Japan
Cliavist™, SHU only marketed in only)
555A Japan
Ferumoxides Feridex®, AMAG, Guerbet/  80- - r,=40 Dextran-coated iron oxide Liver lesion detection
Endorem®, manufacturing 150 r,=160 nanoparticles (discontinued)
AMI-25 discontinued,
withdrawn
VSOP Very small iron Ferropharm/Phase Il 8 1 r,=30 Citrate coating MRA, in development
oxide particle r,=39
"Measurements reported for values in water at ~1.5 T and ~37°C, where available.
MRA: MR angiography.
554 Imaging Med. (2013) 5(6) future science group
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to signal loss because of the T, shortening effect.
The primary event that is ascertained in clini-
cal imaging with iron oxides for inflammation
imaging is the T, shortening effect, which gener-
ates a signal reduction on T - and T, *-weighted
sequences [15].

B Imaging techniques

When using iron oxides for vessel wall imag-
ing, time is needed for contrast to accumulate
within plaque (the length of time required for
iron oxide contrast media to enter the vessel wall
varies depending on the formulation used), and
traditionally, two imaging sessions are required
with a delay of 36—48 h from initial imaging and
injection of contrast media to repeat scanning.
Optimal imaging parameters for visualizing
USPIO uptake entail the use of a T, *-weighted
gradient echo sequence with long repetition time
(TR) and low flip angle to avoid the T, effects
of USPIO [16]. To quantify signal loss related to
iron oxide uptake, most studies have relied on
manual coregistration of pre- and postcontrast
images and comparison of signal differences
with the change in signal in the adjacent skeletal
muscle as a control (Ficure 1), sometimes dividing
the vessel wall into quadrants for calculations.
More recently, quantitative methods have been
constructed to precisely measure qT',* — a direct
quantitative indicator of contrast uptake on the
T,* signal change 17].

Although clinical imaging with iron oxides
relies on negative contrast enhancement based
on magnetic susceptibility effects, there have
been advances in preclinical imaging strategies
that generate positive contrast enhancement
(18-20]. Application of these methods to clinical
imaging in the future may make these contrast
media more palatable to the general clinical radi-
ologist more accustomed to enhancement seen
with traditional gadolinium agents.

B Ability to detect inflammation

in vivo

USPIOs have a slow uptake that necessitates a
long blood half-life in order to ensure accept-
able accumulation of contrast media within the
vessel wall. Although not initially designed for
vessel wall imaging, a retrospective examination
of early clinical evidence using ferumoxtran-10
found uptake indicated by signal loss within the
arteries of a small number of patients imaged
for bladder and prostate cancer, suggesting a
role for USPIOs in vascular imaging [21]. The
mechanism by which iron oxides accumulate
within inflamed plaque is not precisely defined
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but may occur via the vasa vasorum within the
artery adventitia or directly from the lumen.
Histological studies demonstrate the accumu-
lation of iron oxide contrast media within mac-
rophages and magnitude of T, signal reduction.
These iron oxides appear to be phagocytosed
and accumulate in lysosomes within these
inflammatory cells (Ficure 2) [22]. Thus, there is
substantial histological and imaging evidence to
support the hypothesis that USPIO uptake coin-
cides with macrophage presence and, thereby,
inflammation.

m Safety

Some authors have expressed concerns regarding
the safety of iron oxide contrast media, largely
on the basis of in vitro evidence arguing for cyto-
toxicity resulting from impaired mitochondrial
function, generation of reactive oxygen species
and leakage of lactate dehydrogenase [23]. The
coatings applied in biomedical formulations may
mitigate these effects, although there is some
doubt as to whether these coatings are lost in
vivo sometimes [23]. On the contrary, experi-
ments of ferumoxtran-10 in human monocyte
macrophages failed to demonstrate any signifi-
cant cellular toxicity even at high concentrations
and did not impair phagocytosis activities [24].
Similarly, another group looked at intracer-
ebral delivery of various iron oxides in rats and
observed no pathological changes in neurons or
myelin [25].

