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Abstract

Purpose of Review We aim to discuss the diagnostic use of ultrasmall superparamagnetic iron oxide (USPIO) including
ferumoxytol in targeted cardiovascular magnetic resonance imaging (MRI).

Recent Findings Ferumoxytol is the only USPIO clinically available in the USA and is a negatively charged USPIO that has
potential use for tracking and characterization of macrophage-infiltrated cardiovascular structures. As an iron supplement that is
approved for treatment of iron deficiency anemia, the iron core of ferumoxytol is incorporated into the body once it is phago-
cytosed by macrophages. In organs or tissues with high-inflammatory cellular infiltration, such as atherosclerotic plaques and
myocardial infarction, localization of iron-laden macrophages can be visualized on delayed MRI. The iron core of ferumoxytol
alters the magnetic susceptibility and results in shortening of T2* and T2 relaxation rates. Areas with high concentration appear
hypointense (negative contrast) on T2 and T2* MRI. Recently, in vitro findings support the potential specificity of ferumoxytol
interactions with macrophage subtypes, which has implications for therapeutic interventions. With increasing concerns about
gadolinium retention in the brain and other tissues, the value of ferumoxytol-enhanced MR for targeted clinical imaging is aided
by its positive safety profile in patients with impaired renal function.

Summary This paper discusses pharmacokinetic properties of USPIOs with a focus on ferumoxytol, and summarizes relevant
in vitro, animal, and human studies investigating the diagnostic use of USPIOs in targeted contrast-enhanced imaging. We also
discuss future directions for USPIOs as targeted imaging agents and associated challenges.

Keywords Ferumoxytol - Magnetic resonance imaging - Molecular imaging - USPIO - Contrast agent - Inflammation -
Cardiovascular disease

Introduction

The use of contrast agents in magnetic resonance imaging
(MRI) improves the sensitivity and specificity of diagnoses
by altering the magnetization properties of the tissues of
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interest. The measured relaxivity (r, r;) values for each con-
trast agent reflect the extent to which it can alter the longitu-
dinal (T;) or transverse (T,) relaxation time of water protons.
The most widely used contrast agents in cardiovascular MRI
are gadolinium-based contrast agents (GBCAs) [1]. Clinically
available GBCAs contain gadolinium chelates, which are
paramagnetic and generate positive T1 contrast [2]. The gad-
olinium ion, toxic as a stand-alone particle, is bound to a large
carrier molecule that prevents it from entering cells and limits
the distribution of the GBCA to the extracellular space.
Despite their efficacy in contrast-enhanced MRI, GBCAs
have adverse effects. In patients with advanced renal disease,
gadolinium has been associated with nephrogenic systemic
fibrosis, a debilitating and progressive condition without ef-
fective treatments. Even in patients with normal renal func-
tion, gadolinium retention has been detected in the central
nervous system, bone, skin, and other tissues on both MRI
and autopsy studies; the clinical implications of these findings
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are unclear [2, 3]. The presence of Gd may persist for months
to years. Many regulatory agencies to date have restricted the
use of GBCAs and have asked healthcare professionals to
evaluate the risk/benefit ratio prior to administration of
GBCA:s.

Because of these limitations, there has been greater interest
in alternative MR contrast agents such as iron-containing
ferumoxytol (Feraheme, AMAG Pharmaceuticals, Waltham,
MA), an ultrasmall superparamagnetic iron oxide (USPIO).
While gadolinium is a rare earth metal that does not play a
role in normal metabolism, iron is an essential element to
human physiology. Although approved by the U. S. Food
and Drug Administration for treatment of iron deficiency ane-
mia in patients with chronic kidney disease [4¢], ferumoxytol
was originally developed as an MRI contrast agent. Due to
ferumoxytol’s clinical availability and safety profile in pa-
tients with renal impairment, there has been a resurgence in
its off-label use for MRI [5].

