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nanoparticles for MR imaging applications
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m Describe intrinsic immune-modulating therapeutic
effects of iron oxide nanoparticles
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Amid mounting concerns about nephrogenic sclerosis and
gadolinium deposition in the brain, physicians and pa-
tients alike are starting to question the use of gadolinium
chelates for clinical magnetic resonance (MR) imaging.
The search for safer alternatives is currently underway.
In North America, the iron supplement ferumoxytol has
gained considerable interest as an MR contrast agent. In
Europe, ferumoxtran-10 is entering phase III clinical trials.
As these agents are starting to be used by a new genera-
tion of radiologists, important clinical questions have re-
emerged, including those that have been answered in the
past. This article offers 10 important insights for the use
of iron oxide nanoparticles in clinical MR imaging.

Published under a CC BY-NC-ND 4.0 license.
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leagues discovered that paramag-

netic ions could influence proton re-
laxation times on magnetic resonance
(MR) images (1). The first volunteer
was injected with gadopentetate
dimeglumine in 1983 (2,3). Although
early clinical studies primarily focused
on gadolinium chelates, MR investiga-
tors had already identified iron com-
pounds such as ferric ion (Fe®*) as al-
ternate MR contrast agents with high
rl relaxivities (4). During the next de-
cades, superparamagnetic iron oxide
(SPIO) nanoparticles were developed
for limited and well-defined clinical ap-
plications such as MR angiography, tis-
sue perfusion studies, and atheroscle-
rotic plaque and tumor imaging. Amid
recent concerns about nephrogenic
sclerosis and gadolinium deposition
in the brain, patients and physicians
are questioning the use of gadolinium
chelates and are actively seeking al-
ternatives. In North America, the iron
supplement ferumoxytol has gained
considerable interest as an MR con-
trast agent. Ferumoxytol is composed
of SPIO nanoparticles with strong T1
and T2 relaxivities and therefore can
be used “off label” to enhance soft-
tissue contrast on MR images. In fact,
ferumoxytol was originally designed as

® Ultrasmall superparamagnetic
iron oxides can cause immune
responses through the classic
Gell-Coombs pathway or comple-
ment activation-related
pseudoallergy.

In the late 1970s, Lauterbur and col-

B Extravasation of iron oxide
nanoparticles can cause long-
lasting skin discolorations.

B Dual-contrast agent MR imaging
studies can be obtained after
injecting iron oxides and then
gadolinium chelates or vice
versa.

B Jron can be retained in the cho-
roid plexus.

® Ferumoxytol enhancement of
lymph nodes is not due to mac-
rophage phagocytosis.

an MR contrast agent, but was later
developed for anemia treatment (5,6).
In North America, ferumoxytol (Fe-
raheme) is increasingly being used
for MR imaging (5,7-11). In parallel,
the iron oxide nanoparticle compound
ferumoxtran-10  (Sinerem/Combidex)
has gained a surge of interest in Europe
and is currently under clinical devel-
opment (12-15). As these agents are
adopted by a new generation of radi-
ologists, it is important to build on the
many lessons learned from previous
experience with iron oxide nanopar-
ticle compounds. As a researcher who
has worked with iron oxide nanopar-
ticles for more than 20 years, I have
noticed the re-emergence of important
clinical questions that have already
been answered. This article addresses
these newly resurfaced questions and
offers 10 key insights into the use of
iron oxide nanoparticles for clinical
MR imaging.

Imaging Applications for Ferumoxytol
and Ferumoxtran-10 Build on Decades

of Experience with Iron Oxide
Nanoparticles

SPIO nanoparticles have been used for
clinical imaging for more than 20 years
(16-21). Because of their size (mean
hydrodynamic diameter > 50 nm),
almost all SP1Os are rapidly phago-
cytosed by Kupffer cells in the liver
(16-19). As such, SPIOs have been
widely used for liver imaging in pa-
tients in North America and Europe.
However, many SPIOs were recently
taken off the market due to their
limited spectrum of applications;
Resovist is the only SPIO still being
distributed for clinical liver imaging
in Japan. The majority of companies
have prioritized the development
and distribution of ultrasmall SPIOs
(USPIOs, mean hydrodynamic diam-
eter < 50 nm) (7,12,22,23). USPIOs
have a longer blood half-life than SPIOs
and therefore can be used for a wider
spectrum of imaging applications,
such as MR angiography (7,9,24,25),
tumor perfusion imaging (9,23,26),
liver imaging (14), lymph node imag-
ing (11,12,15,22), bone marrow imaging