Clinical studies of iron oxides such as feru-
moxtran-10 (an USPIO) in large Phase I and
Phase II studies have not validated these con-
cerns, with very little side effects reported, most
of which were benign in nature (urticaria, nau-
sea and gastrointestinal upset) [26]. In juxtaposi-
tion to gadolinium MRI contrast media, there
appears to be no limitations in using iron oxides
in those with impaired renal function [26]. For
this reason, some propose using agents such as
ferumoxytol as an alternative MR angiographic
contrast agent in those at risk for nephrogenic
systemic fibrosis because of excellent safety data
from its use for iron supplementation in chronic
kidney disease patients [27]. Although evidence
supporting the safety of routine use of iron
oxides is reassuring, a concern persists regarding
the potential for iron overload and carcinogen-
esis from the mutagenic effects of iron oxides in
animal studies [23,28]. In this iron overload sce-
nario, the Fenton reaction between ferrous ions
and hydrogen peroxide within mitochondria
leads to the generation of potentially destruc-
tive reactive hydroxyl radicals. With typical iron
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Calculation of USPIO signal change by carotid artery wall quadrant
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(unenhanced)
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Quadrant signal UsFio)
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Figure 1. Measurement of ultrasmall superparamagnetic iron oxide uptake
by the quadrant method. Using these defined regions of interest with the carotid
artery wall, the mean signal changes between pre- and post-USPIO infusion are
calculated for each quadrant following signal normalization to that of the adjacent

sternocleidomastoid muscle.

SCM: Sternocleidomastoid muscle; USPIO: Ultrasmall superparamagnetic iron oxide.
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doses of approximately 200 mg and normal iron
requirements at approximately one-sixth of this
amount, the possibility of iron overload is imagi-
nable from a theoretical standpoint [29]. These
concerns rooted in preclinical pharmacological
research certainly merit further investigation to
assess the long-term safety profile of these con-
trast media, although current clinical evidence
remains positive nonetheless.

Carotid atherosclerosis & stroke
Carotid atherosclerosis contributes substan-
tially to the burden of cerebrovascular disease
and also appears intertwined with cardiovas-
cular risk [30]. Several imaging modalities are
capable of visualizing atherosclerotic lesions of
the carotid arteries. Traditionally, the need for
carotid endarterectomy is determined based on
luminal narrowing on angiography or Doppler
ultrasound [31]. MRI affords the ability to
understand culprit plaque beyond its occlusive
effect [32]. Although the clinical necessity of
carotid endarterectomy is established in patients
with symptomatic carotid stenosis greater than
70%, the ideal treatment of asymptomatic and
moderate symptomatic carotid stenosis remains
both ambiguous and contentious [33]. The goal
of imaging advances is to identify findings cor-
related with increased clinical risk and better
inform clinical management.

All carotid plaque is not created equally
(Fieure 3), and an analysis of plaque composition
has revealed high-risk targets for imaging from the

Imaging Med. (2013) 5(6)

pathophysiologic steps of atherosclerosis progres-
sion. Atherosclerosis is an inflammatory disease,
and resultantly, much of the mechanisms of ath-
erosclerosis may be explained through inflamma-
tory cellular pathways [34]. The conceptualization
of atherosclerosis as an inflammatory phenom-
enon stems from the response to injury theory
that posits that proinflammatory mechanisms
act as a reaction to chronic injury or stress to the
arterial wall [35]. A concatenation of macrophage
recruitment and proliferation of smooth muscle
cells is responsible for the gradual enlargement
of the atheromatous plaque and also contributes
to necrosis within atheromas. Metalloproteinases
elaborated from inflammatory macrophages are
associated with degradation of the protective
fibrous cap, which can rupture with the applica-
tion of biomechanical stress. Occurring in a simi-
lar manner, the disruption of the endothelium of
microvessels present within the plaque as a result
of neovascularization stimulated by inflamma-
tory cytokines results in plaque hemorrhage. Both
these events can lead to the generation of emboli
and thrombosis responsible for clinical manifes-
tations of carotid atherosclerosis such as stroke,
transient ischemic attack or retinal occlusion.
Over the past two decades, much investment
into noninvasively imaging carotid atherosclero-
sis has generated a variety of viable approaches,
each with its own particular fortes and foibles,
which are explained at length elsewhere [36].
Multisequence high-resolution vessel wall imag-
ing of the carotid artery provides a noninvasive
means of going beyond the degree of stenosis
to characterize plaque properties on an indi-
vidual basis that has been well validated from
histological data with quantifiable differences in
MRI relaxation times of plaque constituents [37].
More importantly to the clinician, MRI-based
morphological imaging of vulnerable carotid
plaque composition demonstrates increased risk
associations for larger proportions of lipid-rich
core, thinner fibrous cap, presence of intraplaque
hemorrhage, neovascularity and inflammation
(Ficure 3) [38-42]. A growing corpus of evidence
argues that plaque inflammation plays a pivotal
role in the progression of carotid atherosclero-
sis, and now there are promising approaches to
imaging this inflammation backed by many
preclinical imaging studies using iron oxide
contrast media in atherosclerosis models [16,43].