Within the context of cardioimmunology and inflammatory
conditions, the physiologic and pharmacokinetic properties of
USPIOs can be utilized for diagnostic purposes beyond those
possible with GBCAs. Complex interactions exist between
the immune and the cardiovascular systems in both healthy
and disease states and the dynamic consequences of immune
response vary from minimal myocyte loss to fibrosis, arrhyth-
mias, and heart failure syndromes [6]. Macrophages play a
key role in cardiac remodeling such that dysregulation of
pro-inflammatory M1 and anti-inflammatory M2 phenotypes
can result in excess inflammation and myocardial injury. Past
underappreciation of these interactions has been due to chal-
lenges with detecting immune cells in the cardiovascular sys-
tem. With improved technology, there is a rising focus to
better characterize the role of immune cells in cardiovascular
function and to develop therapeutics for the modulation of
immune responses [7¢e, 8¢, 9].

Several excellent papers have been published on the appli-
cation of ferumoxytol and other USPIOs for magnetic reso-
nance angiography and venography of large peripheral vascu-
lar structures such as atrioventricular fistulas, chronic venous
occlusions, and lower extremity arteries [4e, 10¢]. However,
the unique properties of USPIOs, including T2-weighted tis-
sue hypoenhancement and localization to areas of
macrophage-mediated inflammation, allow for its potential
use in targeted imaging of inflammatory disease states. This
article provides a summary of current research on the diagnos-
tic use of USPIOs with a focus on ferumoxytol for targeted
molecular imaging.

Properties of USPIOs

Magnetic iron oxide (Fe;O,4 and y-Fe,O;) nanoparticles and more
specifically small iron oxide nanoparticles (SPIOs) are composed
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of an outer carbohydrate shell and an iron core. SPIOs are classi-
fied using their hydrodynamic diameter: large SPIOs (300 nm to
3.5 um), standard size SPIOs (50 to 150 nm), ultrasmall SPIO
(USPIO, <50 nm), and exceedingly small SPIOs (ES-SPIOs, <5.5
nm). USPIO size has direct influence on the T1 relaxation rate, i.e.,
smaller particle and core size (<5 nm) tend to have greater T1
enhancement effect and suppression of T2. For the most part,
SPIOs are considered T2 contrast agents whereas GBCAs are
typically considered T1 agents. The surface chemistry of SPIOs
can be tailored for specific biomedical applications including MRI,
thermal therapy, and drug delivery. Together, surface chemistry,
shape, size, and charge of the magnetic particles affect the overall
biodistribution of iron oxide nanoparticles.

Table 1 summarizes the chemical and imaging properties of
ferumoxytol and earlier iron-based contrast agents. Ferumoxytol
is a negatively charged USPIO with an iron core and a non-
reactive polyglucose sorbitol-carboxymethlether shell [11]. The
compound is commercially available in an isotonic, neutral pH
solution that maintains low levels of free iron in the plasma.
Because of its large molecular size of 750 kDa and hydrodynam-
ic diameter of 2030 nm, ferumoxytol does not extravasate into
the extravascular space within the first several hours of adminis-
tration and is not filtered by the kidneys. Instead, ferumoxytol is
eliminated by macrophage-mediated phagocytosis [4e, 12, 13].
Ferumoxytol’s dextran-derived shell slows phagocytosis and re-
duces its immunogenicity, which delays uptake by the surface
scavenger receptors and degradation by macrophages of the re-
ticuloendothelial system (RES). These properties result in a long
intravascular half-life of 14—15 h, which guarantees a constant
blood concentration at steady state, providing an excellent tem-
poral window for repeated image acquisition and multiphase
imaging based on the temporal distribution volume of
ferumoxytol [4¢]. Figure 1A summarizes the biodistribution of
ferumoxytol and how its unique metabolism can be leveraged for
multiphase MRI.

Most GBCAs have r| values ranging from 3.6 to 5.2 mM '
s~! and r, values ranging from 4.3 to 6.1 mM ' s ! in plasma
at37°Cand 1.5T [13]. At 1.5T, ferumoxytol has an r; 0f 19.0
£1.7mM 's ' and r, of 64.9+£23 mM ' s~" in plasma at 37
°C [14]. At 3.0T, ferumoxytol has an 7, 0f9.5+02mM 's™'
and r, 0f 65.2+ 1.8 mM' s™" in plasma at 37 °C. Ferumoxytol
displays linear longitudinal and transverse relaxation in saline
and plasma, but exhibits nonlinear behavior in blood [14]. At
blood ferumoxytol concentrations >2.1 mM, r; departs from
its linear behavior. The high 7, facilitates bright blood imag-
ing, but at high doses can lead to susceptibility artifacts. These
attributes lead to T1 signal hyperenhancement and T2 signal
hypoenhancement (signal loss) and may facilitate the charac-
terization, localization, and staging of cardiac inflammation
and infarct pathology [12, 15]. Once the dextran shell is bro-
ken down, the residual iron core is stored as ferritin or used for
erythropoiesis, and the carbohydrate coating is eliminated
through the kidneys or gastrointestinal tract [12].
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Table 1 Properties of
ferumoxytol and other iron-based

