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Abstract: Myocardial inflammation has been hypothesised to be the common underlying mechanism
through which several cardiovascular diseases develop and progress. Cardiac magnetic resonance
(CMR) has become a powerful non-invasive tool that enables the direct visualisation of the my-
ocardium. The emerging use of ultrasmall superparamagnetic particles of iron oxide (USPIO) and
their magnetic properties is gaining a lot of research interest. USPIO-enhanced CMR can provide
valuable information, as it allows for the identification of active inflammation in the myocardium,
a process that has been hypothesised to be the substrate for adverse remodelling and, eventually,
heart failure. In this review, we summarise the properties of USPIO and their role in cardiac magnetic

resonance imaging as well as their clinical applications.
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1. Introduction

A deeper understanding of cardiovascular disease has shifted the research interest
towards the investigation of pathophysiological processes that encompass myocardial
energetics and metabolism. Naturally, cardiovascular imaging has advanced incremen-
tally to allow the non-invasive investigation of such processes and important features
beyond anatomy and morphology that determine the biological foundation behind disease
pathogenesis and progression.

Myocardial inflammation has a central role in the pathogenesis of various cardio-
vascular diseases. Although an important mechanism of tissue healing and recovery, the
persistence of inflammation may lead to pathological and adverse cardiac remodelling [1].
Therefore, it may drive pathological processes that lead to the pathogenesis of a plethora of
diseases such as dilated cardiomyopathy, ischaemic cardiomyopathy, and heart failure with
a reduced or preserved ejection fraction [2,3]. Macrophages have a vital role both in the
injtiation and maintenance of inflammation and in the tissue repair mechanisms following
an acute insult [4,5]. Therefore, the early identification of macrophage activity will enable
the early detection and monitoring of a variety of diseases and may allow the steering of
therapeutic management strategies towards appropriate pathways.

Cardiac magnetic resonance (CMR) imaging offers significant advantages such as a
high spatial resolution, tissue characterisation, and the avoidance of harmful radiation
and invasive tests [6]. With the use of advanced methods and techniques, such as late
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gadolinium enhancement (LGE) and T1 and T2 mapping, myocardial oedema and inflam-
mation can be detected. However, these sequences do not allow for the identification of
inflammation at a cellular level. For that reason, the use of ultrasmall superparamagnetic
particles of iron oxide (USPIO) has been successfully implemented in CMR studies and has
so far offered a valuable means of detecting and evaluating cellular inflammation [7-9].
USPIO-enhanced CMR is a powerful imaging technique that may reveal information vital
to the diagnosis and management of cardiovascular diseases.

2. Iron Oxide Nanoparticles

Iron oxide nanoparticles were first introduced as liver-specific MRI contrast agents [10-12].
Since then, however, their application has been successfully expanded in the rapidly devel-
oping field of cardiac and vascular imaging [6,7,9,13]. Iron oxide nanoparticles are naturally
found in the environment and as matter in air pollution and volcanic eruptions [14]. Super-
paramagnetic iron oxide nanoparticles may be generated as emissions from industry and
power stations, but they can also be chemically synthesised through various methods [15].
These include classical synthesis by co-precipitation, reactions in constrained environments,
the polyol method, flow injection synthesis, and sonolysis [14,15]. In addition, novel meth-
ods of nanoparticle synthesis have been described, such as the generation of magnetic
a-Fe, O3 /Fe3Oy4 heterogeneous nanoparticles via a facile solution combustion process and
the synthesis of iron oxide nanoparticles by the rapid inductive heating method [16,17].
Their potential applications, safety, and bioavailability are mainly determined by two of
their most essential characteristics: their coating and their size [7,18].