W Early clinical USPIO imaging in
carotid disease

After several studies uncovered the accumulation
of ferumoxtran-10 within macrophages in carotid

future science group
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Figure 2. Uptake of ultrasmall superparamagnetic iron oxide within carotid plaque within
macrophages. Precontrast (A) and postcontrast ([B] 12 h, [C] 24 h and [D] 36 h) MRI of a severely
stenotic symptomatic carotid artery plaque, showing focal areas of signal loss after administration of
USPIO. Corresponding histological specimen (E) showing colocalization of macrophages to the
fibrous cap region. Transmission electron microscopy photograph (F) of USPIOs internalized within a

macrophage (arrows).
USPIO: Ultrasmall superparamagnetic iron oxide.
Reproduced with permission from [22].

plaque examined following endarterectomy, inter-
est increased in using these media to noninva-
sively image inflamed carotid plaque [44]. An early
carotid USPIO study demonstrated a significantly
greater number and magnitude of quadrants with
signal loss in symptomatic carotid artery plaque
as compared with the contralateral asymptomatic
side in patients with recent stroke [45]. As athero-
sclerosis and inflammation are systemic processes,
itis not unlikely that inflammation can be present
bilaterally. However, further work verified that
symptomatic carotid disease demonstrated more
quadrants with signal loss than asymptomatic
carotid disease [46], and there appears to be lit-
tle association of degree of uptake with luminal
stenosis [47]. Ferumoxtran-10 has been used with
a dramatic effect in the Atorvastatin Therapy:
Effects on Reduction of Macrophage Activity
(ATHEROMA) study [48). Those randomized
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to high-dose statin therapy had a demonstrable
reduction in USPIO uptake, whereas traditional
imaging and measurements demonstrated no
changes at this early stage [48]. Thus, inflamma-
tion imaging with iron oxide particles can detect a
treatment effect from anti-inflammatory therapy,
whereas other methods cannot.

B Vascular risk association with carotid
USPIO uptake

Initial work by researchers at the University of
Cambridge suggested a role for USPIO uptake to
improve stroke risk assessment. Moreover, there
are potential connections between carotid dis-
ease and vascular risk in general. In 10 patients
awaiting coronary artery bypass graft for coro-
nary atherosclerosis, a significantly greater mean
signal decrease was found within carotid plaque
as compared with controls without coronary
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Figure 3. Atherosclerotic plaque properties. Vulnerable plaque (right) has an increased risk of
rupture and symptomatic status with: larger proportions of lipid-rich core; thinner, inflamed fibrous
cap; presence of juxtaluminal intraplague hemorrhage; and neovascularity.

artery disease [49]. This suggests that USPIO
detects inflammatory changes within carotid
plaque associated with systemic atherosclerotic
activity, and USPIO-detected inflammation
may be more predictive than the degree of ste-
nosis in overall vascular disease burden and risk.