agents

Properties of ferumoxytol (Feraheme®)

Composition

Size

Weight

Elimination half-life
Excretion

Commercial availability

MRI dose

Signal change on T1-weighted sequence
Signal change on T2-weighted sequence

Signal change on T2*-weighted sequence

Iron oxide with carbohydrate shell
30 nm

750 kDa

14 hours

Iron incorporated for hematopoiesis.
Carbohydrate excreted in urine and feces

510 mg per 17mL vial (U.S. only)
1-7.3 mg/kg

Increases signal

Decreased signal

Decreased signal

Distribution volume

Other iron-based contrast agents*
PEG-feron (USPIO)

Dynamic phase, blood pool phase, delayed phase

Clariscan®, NC-100150 or VSOP-C184

Ferumoxtran-10 (USPIO)

Sinerem® /Combidex®, AMI-227

Ferumoxides (SPIO)

Feridex®, AMI-25
Ferucarbotran (SPIO)

Resovist®, SH U 555 A

Metastatic lymph nodes, macrophage imaging
Liver

Liver

*Agents in clinical trials, but clinical development has been discontinued; SP/O, superparamagnetic iron-oxides;
USPIO, ultrasmall superparamagnetic iron oxides

Ferumoxytol is commercially distributed in single-use vials
with 510 mg of iron. For imaging purposes, the vials are
diluted with saline to a total volume of 24—60 mL for adults,
with an average concentration range of 1-7.5 mg/kg.
Ferumoxytol is administered as a slow infusion of 0.1-0.2
mg/kg for lymph node or steady-state imaging; in some an-
giographic applications, multiple, small doses are incremen-
tally infused for a cumulative dose of 4 mg/kg [16]. For the
treatment of iron deficiency anemia, the FDA has approved
ferumoxytol to be given as an IV infusion over a minimum of
15 min. Post-marketing surveillance data related to its thera-
peutic use reported 79 anaphylactic reactions with 18 fatalities
[16]. This led the FDA to issue a black-box warning and to
recommend dilution, slow infusion over 15 min, and monitor-
ing of vital signs for up to 30 min post-infusion [17]. For
diagnostic MRI purposes, the ferumoxytol dose is frequently
less than half the therapeutic dose and published data to date
suggest a positive safety profile [18-21, 22¢]. A recent mul-
ticenter registry study showed in 4240 doses of ferumoxytol
given for imaging indications across a spectrum of age and
disease complexity, there were no serious, life-threatening, or
fatal adverse events. Of the 83 (1.9%) adverse events that were
related or possibly related to diagnostic ferumoxytol infu-
sions, seventy-five reactions were mild and eight were mod-
erate in severity [22e°].

Targeted Imaging Applications

Table 2 summarizes recent studies that have explored the use
of USPIOs and ferumoxytol as targeted contrast agents.
Targeted imaging with ferumoxytol is promising for inflam-
mation because it targets macrophages directly. Other clinical-
ly available imaging techniques such as PET- or GBCA-
enhanced MRI use indirect proxies of inflammation such as
metabolism or enhancement of the vasa vasorum. With
ferumoxytol-enhanced MRI, ultrashort echo time can be ap-
plied to improve the linearity of the MR signal intensity; high-
resolution imaging can be employed in combination to im-
prove spatial resolution with increased sensitivity for inflam-
mation quantification.