The core of these nanoparticles comprises iron oxide, more commonly magnetite
(Fe3O4) or maghemite (y-Fe;Os), and its radius ranges between 5 and 15 nm [19,20]
(Figure 1). Iron oxide itself is hydrophobic; hence, the nanoparticles are usually mod-
ified with an external coating formed of a biocompatible hydrophilic polymer such as
dextran or polyethylene glycol [7,21]. This coating is essential in order to prevent the
opsonisation (i.e., binding with plasma proteins) of the nanoparticles, which would un-
avoidably occur in the bloodstream without it [19,21]. Additionally, through electrostatic
interactions, the coating also inhibits the aggregation of nanoparticles that would otherwise
take place due to their hydrophobic properties [19]. Another important consideration is
an excess of iron ions may lead to the overproduction of reactive oxygen species or free
radicals and subsequently cause protein, lipid, and DNA damage and, finally, cellular
apoptosis [22]. Thus, the other critical ‘task” of the external coating is to provide a stable
cover that prevents the oxidation of the iron and its subsequent harmful effects, allowing
the safe use of the nanoparticles [22]. Apart from the above, the coating that surrounds the
core of the nanoparticle also acts like a ‘harbour” to which ligands, drug molecules, and
other molecular targets can bind [6]. Taking all of these into consideration, it is obvious
why molecular imaging and targeted drug delivery are some of the areas where iron oxide
nanoparticles have been successfully applied [23-25].

According to their size, iron oxide particles can be grouped into four different cate-
gories: very small superparamagnetic particles of iron oxide (VSPIO, diameter < 20 nm),
ultrasmall superparamagnetic particles of iron oxide (USPIO, diameter 20-50 nm), small
superparamagnetic particles of iron oxide (SPIO, diameter 20-250 nm), and micro-sized
particles of iron oxide (MPIO, diameter 1-8 um) [6,7]. However, the vast majority of the
proposed applications for iron oxide nanoparticles use small and ultrasmall particles with
diameters of 50 nm or less [6].
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Figure 1. A schematic presentation of a SPION (superparamagnetic iron oxide nanoparticle): The
core radius ranges from 5 to 15 nm, and the hydrodynamic radius (core with shell and water coat)
is between 20 and 150 nm. Unless there is a magnetic field, magnetisation equals 0. As shown,
SPION’s can be easily coupled with antibodies that facilitate the majority of the SPION applications
discovered so far [19]. Reproduced with permission from Duliriska-Litewka et al. [19] under a
Creative Commons Attribution 4.0 International License.

The concept of the superparamagnetism of nanoparticles was expressed for the first
time almost a century ago [26]. The magnetic nanoparticles induce local magnetic field
inhomogeneities through which water molecules will diffuse, leading to the magnetic
relaxation of the water protons, from which image contrast is generated [27]. Iron oxide
particles form crystalline structures that contain multiple iron ions [28]. Sufficiently large
crystal-containing regions constitute a magnetic domain that comprises thermodynamically
independent particles that have a net magnetic dipole that is larger than the total of the
individual unpaired electrons [28]. In the absence of a magnetic field, these domains have
no net magnetic field; however, in the presence of an external magnetic field, the magnetic
domains are reoriented, and the net magnetic moment of the particle surpasses that of the
paramagnetic ions [27,28]. This phenomenon is called superparamagnetism and appears
in small ferromagnetic or ferrimagnetic nanoparticles as a result of their small size and
crystalline nature, both of which are required for this phenomenon to occur [7,28,29].

3. Iron Oxide Nanoparticles (USPIO) and Inflammation

USPIO accumulate at sites of inflammation; therefore, their detection with CMR
allows for the identification of active myocardial inflammation. Following intravenous
administration, the iron oxide nanoparticles remain in the intravascular space and are
taken up by the macrophages of the reticuloendothelial system [20]. Both the size and
the coating of the nanoparticles are crucial for their bio-availability, with the smaller and
more hydrophilic particles being a lot less susceptible to phagocytosis [6,23]. While larger
iron oxide nanoparticles are rapidly identified and engulfed by the macrophages in the
lymphoreticular organs (liver, spleen, lymph nodes), USPIO, because of their smaller size,
are much less readily recognised and can subsequently avoid instant phagocytosis [6]. In
this way, USPIO remain in the bloodstream for much longer, as reflected by their longer
half-life (up to 36 h) compared to larger iron oxide nanoparticles (up to 2 h) [6,27]. After
being taken up by macrophages, they are subsequently carried by these cells to areas
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of active inflammation [7]. In addition to this mechanism, it has also been suggested
that iron oxide nanoparticles passively cross the endothelial barrier at sites of loss of
integrity and with increased permeability [7,30]. It has been shown, however, that the main
mechanism by which USPIO accumulate is predominantly via cellular infiltration within
the myocardium [31].