(27), atherosclerotic plaque imaging
(28-30), and imaging of various types
of inflammation (31-33). Food and
Drug Administration (FDA) approval
of the iron supplement ferumoxytol
(Feraheme) has led to a renaissance
of “off-label” use USPIO for a variety
of imaging applications (7-11,32,34).
Instead of reinventing the wheel, we
can build on existing experience with
other USPIOs, such as ferumoxtran-10
(12,13,30,32), ferucarbotran/SHU555C
(32), and feruglose (23,35), to truly
advance the field of nanoparticle imag-
ing. Before USPIOs entered clinical tri-
als, these nanoparticles were labeled
and described by identifying numbers.
When reviewing literature about a
specific iron oxide product, these ini-
tial formulations should be included to
capture all available information. An
overview of the synonyms for different
intravenously administered iron oxide
nanoparticles is provided in the Table.
Please note that Medline lists more
than 7000 articles on clinical iron oxide
nanoparticles. The literature cited here
support selected clinical questions, but
is not meant to be comprehensive.

Strategies to Prevent and Minimize
Adverse Reactions to USPIOs

Several investigators have described
serious and life-threatening anaphy-
lactic reactions to intravenously ad-
ministered ferumoxytol nanoparticles
(36,37). The aggregate rate of seri-
ous adverse events was 0%-1%, and
the aggregate rate of anaphylaxis was
0.02%-0.2% (5,38,39). In response,
the FDA has issued a black box warning

https://doi.org/10.1148/radiol.2017162759

Content codes: @
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Abbreviations:

FDA = Food and Drug Administration
IP = in phase

OP = opposed phase

RES = reticuloendothelial system
SPIO = superparamagnetic iron oxide
USPIO = ultrasmall SPIO
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Characteristics of Widely Used Clinical Iron Oxide Nanoparticles

Generic Name and Product No. ~ Trade Name Coating Hydrodynamic Diameter ~ Blood Half-Life in Patients  References
Ferumoxides AMI-24 Endorem Feridex Dextran SPI0: 50-100 10 minutes 16,17,19,77,80
Ferucarbotran SHU555A Resovist* (Japan) Carboxy-dextran SPIO: 60-80 nm 12 minutes 18,20,21,76
Ferumoxtran-10 AMI-227 Sinerem* (Europe) Dextran USPIO: 20-50 nm > 24 hours 12,22
Ferucarbotran SHU555C Resovist S Supravist Carboxy-dextran USPIO: 20-25 nm 6-8 hours 33
Feruglose NC100150 Clariscan Carbohydrate-polyethylene glycol ~ USPIO: 11-15 nm 2 hours 23
Ferumoxytol AMI-7228 Feraheme* (North America) ~ Carboxy-methyldextran USPIO: 20-30 nm 10-14 hours 10,34,37,113

Note.—The most widely used clinical products are listed, which have been used in hundreds of patients and in multiple countries. The letters in front of the product numbers indicate the company that
developed the agent: AMI = Advanced Magnetic Imaging, SHU = Schering, NC = Nycomed. Since the final clinical product may be licensed to other companies, the company that commercially
distributes the agent to radiology practices can be different in different countries and different years.

* Agents that are currently (as of 2017) available for use in patients in the aforementioned countries

regarding these risks (40). The FDA
recommends that clinicians
fully consider the potential risks and
benefits of administering ferumoxy-
tol, especially in elderly patients who
have a higher risk of adverse events
and patients with a history of allergic
reactions to any iron product. In addi-
tion, the FDA urges clinicians to only
infuse ferumoxytol intravenously when
diluted in 50-200 mL of 0.9% sodium
chloride or 5% dextrose solution and
administer it slowly over a minimum
of 15 minutes. Patients should then be
closely monitored for signs and symp-
toms of allergic reactions for at least
30 minutes (40).