Myocardial Infarction

While T2-weighted MRI techniques have been used to eval-
uate myocardial edema after myocardial infarction (MI), they
do not distinguish free water from active inflammation. In
contrast, USPIOs can localize areas of inflammatory cell in-
filtration, such as after a myocardial infarction. After acute
infarction, monocytes are recruited to the infarct border zone,
differentiate into macrophages, and migrate into the infarct
core [18]. The MR identification of USPIO-tagged
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Fig. 1 (A) Ferumoxytol biodistribution and multiphase diagnostic MRI
applications are shown. Within the first 1-15 h, ferumoxytol remains
within the intravascular space. Once phagocytosed by macrophages, the
iron oxide core leaves the intravascular space and is metabolized body’s
reticuloendothelial system and the iron is incorporated into the body. (B)
Magnetic resonance images (B, top panel) of carotid atheroma and
corresponding R2* (B, middle panel) and T2* (B, bottom panel) maps
at baseline and at 24, 48, 72, and 96 h after ferumoxytol infusion are
shown. Maximum R2* signal increase corresponding to macrophage
localization in the atherosclerotic plaque is seen at 48 h. (C) Perl’s stain
(C, upper panel, black arrows) and CD68 immunohistochemical (IHC)

macrophages has been shown in murine studies of MI.
Corresponding histopathological correlations show co-
localization of both USPIO and macrophages in infarcted
myocardial tissue [19].

One proof-of-concept study imaged ST elevation myocar-
dial infarction (STEMI) patients (n = 10, age 38—65 years)
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stain of macrophages (C, lower panel, black arrows) show co-localization
of macrophages in areas of ferumoxytol uptake. Vessels are seen in areas
with abundant macrophages (blue star). Parts B and C are adapted from
Usman A, Patterson AJ, Yuan J, Cluroe A, Patterson I, Graves MJ,
Gillard JH, Sadat U. Ferumoxytol-enhanced 3D magnetic resonance
imaging of carotid atheroma — a feasibility and temporal dependence
study. Sci Rep 10, 1808 (2020) under the terms of the Creative
Commons CC BY license, which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly
cited

within 5 days of admission at baseline, and then 24 h and
48 h after the administration of ferumoxytol. The findings
were compared to the MR images of STEMI patients who
did not receive ferumoxytol (n = 6, age 48—65 years) [26¢].
On T2*-weighted imaging, the rate of signal decay (R2*) was
assessed via USPIO uptake. Regions with higher R2* signal
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corresponded to areas of greater USPIO localization. At both
24 and 48 h, there was increased R2* signal in the infarcted
area of myocardium, which suggested localization of macro-
phages and other inflammatory cells in the region of interest.
To a lesser degree, increased R2* signal in non-infarcted re-
gions was also appreciated; this latter finding suggests a po-
tential global inflammatory process in the natural history of
acute MI [20]. Similar findings were reported in another small
study of post-STEMI patients (n = 14, age 45-54 years),
where the administration of ferumoxytol resulted in
hypoenhancement of the infarct areas on T2-weighted short-
tau inversion recovery black-blood segmented turbo spin echo
sequence (STIR-SE) images and signal void in the T2* im-
ages. Ex vivo experiments from this latter study showed
ferumoxytol exposure led to iron deposition in macrophages
but not their precursor monocytes. These findings highlight
the potential use of ferumoxytol for characterizing areas of
active inflammatory infiltration [29]. Although small, these
studies illustrate the usefulness of ferumoxytol MRI to differ-
entiate between active myocardial inflammation and chronic
processes such as fibrosis.

A larger study imaged thirty-one patients following acute
MI using T2-weighted MRI with ferumoxytol administration
after the index event, and longitudinal imaging with sequential
MRI scans over a 3-month period [33¢]. During this time,
patients received up to seven MRI scans and up to three infu-
sions of ferumoxytol. In addition, they underwent late gado-
linium enhancement (LGE) imaging at baseline and at the 3-
month time point to define the distribution of infarcted myo-
cardium. The areas of LGE served as reference for the T2 and
T2* images. Relative to remote myocardium, areas of infarct
showed increased R2* values marking USPIO uptake at 2-3
days after ferumoxytol administration. The R2* effect
persisted until days 10—16. In contrast, there was no change
in R2* values in the peri-infarct and remote myocardium over
the same period of time. T2-weighted imaging of unenhanced
scans showed increased signal in the infarct and peri-infarct
areas at baseline and throughout the 3-month observation pe-
riod. These findings support the potential use of ferumoxytol-
enhanced imaging to differentiate between myocardial inflam-
mation and myocardial edema.