USPIO-tagged macrophages have been identified with MRI in murine models of
myocardial ischaemia and infarction [32,33]. In a proof-of-principle trial that consisted
of fourteen patients with acute myocardial infarction, it was shown that USPIO have the
ability to detect infiltrating macrophages, identifying areas of active inflammation [30].
In another proof-of-concept study that included sixteen patients with acute myocardial
infarction, USPIO uptake was evident in areas of the infarcted and remote myocardium [34].
More recently, Lagan et al. demonstrated that USPIO can identify areas of myocardial
inflammation in a murine model, with USPIO having been shown to be present inside
macrophages in areas of the infarcted myocardium [1]. The same study, however, also
showed that USPIO can accumulate in areas of inflammation not only after being engulfed
by the macrophages but can also be ‘passively’ present in the interstitium outside phago-
cytic cells [1]. This is a significant finding, as it shows that USPIO detection is not specific
for macrophage activity, and therefore, the cardiac MRI techniques used should be able
to differentiate USPIO enhancement due to active macrophage uptake from the passive
presence of the nanoparticles in the myocardial interstitium [1].

4. The Impact of the Iron Oxide Nanoparticles on CMR Imaging

By altering the relaxation properties of the surrounding hydrogen protons and chang-
ing the apparent proton density of the surrounding tissue, iron oxide nanoparticles influ-
ence the local magnetic resonance properties. Their use is associated with shorter T2 values
and hypointense regions on T2- and T2*-weighted images [23,28]. Several factors can affect
the signal intensities on T2* sequences, such as the presence of oedema or haemorrhage.
For this reason, the impact of USPIO accumulation can only be evaluated with the careful
examination of pre- and post- contrast images of the area of interest [13]. Typically, patients
are therefore subjected to two consecutive CMR scans, with the second one being 24 h after
USPIO administration [35]. More recently, it was shown that multi-time-point (at 50 and 75
h post-contrast administration) multiparametric CMR helped differentiate active USPIO
uptake from macrophages from passive tissue distribution [1].

Their impact of iron oxide nanoparticles and, more specifically, USPIO can be quanti-
fied by measuring the changes in the T2* and R2* values (R2* = 1/T2*) [1,7]. Uniformly
dissolved USPIO alter the relaxation rates, including the R1 (longitudinal magnetic res-
onance relaxation rate) and R2* (transverse magnetic resonance relaxation rate) [1,36].
Nevertheless, R2* particularly is sensitive to actively phagocytised USPIO, whereas R1 is
not [1]. Therefore, the R2*/R1 ratio is extremely useful for differentiating the active USPIO
uptake from the passively distributed USPIO [1,7]. In a study by Lagan et al., the ratio of
R2*/R1 at 75 h post-USPIO administration was demonstrated to have a 90% sensitivity and
85% specificity for detecting active USPIO uptake in infarcted and remote myocardium in
acute myocardial infarction and chronic ischaemic cardiomyopathy [1].

Iron oxide nanoparticles also cause T1 shortening [37,38]. However, the T1-relaxivity
of iron oxides can vary substantially depending on the strength of the magnetic field, the
size of the core of the nanoparticle, and the degree of the particle aggregation [7,20,39].
More specifically, the T1 shortening caused by the nanoparticles is diminished in areas
with significant particle aggregation, with the opposite phenomenon observed in areas
with diffusely located nanoparticles [40]. This, however, can be avoided through the use of
lower-flip-angle radiofrequency pulses and longer repetition times [7].