More recently, a long-term follow-up study to
assess and report on the ability of initial USPIO-
enhanced MRI to predict subsequent cerebrovas-
cular and cardiovascular events was conducted
by pooling patients from ATHEROMA and
earlier ferumoxtran-10 trials performed at the
University of Cambridge (50]. This study inves-
tigated the association between magnitude of
USPIO-induced signal intensity loss within
carotid plaque and morbidity and mortality in a
largely asymptomatic population. The main find-
ing in this study was an association, approaching
significance (p = 0.07), between USPIO-defined
plaque inflammation and developing subsequent
vascular events at 1 year (Fiure 4). Several key
limitations may explain why this study failed to
identify a significant association — there were only
62 individuals and the study cohort was largely
an asymptomatic population (n = 39) with a

Imaging Med. (2013) 5(6)

relatively low baseline risk of subsequent vascular
events. Although inadequately powered to make a
definitive conclusion about the utility of USPIO
for the detection of carotid plaque inflammation,
this study provides inspiration for the use of iron
oxide contrast media to improve risk stratification
for vascular disease.

Abdominal aortic aneurysm &
rupture

Appropriate assessment selection of patients for
prophylactic AAA repair is essential as both
open and endovascular approaches carry inher-
ent risks. Current evidence shows that aneurysm
size and rate of growth are strong predictors of
rupture, and as such, decisions to perform repair
of AAAs are based on these two factors [51].
Despite current recommendations, it is known
that small aneurysms can rupture, although at
a lower rate than large aneurysms, and which
asymptomatic AAAs require closer surveillance
is unclear with varying rates of rupture even
within large aneurysms [52-54]. In order to more
appropriately select patients for repair of AAAs,
additional selection criteria are needed.

future science group
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It is known that aneurysm rupture is associ-
ated with extensive inflammation of the arterial
wall [55]. Because of their capability of secreting
matrix metalloproteinases, macrophages play a
central role in the formation, progression and
rupture of AAAs just as in fibrous cap rupture
of carotid plaque. Detection of macrophages
through noninvasive means can assist in the
identification of aneurysms at risk of rupture.
As a contrast agent specific to macrophages,
iron oxide contrast-enhanced MRI may hold
potential to assist in the selection of patients for
prophylactic AAA repair.

B Preclinical USPIO imaging in AAAs

Although previous preclinical studies have
demonstrated the use of MRI with USPIOs in
delineating inflammatory changes accompany-
ing atherosclerosis in aortic walls, Turner and
collegaues reported the feasibility of using an
USPIO contrast agent as a surrogate for detect-
ing the acute inflammatory process involved
in the development of AAAs [43,56]. In their
study, the formation of AAAs was induced in
hyperlipidemic apoE~"~ mice through the con-
tinuous infusion of angiotensin-II. The inves-
tigators found reduced signal intensity in the
post-USPIO images of the AAA. Areas of signal
intensity loss corresponded with macrophage
infiltration on histological staining, validating
the theoretical utility of MRI with the USPIO
contrast agent in the detection of the basic

molecular process underlying the development
of AAAs.

B Clinical imaging of AAAs with USPIO
The use of USPIO in the evaluation of AAAs
was first documented by Howarth and col-
leagues, who reported on the simultaneous
USPIO uptake within both the carotid artery
and abdominal aorta in an elderly individual
with both carotid stenosis and AAA [44]. This
case report demonstrated the potential utility
of USPIO in the detection of acute inflamma-
tion associated with the development of AAAs.
Further research compared the uptake of USPIO
in six patients with AAAs and five patients with
iliac artery aneurysms with age-matched con-
trols [57]. Uptake was measured through a semi-
quantitative means of a quadrant-based method
similar to that in carotid imaging; high levels of
USPIO uptake occurred in the walls of AAAs
with limited-to-absent uptake in the walls of
normal-sized aortas of those patients with iliac
aneurysms [57]. A more recent study analyzed
the uptake of USPIO in 14 patients with known
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infrarenal AAAs through the use of quantitative
methods by calculating the difference in pre-
and postcontrast administrations, T, and T,*
relaxation times (Ficure 5) [58]. The study dem-
onstrated a statistically significant reduction in
T, relaxation times and post-USPIO-infusion
correlation between T, and T,* values, indicat-
ing USPIO uptake within the aortic wall.