USPIOs
sponses according to the Gell-Coombs
system (Fig 1) (41). The classic path-
way involves a type Ill dextran reactive
antibody reaction with the formation
of immune complexes and complement
activation. A number of preventive
strategies have been applied to reduce
the incidence of these reactions. Some
investigators have prescribed aspirin
prior to USPIO administration (42)
based on previous reports that aspi-
rin can inhibit complement activation
and prevent hemodynamic reactions
to liposomes in animal models (43).
In addition, low-molecular-weight dex-
trans administered prior to USPIO have
been reported to block circulating anti-
dextran antibodies (or antibodies that
cross-react with dextran) (44). For in-
stance, isomaltoside 1000 has been sug-
gested to act as a monovalent antigen

care-

can cause Ilmmune re-

Nanoparticle

Corona formation around

/'w\nanoparticle in blood vessel

.

Gell-Coombs Type Il and Il

Figure 1:
to the Gell-Coombs system.

(ie, hapten) by blocking the antibody
binding sites without the formation of
immune complexes (45).

Rapid injection of iron prod-
ucts can cause a distinct nonimmune
reaction: complement activation-related

Lymph node

p
IL-13 /
l IL-4
Immune Complex Formation Y\\((YYY Y
i

Delayed Type Hypertension
Gell-Coombs Type IV

Plasma cells

IgE antibodies

Gell-Coombs Type |

Overview of possible immune response mechanisms against ferumoxytol nanoparticles according

pseudoallergy (CARPA) (46-49). Feru-
moxytol contains a small amount of free
iron (< 0.002% of the total iron con-
tent), independent of the liquid used for
dilution (45). This free iron can activate
the complement system, lead to mast
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cell degranulation, and cause anaphy-
lactic-like symptoms with severe hypo-
tension and/or severe flush sensations
(50). This reaction can be alleviated by
slow infusion of diluted iron products.
Other investigators have suggested that
injecting iron too rapidly can exacerbate
CARPA by exceeding the clearance rate
of anaphylatoxins from the blood by
carboxypeptidase N and macrophages
(47,48). Regardless of the underlying
cause, hypotensive reactions observed
with rapid ferumoxytol injections led
the FDA recommendation to adminis-
ter diluted ferumoxytol slowly under
continuous blood pressure monitoring.
Patients with cardiac preconditions are
particularly vulnerable to iron-induced
hypotensive reactions because they do
not have the cardiac reserve to com-
pensate for a hypotensive crisis. Iron-
induced hypotension is best treated
with intravenous fluid. Antihistamines
can escalate hypotensive events and
reactive tachycardia (51). Since clin-
ical presentations of CARPA and true
anaphylaxis can overlap; guidelines for
the treatment of iron-induced adverse
events recommend fluid administration
in conjunction with other drug ther-
apies for anaphylactic reactions (46).

Filters Are No Longer Used

In the absence of an external magnetic
field, USPIOs have little tendency for
self-aggregation and are stabilized as
individual particles by their synthetic
coat (52). However, micro-oxidation,
microrelease of ferrous ions, and elec-
trostatic interactions can promote nat-
ural aggregation. In addition, compared
with first-generation SPIOs, USPIOs
have a higher relative surface area and
number of surface atoms, which can
promote agglomeration. Due to this
concern, for nearly 20 years both SPIOs
and USPIOs had to be administered
through a 5-pm (18-23) or 0.22-pm fil-
ter (27). This filter was placed between
the syringe and infusion line and/or
the intravenous access to the patient,
with the goal of preventing injection
of nanoparticle aggregates. However,
there is a lack of scientific evidence
showing that using a filter actually

reduces nanoparticle aggregates in a
solution injected into a patient. Thus,
filters are no longer used for adminis-
tration of these nanoparticles.
Increasing temperature has been
shown to decrease the enthalpy of
nanoparticles (53); for instance, when
nanoparticles are dissolved in cool sa-
line, a negative enthalpy change can
occur, for which the system may com-
pensate by maximizing the existing en-
tropy and separating liquid molecules
from nanoparticles, thereby promoting
aggregation. Many current USPIO for-
mulations contain citrate, which binds
ferric ions and prevents nanoparticle
aggregation (45). Systematic studies
are needed to evaluate the effect (or
lack thereof) of varying compositions
and temperatures of clinical USPIO so-
lutions on nanoparticle agglomeration.