5. Clinical Applications in Myocardial Imaging

Multiple studies have assessed the role of USPIO-enhanced CMR in ischaemic car-
diomyopathy (Figure 2). In a study that included 16 patients with acute ST-segment
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elevation myocardial infarction, Alam et al. demonstrated that USPIO were taken up by
the infarcted myocardial tissue and, to a lesser degree, by the peri-infarct and the remote
myocardium, as evidenced by increased R2* values [34]. This was in keeping with the
results of an NIMINI-2 (Non-invasive Myocardial Inflammation Imaging Based on New
Molecular Magnetic Resonance Imaging) study, which showed that the absolute T2* val-
ues were decreased in the infarcted myocardial zone and, again to a lesser degree, in the
peri-infarct zone [30]. In the same study, ex vivo analysis revealed that USPIO uptake
was detected specifically in cultured macrophages and not in the peripheral blood mono-
cytes, supporting the theory that USPIO absorption is mainly due to their accumulation
in infiltrating myocardial macrophages or their passive accumulation in areas of loss of
endothelial integrity rather than their phagocytosis by peripheral macrophages that then
relocate to the heart [30].

LGE R2* Map T2 MAP
3MONTHS 3MONTHS

R2* map

Low High

Figure 2. Examples of myocardial oedema and ferumoxytol enhancement in the infarct area after
myocardial infarction (MI). Three examples of MI (1, anteroseptal, 2, lateral and 3, inferior) showing
LGE on T1-weighted imaging (1A-3A), ferumoxytol enhancement (R2* maps) (1B-3B,1C-3C), and
oedema (T2 maps) (1D-3D,1E-3E) at early (up to 10 days in (1B-3B,1D-3D)) and late (3 months in
(1C-3C,1E-3E)) post-MI. Early inflammation and oedema seen on R2* maps (dark region) and T2
maps (light region), respectively, have improved or resolved by three months [31]. Reproduced with
permission from Stirrat et al. [31] under a Creative Commons Attribution 4.0 International License.

These two proof-of-concept studies laid the foundation for further trials that followed
and demonstrated that USPIO accumulation following acute myocardial infarction reflects
active cellular inflammation in the myocardium [31,41]. As mentioned above, these studies
showed that USPIO accumulated, albeit to a lesser degree, not only in the infarcted and peri-
infarct but also in the remote myocardium, generating the hypothesis that inflammation
and macrophage infiltration in the remote myocardium may lead to adverse myocardial
remodelling. More recently, in a study that included patients with acute MI and with
chronic ischaemic cardiomyopathy, Lagan et al. demonstrated that a USPIO-enhanced
multi-parametric multi-time-point CMR methodology specifically differentiates active my-
ocardial macrophage infiltration from the passive distribution of dissolved USPIO in the
tissue interstitium [1]. Importantly, it was shown for the first time that there is persistent
active inflammation, as evidenced by macrophage infiltration, both in the infarcted and
the remote myocardium in the chronic phase following an MI [1]. Larger studies using
USPIO-enhanced CMR are now needed to examine the potential role of active macrophage
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infiltration in the pathogenesis of adverse myocardial remodelling in ischaemic cardiomy-
opathy. The limited available data on USPIO uptake following coronary artery bypass graft
(CABG) have demonstrated that myocardial injury following CABG may be less dependent
on macrophage infiltration and inflammation, as there was no correlation between USPIO
uptake and high-sensitivity cardiac troponin or the cardiopulmonary bypass time [42].