B Vascular risk assessment of AAA
rupture with USPIO

Despite evidence suggesting the utility of USPIO
uptake as a noninvasive means of assessing acute
inflammation in the aortic walls of AAAs, lit-
tle is known regarding the clinical utility and
predictive value of MRI with USPIO contrast
agents. To our knowledge, there is only one
published study that has sought to evaluate the
predictive value of USPIO uptake for aneurysm
growth. Richards and colleagues showed that
uptake of USPIO in AAAs not only identifies
cellular inflammation, but also distinguishes the
patients with more rapidly progressive abdomi-
nal aneurysm expansion [59]. In their study, 29
patients with AAAs were classified into one of
three groups based on USPIO uptake in the
aneurysm wall: those with no uptake, those with
nonspecific uptake and those with focal uptake.
Serial measurements were made 6 months apart
using ultrasound to monitor the growth of AAA.
Patients with distinct focal areas of increased
USPIO uptake in the aneurysm wall were found
to have aneurysm growth rates threefold higher
than those patients with either diffuse or no
uptake of USPIO. Furthermore, growth rates in
this group of patients were found to be approxi-
mately 0.26 cm per year, which is clinically
significant in that growth rates of greater than
0.2 c¢m per year are associated with increased
AAA-related events [59.60]. The potential to use
MRI with USPIO contrast agents as a predic-
tive tool for the growth and rupture of AAAs is
significant; however, further research is needed
before such methods can be readily adopted in
the clinical setting.

Other vascular applications

W Cerebral aneurysms

In light of the research performed in both
carotid plaque and atherosclerotic abdominal
aneurysms, intracranial vascular imaging is a
logical next frontier for iron oxide-enhanced
inflammation imaging. As elsewhere in the vas-
cular system, cerebral aneurysm rupture appears
to be propagated by the enzymatic and cytokine
activity of macrophages, and direct imaging of
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Figure 4. Kaplan—-Meier curve of vascular event-free survival based on
ultrasmall superparamagnetic iron oxide uptake. Survival curves showing
subsequent cerebrovascular and cardiovascular morbidity and mortality events.
USPIO uptake is defined based on the difference in the relative signal intensity
change between plaque and sternocleidomastoid muscle before and after USPIO
infusion. Patients were stratified into the following two groups: USPIO+ is defined
as median USPIO uptake or more; USPIO- is defined as lower than median USPIO

uptake.

USPIO: Ultrasmall superparamagnetic iron oxide.
Reproduced with permission from [50].

560

intracranial atherosclerosis is now possible with
MRI, although nascent [61]. Hasan and col-
leagues applied USPIO imaging using ferumox-
ytol (the only currently available USPIO agent)
to a small group of patients with intracranial
aneurysms (mostly middle cerebral artery), with
subsequent postsurgical tissue analysis for most
of the lesions [62]. The majority of aneurysms
demonstrated USPIO uptake with a higher
dose, longer delay ferumoxytol protocol [62].
More importantly, uptake was consistent with
colocalization of inflammatory and iron markers
on histology, thereby validating USPIO uptake
within intracerebral aneurysm walls. Alcthough
there were some suggestions in this small
(n = 11) study of more symptoms in those with
USPIO uptake, it is inadequately powered to
comment on risk associations. However, a sub-
sequent, slightly larger study by the same group
concluded that early uptake of USPIO (24 vs
72 h post-USPIO imaging) was associated with
greater risk of rupture, as all conservatively man-
aged aneurysms with early uptake were ruptured
as compared with none with late uptake [63].
Another study by the same group demonstrates
the reduced USPIO-induced signal change fol-
lowing 3 months of aspirin therapy in cerebral
aneurysms [64]. This preliminary work offers
insight into the capability of intracerebral ves-
sel iron oxide imaging to identify macrophage

Imaging Med. (2013) 5(6)

accumulation noninvasively, with some likely
risk association with the degree of USPIO posi-
tivity as indicated by earlier uptake, but much
work remains to ascertain the clinical utility of
this method.