Myocarditis

Cardiac MRI offers a non-invasive means for the diagnosis of
myocarditis based on the Lake Louise criteria [40]. However,
T2-weighted imaging cannot distinguish tissue edema from
inflammation, while GBCAs are non-specific in their diffu-
sion into areas of myocyte necrosis, fibrosis, and edema. In a
murine model of autoimmune myocarditis, USPIO-enhanced
MRI showed better contrast-to-noise ratios and better speci-
ficity than gadolinium-enhanced images in identifying lesions
[41]. A subsequent study in mice showed T2* mapping
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performed 6 h after ferumoxytol infusion improved the detec-
tion of histologically significant areas of inflammation at 14
days after induction of myocarditis [38]. However, the evi-
dence for efficacy in humans is less robust. In a cohort of
patients with acute myocarditis (n = 9, age 24-34 years, 9
male), MRI was performed with T2, T2*, and LGE sequences
to make an imaging diagnosis [34¢]. Ferumoxytol was then
administered at a dose of 4 mg/kg over 15 min, and the pa-
tients underwent repeat T2* imaging 24 h later. The same
protocol was repeated in a small cohort of healthy controls
(n = 10, age 45-53 years, 6 female). The administration of
ferumoxytol however did not result in significant differences
in the myocardial R2* values of the patients with myocarditis
when compared to healthy controls. In the patients with myo-
carditis, the regions with high signal on T2 mapping
corresponded to the regions with late gadolinium enhance-
ment, but no such effect was seen after USPIO administration.
One possible explanation is that the myocardium of these
patients with myocarditis may have had a predominance of
neutrophils or lymphocytes rather than macrophages, with
correspondingly less phagocytosis of iron nanoparticles.

Atherosclerosis and Aneurysms

Atherosclerosis is a systemic inflammatory process that un-
derlies many cardiovascular and cerebrovascular diseases, and
involves plasma lipoprotein deposition, vascular smooth mus-
cle cell proliferation, and inflammatory cell recruitment.
Macrophages play a key role in the pathogenesis of athero-
sclerosis. Macrophage infiltration, activity, and apoptosis can
differentiate stable lesions that cause progressive symptoms
from vulnerable lesions that are prone to rupture, erosion, and
thrombosis [42]. In this context, USPIOs offer a unique way to
identify macrophage aggregation and localize high-risk
plaques.

One of the first published studies demonstrating the role of
USPIOs in atherosclerotic plaque imaging examined the ef-
fects of ferumoxtran in symptomatic patients (r = 11) referred
for carotid endarterectomy [43¢]. Baseline carotid MRI pulse
sequences with T1-weighted gradient recalled echo, T2%*-
weighted gradient echo, and proton-density-weighted fast spin
echo were obtained immediately prior to and at 24 and 72 h
after ferumoxtran administration using a 1.5T magnet. The
investigators characterized carotid plaques as stable (i.e., with
an intact and thick fibrous cap), rupture-prone (i.e., with a very
thin fibrous cap), or ruptured (i.e., with a disrupted fibrous cap
and thrombus). The relative signal intensity in the MR regions
of interest on pre- and post-contrast images was compared.
Decreases in signal on T2*-weighted images at 24 h but not
at 72 h were observed. Histology and electron microscopy of
the excised carotid specimen confirmed correlation between
visualized areas of T2* signal loss with areas of high USPIO
uptake and macrophage concentration. Iron staining showed
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USPIO uptake in 75% of the rupture-prone and ruptured le-
sions, but only in 7% of the stable lesions. The latter findings
support potential use of USPIO-MRI for the identification of
high-risk, vulnerable plaques.