USPIO-enhanced CMR has provided essential insights into the pathophysiology of
Takotsubo cardiomyopathy. While it has been known that oedema and inflammation
play a central role in this disease, Scally et al. demonstrated for the first time that active
macrophage infiltration drives the pathological ventricular response and cellular inflam-
mation [43,44]. Compared to control individuals, patients with takotsubo cardiomyopathy
showed significant differences in the change om T2* and native T1 values at baseline
(i.e., during the acute event). However, these differences were no longer evident after
five months [44]. Notably, myocardial energetics as assessed by 31P-CMR spectroscopy
demonstrated a markedly reduced energetic state, which persisted after five months [44].

In contrast with takotsubo cardiomyopathy, USPIO-enhanced CMR results have not
shown evidence of active macrophage infiltration and USPIO accumulation in myocarditis
despite evidence of myocardial oedema in native T1 mapping and extracellular volume
(ECV) imaging (Figure 3) [1,45]. Although the data available are limited to a total of fifteen
patients from two studies, USPIO uptake has not been demonstrated to be substantially
increased in the myocardium of patients with myocarditis, even in the areas with confirmed
myocardial oedema, as shown in native T1 and ECV imaging [1,45]. This highlights the fact
that different pathologies trigger different pathways that may not necessarily be mediated
by macrophages. In the case of myocarditis, immune cell activation may be dominated
by other cell types, such as lymphocytes, for example, which could explain the absence of
USPIO accumulation in the myocardium [1,45]. Additionally, in the study by Lagan et al.
there was no correlation shown between USPIO uptake and native T1 values, which, as
the authors mention, emphasises that myocardial oedema and macrophage infiltration
do not necessarily occur simultaneously and may not be dependent on each other [1].
Nevertheless, given the limited number of patients in the abovementioned studies, it is
impossible to draw firm conclusions, and further research is warranted to investigate this
important aspect in detail.

T2* map
O ms 80 ms

Figure 3. An example of a patient with acute myocarditis showing sub-epicardial LGE inferiorly
and inferolaterally on 4-chamber and 3-chamber views (left) but no evidence of ferumoxytol uptake
within the regions displaying LGE 24 h following infusion (right). CMR = cardiac magnetic resonance;
LGE = late gadolinium enhancement. Reproduced with permission from Merinopoulos et al. [7].
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6. Clinical Practice and Safety Profile

Ferumoxytol (Feraheme), a carboxymethyl dextran-coated USPIO, is approved for the
treatment of iron deficiency anaemia in Europe and the United States. Although approved
as a therapeutic agent, it is also useful as an MRI contrast agent, and as such, it is often
used for research purposes under approved protocols [46].

USPIO are a safe alternative to gadolinium-based contrast agents and can even be
used in patients with chronic kidney disease who are at risk of nephrogenic systemic
fibrosis [47]. One of the main safety concerns is the risk of an acute hypersensitivity allergic
reaction, leading the U.S. Food and Drug Administration to issue a boxed warning following
79 reported cases of anaphylaxis from an estimated total of 1.2 million injections [48].
Nevertheless, since then, large studies have successfully supported their safe use in clinical
practice [46]. In a large multicentre MRI registry, in which more than 3000 patients were
administered more than 4000 ferumoxytol injections, no severe or fatal adverse events
occurred, while moderate adverse events were recorded in only 0.2% [47].

Over the last few years, the safety profile of USPIO has improved, and evidence from
large studies further supports their application and safe use in clinical practice. Their
use in CMR has successfully revealed important mechanistic pathways in which cellular
inflammation and active macrophage infiltration play an important role. The research data
so far reflect their successful use in the investigation of cardiac diseases and the potential
that USPIO-enhanced CMR holds for use in clinical practice, to guide treatment strategies,
and to be at the centre of personalised medicine.

7. Conclusions

USPIO are a safe non-invasive emerging method that can be used to evaluate myocar-
dial inflammation by identifying active macrophage activity and infiltration. As inflamma-
tion may be an important factor driving adverse myocardial remodelling, USPIO-enhanced
CMR has the potential to offer important insights into the pathophysiology of a range of
cardiovascular diseases. In this way, it may become a powerful tool for risk stratification,
monitoring, and targeted individualised therapeutic interventions.
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