CNS vascular malformations

As ferumoxytol is both a blood pool contrast
medium and an inflammatory imaging agent
on delayed imaging, one research group has
attempted to use these dichotomous proper-
ties to both image CNS vascular malformations
and detect inflammation within these malfor-
mations (¢5]. Unfortunately, while providing
excellent visualization of vascular malforma-
tions, USPIO-dependent signal changes were
inconsistent in this small sample — a finding
that most likely can be attributed to USPIO
dose-related signal phenomena based on differ-
ing vessel size, contrast wash-in and wash-out
times [65]. Another group demonstrated optimal
imaging at 5 days following contrast adminis-
tration with ferumoxytol and found in one case
histological evidence of colocalized uptake of
macrophages with contrast media in resected
arteriovenous malformations [6¢]. Nevertheless,
future studies looking at vascular malforma-
tions with iron oxide media may reveal some
utility as an indicator of malformation type or
rupture risk.

B Myocardial infarction

Although the technical limitations of MRI in
the coronary arteries would make the visuali-
zation of coronary atheromas with iron oxide
contrast media challenging, if not impossible,
recent research suggests that USPIO uptake
with myocardial muscle may be meaning-
ful [67.68]. One pilot study of patients with
ST-elevation myocardial infarction revealed
greater uptake of USPIO media within
infarcted myocardium than remote myocar-
dium (67]. Importantly, there was no concur-
rent uptake within skeletal muscle, suggesting
that iron oxides are selectively taken up with
infarcted tissue. Another study identified simi-
lar findings but did also report some uptake
within remote ‘healthy’ myocardium in addi-
tion to large uptake in infarcted regions [68].
This finding may reflect an early involvement
of macrophages in the repair of damaged
myocardial tissue, which, if true, suggests
yet another indication for iron oxide imag-
ing to visualize inflammatory activity within
the myocardium. Inflammation within tissue
hampers healing, and thus, this information
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PRE

POST

T, maps

FIESTA

Figure 5. Ultrasmall superparamagnetic iron oxide uptake in abdominal aortic aneurysm. T -weighted images and first echoes

from the T,* and T, acquisitions pre- and post-infusion as well as the corresponding T, maps and FIESTA images. T, values following
USPIO infusion were considerably lower than T, values pre-USPIO infusion. The region characterized by the greatest T, change was

approximately coincident with the thrombus region (black arrow), suggesting a high degree of USPIO uptake and hence inflammation in
this region, compared with the adjacent aortic wall (white arrow).

FIESTA: Fast imaging employing steady-state acquisition; USPIO: Ultrasmall superparamagnetic iron oxide.

Reproduced with permission from [s8].

could provide a target for an intervention with
guided drug delivery. This application could
be extended beyond the setting of myocardial
infarction and could offer an indication of
myocardial disease that could be factored into
risk assessment following myocardial injury.

Conclusion

Noninvasive vascular MRI offers promise for
prognostic evaluation, treatment selection and
assessment of therapeutic outcomes in athero-
sclerosis and aneurysms. The addition of iron
oxide contrast media may aid in the detection
of inflammation that can potentially augment
risk stratification beyond plaque component
identification and stenosis measurements.
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USPIO-based imaging methods show prom-
ise in highlighting the presence of inflamma-
tion within carotid atherosclerotic plaques.
Although there is no statistically significant
association between the quantitative USPIO-
induced signal change and myocardial infarc-
tion, stroke, transient ischemic attack or death
in a recent retrospective follow-up study, the
finding of an association near statistical signifi-
cance suggests that future studies with more
patients and perhaps better USPIO media may
aid in the assessment of risk in patients with as
yet asymptomatic carotid disease. This imag-
ing modality may offer hope for stratifying
asymptomatic patients and determining the
balance between therapeutic options for these
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particular patients whose risk of clinical events
is poorly understood. However, challenges in
terms of marketing approval and clinical avail-
ability are presently substantial barriers to
widespread application.

Newer research utilizing iron oxide contrast
media in imaging the abdominal aorta suggests
the possible feasibility of such methods to assess
inflammation in aneurysms prone to rupture
(58], although determinations of risk association
have not yet been performed. Should USPIO
uptake prove to confer increased risk within
AAAs, these methods could be used to promote
surgical intervention in high-risk, inflamed
aortas more susceptible to rupture despite not
meeting traditional luminal measurements.
Other applications of iron oxide imaging in
vascular disease are possible, with preliminary
work examining cerebral aneurysms, suggest-
ing an increased risk of rupture with early
iron oxide uptake and vascular malformations
as well as myocardial infarction. These fields
are all in the earliest stages of clinical applica-
tion and require vetting to demonstrate their
clinical utility.