The above findings have also been supported by subse-
quent studies showing differences in USPIO uptake and
T2*-weighted signal loss in the carotid plaques of symptom-
atic and asymptomatic patients with carotid artery stenosis
[44], as well as the stability of USPIO burden over time in
carotid artery plaques of asymptomatic patients [28]. Most
recently, investigators demonstrated the use of ferumoxytol-
enhanced 3D MRI at 1.5T for the characterization of carotid
plaques and their temporal dependence in asymptomatic (n =
10) and symptomatic (rn = 10) patients with carotid stenosis. A
maximal decrease in AT,* (10.4 [3.5-16.2] ms, p < 0.001)
and AT, (13.4 [6.2-18.9] ms; p = 0.001) signal occurred at
48 h after ferumoxytol infusion (Fig. 1B) [45]. Histopathology
stains are provided in Fig. 1C.

The Atorvastatin THerapy: Effects on Reduction Of
Macrophage Activity (ATHEROMA) study deployed
USPIO-enhanced MRI to examine the effects of statin therapy
on local macrophage activity and inflammation [46¢°¢]. The
investigators randomized 47 patients with atherosclerotic ca-
rotid artery disease who had baseline signal loss in carotid
plaques on T2*-weighted ferumoxtran-enhanced MRI to high
or low doses of atorvastatin, and then re-imaged them at 6 and
12 weeks. To identify the same area of interest, time-of-flight
MR angiography was performed to identify the carotid bifur-
cation and the area of greatest stenosis. The investigators then
manually co-registered scans before and after USPIO imaging
based on plaque morphology and the distance from the carotid
bifurcation. There was a significant change in the carotid
plaque signal intensity (SI) in the high-intensity statin group
(ASI0.131 [0.065-0.198], p < 0.001 at 6 weeks; ASI 0.203
[0.129-0.276], p < 0.001 at 12 weeks), but not in the low-
intensity statin group (ASI 0.048 [— 0.018-0.114], p =
0.150 at 6 weeks; ASI — 0.038 [- 0.111-0.036], p =
0.304 at 12 weeks). The investigators showed that patients
receiving high-intensity atorvastatin also had decreased rates
of brain microembolization by transcranial doppler. While the
findings are intriguing, one limitation of this methodology is
the semi-quantitative nature of assessing signal intensity; the
latter is susceptible to differences in patient positioning, coil
inhomogeneity, and noise [47]. Similar results have been
shown with ferumoxytol-enhanced MRI of patients with ca-
rotid artery stenosis (n = 9, age 5777 years, all male) [32]. In
this protocol, 4 mg/kg of ferumoxytol was administered and
then after 72 hours, MR images of carotid vessel walls were
acquired using T2*-weighted gradient echo sequences at
3.0T. Increased R2* values were present in diseased carotid
arteries (24.6 + 19.8 s~ ) relative to the patient’s non-diseased
vessels (7.5 +9.3 s ') as well as the vessels of healthy patients
(2.6 +5.6s ") (p =0.004 and 0.003, respectively).

Ferumoxytol has also been investigated in the imaging of
abdominal aortic aneurysms (AAAs). The MA’RS study re-
cruited 342 patients with ultrasound-diagnosed AAAs and
obtained T2* mapping images of the abdomen before and
24-36 h after the administration of ferumoxytol using a 3.0
T MRI scanner [48¢¢]. These patients were then followed with
serial ultrasound and clinic assessments for 2 years or more.
USPIO enhancement was defined as percent change in T2* on
color maps. A predefined threshold of >71% change in T2*
was used to classified color maps. Based on >10 contiguous
voxels within the AAA wall, color maps were categorized as
patients with and without USPIO enhancement of the AAA.
The primary endpoint of AAA rupture or repair occurred more
frequently in patients with USPIO enhancement of the AAA
wall relative to patients without (35.6% vs 47.3%, respective-
ly, p = 0.0308), although USPIO enhancement was not an
independent predictor of the primary endpoint. Baseline an-
eurysm size and smoking status were the main predictors of
rupture or repair.

Taken together, these reports demonstrate the feasibility of
using USPIOs such as ferumoxytol in identifying macrophage
infiltration as a marker of inflammation and vulnerable ath-
erosclerotic plaque on T2 or T2* imaging. The clinical utility
of this approach, however, has not expanded beyond experi-
mental studies and the use of ferumoxytol-enhanced imaging
of atherosclerosis remains in the research realm.