B Key limitations to widespread
application of MRI-based vascular
imaging

Although this review has focused on the ben-
efits of vascular imaging using MRI and USPIO
media in particular, these methods are not with-
out substantial drawbacks. The foremost limita-
tion is the lack of regulatory approval for USPIO
preparations as MR contrast media, which pre-
cludes their use outside of ‘off-label’ investiga-
tional use. There is presently no evidence to
suggest that any new USPIO media are likely
to be approved specifically for MR contrast pur-
poses in the near future. Obvious limitations of
MRI-based methods include higher cost, long
acquisition times, susceptibility to an artifact
from a variety of sources including motion and
metal, and contraindication in certain groups
of patients with medical devices and hardware.
Iron oxide imaging methods present even further
technical challenges that restrict their use to aca-
demic medical centers with dedicated research
support. USPIO imaging for measurement of
contrast uptake in carotid plaque traditionally
requires two separate imaging visits spaced 2-3
days apart. Newer methods involving quanti-
tative T,* eliminate the need for a pre-USPIO
acquisition; however, a prescan USPIO infusion
visit is still required to allow for adequate circu-
lation time [17]. The greatest consideration out of
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these caveats is the practical consideration of cost
to society. The economic burden of atherosclero-
sis is substantial and considerable direct financial
consequences result following the diagnosis of
atherosclerosis [69]. The addition of advanced
testing to clinical practice will undoubtedly be
challenged by payers and must be justified in the
era of a cost-conscious practice of medicine with
greater access to and demands on healthcare.
Therefore, to continue to use advanced imag-
ing such as USPIO-based MRI, researchers must
design prospective studies to directly address the
question of how the information garnered from
these imaging methods can affect clinical out-
comes and potentially reduce cost. It may be
possible that a lack of USPIO uptake in a small
aneurysm or plaque may confer a much lower
risk of rupture and this information could influ-
ence clinical decision-making to avert expensive,
risky surgical intervention. At present, the effect
of this information on clinical outcomes remains
unclear, as these USPIO-enhanced imaging
applications are in the early stages of clinical
application.

Future perspective
As more research interest is directed toward
cardiovascular and cerebrovascular risk assess-
ment, more prospective studies will guide future
advances in vascular imaging, directing clinical
practice toward those novel imaging methods
demonstrating the greatest promise and prac-
ticality. Synergy between imaging research and
pharmaceutical development will facilitate the
development of theranostics — imaging agents
simultaneously capable of delivering directed
therapies. With advances in contrast media
applications, it may be possible to offer individu-
als truly personalized medical care that focuses
on halting the progression of vascular disease
in its earliest stages. There is already excellent
preclinical work to suggest a role for combined
diagnostic and therapeutic imaging strategies.
Just as important as the development of
new contrast agents is the careful, rational
application of technology to clinical practice
in a way that minimizes risks and maximizes
patient outcomes. While some efforts are pres-
ently directed at radioiodinated contrast media
such as N1177 (a CT contrast medium that
has affinity for macrophages), it is unlikely
that such approaches, which confer radiation
exposure, will be deemed clinically acceptable
in the near future. Resultantly, it is imagina-
ble that MRI-based modalities will supplant
nuclear medicine methods including PET/CT
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on the basis of iatrogenic cancer risk reduc-
tion. MRI will undoubtedly stand out as an
imaging modality of choice based on merits
of its noninvasive nature, high sensitivity on
an anatomic basis and molecular target level,
and amenability to customizable, targeted con-
trast media. Ultrasound approaches employing
microbubble contrast for the detection of high-
risk neovascularization within atherosclerotic
plaque (reviewed elsewhere [36]) may similarly
find a prominent role in imaging vascular con-
ditions, especially in light of its affordability
and noninvasive nature. MRI, however, still
retains key advantages in molecular imaging,
reliability and plaque characterization.

Iron oxides are ideal candidates for imaging
and theranostic platforms because of their bio-
compatibility, nanoscale size and suitability for
molecular targeting. This review demonstrates
that iron oxides already have inspired clinical
applications in vascular imaging of inflam-
mation for stroke, myocardial infarction and
aneurysm rupture. Further improvements in
design of iron contrast media can bolster the
uptake of USPIO specifically by macrophages,
ameliorating signal-to-noise ratio in inflamma-
tion imaging (70]; several groups have already
begun preclinical work targeting USPIOs and
MPIOs to specific molecular targets of inflam-
mation and thrombosis including selectins,
cell adhesion molecules and activated plate-
lets (reviewed elsewhere [36]). The future will
hopefully see the collaboration of multiple dis-
ciplines to fulfill the promise of theranostics
and individualized medicine for patients with
preclinical vascular disease. However, before
such advances can occur, regulatory guidance
must be established for a medium with com-
bined therapeutic and diagnostic purposes [14];
moreover, individualized approaches to treat-
ment must be steeled against cost-containment
healthcare policies with proof of their effective-
ness. Perhaps, if these practical considerations
are addressed adequately, iron oxide-based con-
trast media may secure a niche within clinical
imaging of vascular disease. Functionalization
of USPIOs with anti-inflammatory medica-
tions will be one addition to a growing arma-
mentarium of theranostic agents to provide
targeted treatment of infarcted myocardium,
inflamed atheromatous plaque or aneurysms.
With these improvements, surgical intervention
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for vascular disease may be selectively employed
and unnecessary operative risk mitigated in
individuals with low vascular risk.

In addition, other uses outside of vascu-
lar imaging are being examined, including
improvement of multiple sclerosis plaque
detection [71] and inflammation following
stroke [72]. Expansion of iron oxide media to
applications aside from vascular imaging alone
will enable for greater economic viability for
manufacturers and encourage further product
development. Innovative work is already pro-
gressing in transforming USPIOs into molecu-
lar imaging probes with the capability of iron
oxides to be incorporated into liposomes [73].
Newer research in the preclinical stage with
a citrate-coated very small iron oxide parti-
cle in hyperlipidemic rabbits may facilitate
shorter infusion to imaging intervals, but
much furcher investigation is required prior
to clinical evaluation [74]. Molecular imaging
probe strategies tailor contrast media for use
in tumor imaging, atherosclerosis imaging and
drug delivery. Patients can expect to benefit
directly from advances in the development of
iron oxide-based contrast imaging, and the
hope is that these contrast media will progress
from being rusty to refined.

These findings encourage a novel use for
USPIO contrast media and could affect clini-
cal decision-making in the future with further
prospective risk assessment-based studies. New
insights into iron oxide contrast media, in par-
ticular molecular-targeted agents and theranos-
tic approaches, could improve risk stratification
and help address the growing burden of vascular
disease.
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Atherosclerosis is an insidious problem for all populations and the need for risk stratification of individuals with atherosclerotic plaque
will only escalate with gains in worldwide life expectancy.
Imaging that is capable of discerning individuals who may benefit the most from specific interventions may offer a means of addressing

this growing global disease.

High-resolution vessel wall MRI has already proven useful in vascular disease in detecting features associated with higher risk, particularly
in carotid imaging for improving recurrent stroke risk.
Nanoparticle contrast media such as iron oxides can be used to detect inflamed arterial wall. Ultrasmall superparamagnetic iron oxides
(USPIOs) are taken up by macrophages, key mediators of inflammation in atherosclerosis.

Current clinical applications are hindered by a lack of regulatory approval as MR contrast media.

The addition of iron oxide contrast media, particularly USPIOs, can augment MRI, and current research suggests a possible improvement
of risk assessment in carotid imaging in detecting risk of cardiovascular and cerebrovascular events at 1 year, but needs to be validated

with larger studies.

The application of iron oxide-enhanced MRI to abdominal aortic aneurysms has the potential to ascertain inflammation within the
aneurysm wall, although no studies have yet addressed risk association.
USPIO uptake within cerebral aneurysms corresponds to histological evidence of macrophage-mediated inflammation, and there appears
to be a greater risk of rupture with earlier uptake of ferumoxytol.
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