Future Directions

The conjugation of antibodies to USPIOs can allow for even
more targeted imaging. This has been demonstrated in the
conjugation of USPIOs to bevacizumab, a vascular endothe-
lial growth factor (VEGF) antagonist, in localizing cancer
cells [49]. Another example involves scavenger receptors,
which have been proposed to be key mediators of atheroscle-
rosis by promoting lipoprotein uptake that results in foam cell
formation and inflammation. In a mouse model of atheroscle-
rosis, USPIOs that are conjugated with scavenger receptor
ligand have greater accumulation in the aortic plaques relative
to unconjugated USPIOs; superior contrast-to-noise ratios on
T2 MRI were observed [50]. USPIOs have also been conju-
gated with IL-6 antibodies to target the pro-inflammatory cy-
tokine secreted by foamy macrophages, with similarly im-
proved discrimination of aortic plaques of rabbits on MRI
[51]. Other investigators have functionalized ferumoxytol
through peptide coupling with VEGF-165 to mediate
vasculogenesis and detect neoangiogenesis [52¢]. The cou-
pling of ferumoxytol to VEGF-165 is clinically viable and
promising because both agents are clinically available. The
functionalized ferumoxytol-VEGF165 coupling has modest
payload, but retains its MR activity on T2*-weighted MRI.
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Further work is needed in pre-clinical animal models to dem-
onstrate efficacy and safety.

Conjugated USPIOs have also been proposed as a means to
assess response to therapeutics. Connective tissue growth fac-
tor (CTGF) is an extracellular matrix-associated protein that
mediates cell adhesion, migration, and proliferation, and plays
a role in atherosclerotic plaque development. Carotid artery
ligation was performed to induce carotid plaques in a murine
model of atherosclerosis [53]. One group of mice was given
CTCEF antibodies. All mice underwent anti-CTCF-conjugated
USPIOs-enhanced MRI. Compared to untreated mice, the
mice receiving CTCF antibodies had reduced signal change
in their carotid plaques.

Challenges

The history of iron-based contrast agents is extensive [5]. To
date however, ferumoxytol is the only USPIO clinically avail-
able in the USA for the treatment of iron deficiency anemia.
Although interest in its off-label diagnostic use continues to
increase, there are several challenges to the widespread clini-
cal adoption of ferumoxytol-enhanced MRI, particularly for
targeted imaging. From a commercial availability standpoint,
several superparamagnetic iron oxide preparations have been
in clinical development for MRI. Ferumoxides and
ferucarbotran received regulatory approval in the USA for
imaging but were withdrawn from the market because of ad-
verse reactions, lack of superiority relative to GBCAs, or low
utilization rate [54]. Second, the approved therapeutic dose of
ferumoxytol is substantially higher than the diagnostic dose
and poses a cost issue. Each vial of ferumoxytol is packaged
as single-use. Once opened, any remaining amount is
discarded. Third, due to the long-lasting effect of ferumoxytol,
the diagnostic quality of subsequent MR images can be affect-
ed. According to the manufacturer’s labeling, the MRI effects
of ferumoxytol can last up to 3 months, and prospective, ob-
servational studies have shown hepatic clearance can last from
3 to 11 months [55]. T1 enhancement patterns with USPIOs
are different compared to gadolinium chelates and imagers
will need to recognize these differences. Fourth, ferumoxytol
carries a black-box warning and requires monitoring of vital
signs for up to 30 min post-infusion, which could potentially
alter the general outpatient imaging workflow. Last, substan-
tial research will be necessary to improve the specificity of
ferumoxytol-enhanced targeted imaging.

Conclusion
In conclusion, USPIOs such as ferumoxytol have unique con-

trast properties that can be leveraged for targeted cardiovas-
cular imaging. USPIOs localize to areas of active macrophage

@ Springer

infiltration and appear hypointense on T2 imaging, which en-
ables nuanced characterization of pathology in patients with
MI, myocarditis, and atherosclerotic vascular disease. In ad-
dition, the ability to conjugate antibodies and other moieties to
ferumoxytol opens up the possibility for even more precise
molecular imaging. These studies have largely been proof-of-
concept, and further work is needed to validate the clinical
utility of ferumoxytol and other USPIOs for targeted,
contrast-enhanced imaging.
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