Iron Oxide Nanoparticles Can Cause

Local Side Effects at the Infusion Site

Patients should be informed that extrav-
asation of iron oxide nanoparticles can
cause long-lasting skin discolorations
(brown areas) of the skin surrounding
the infusion site. Such discolorations
will persist for several months but usu-
ally slowly disappear over time, similar
to an organic tattoo. A clinical interven-
tion to accelerate the disappearance of
this discoloration would be valuable. In
fact, iron-induced skin discoloration is
one reason a skin prick test for an aller-
gic reaction is considered neither fea-
sible nor safe. The by-products of the
pigments’ decomposition accumulate in
the lymphatic system and can cause de-
tectable signal changes of local lymph
nodes on MR images.

Usually, iron oxide nanoparticles
are inert and do not cause local in-
flammatory reactions. However, rarely,
extravasated iron products can cause
granulomas, dermatitis, or local fi-
brosis. In animal experiments, locally
administered iron dextran products
inhibited the growth of subcutaneous
tumors through a Fenton reaction and
production of reactive oxygen species
(54). Additionally, intramuscularly in-
jected iron products have been associ-
ated with the development of sarcomas

(55). The number of patients who re-
ceived intramuscular injections of iron
compounds is unknown but is probably
very small; thus, available data to date
do not support a strong risk of tumor
development in patients (56). However,
increased iron concentrations in leg
ulcers of patients caused significantly
impaired wound healing (57), and in-
creased iron concentrations in rats
with peritonitis exacerbated inflamma-
tion-mediated peritoneal damage (58).
These findings were noted at iron tissue
concentrations much above the concen-
trations reached after intravenous US-
PIO doses for imaging purposes and
can be explained by iron oxide-induced
chronic inflammation and reactive oxy-
gen species production. Further studies
are needed to evaluate potential intrin-
sic immune-modulating effects of iron
oxide nanoparticles in patients.

Protein Coronas Form around Iron
Oxide Nanoparticles in Serum

Proteins in blood and serum form a
protein corona on the surface of iron
nanoparticles  (59-63). The
particular protein corona that forms
around a nanoparticle determines its
physicochemical properties, such as its
hydrodynamic size and surface charge
(66-68), and how it interacts with
cells (69,70). For example, protein
coronas that contain apolipoproteins
ApoB100 and ApoE improve transport
of nanoparticles across the blood-brain
barrier (71,72), protein coronas that
contain immunoglobulins and comple-
ment C3b improve nanoparticle uptake
by monocytes (73), and protein coronas
that contain albumin (74) and CD47
(75) prevent cellular nanoparticle up-
take. The effect of the protein corona
on cellular nanoparticle uptake and in
vivo distribution of diagnostic USPIOs
in patients is a largely understudied

oxide

area.

Iron Oxides Do Not Interact with

Gad

Depending on the administered dose,
intravenously injected iron oxide
nanoparticles  provide long-lasting

m Chelates
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vascular enhancement for several days
and tissue enhancement for several
weeks. This finding has led to con-
cerns regarding potential interactions
between iron oxide nanoparticles and
gadolinium chelates. Extensive dual-
contrast agent imaging studies con-
ducted in more than 1000 patients
showed that iron oxide nanoparticles
do not interact with or interfere with
the pharmacokinetics or imaging char-
acteristics of gadolinium chelates (76-
79). Dual-contrast agent MR imaging
has been performed after injection of
iron oxides and then gadolinium che-
lates (76,78-80) or vice versa (77).
Nevertheless, it will be important to
understand tissue MR enhancement
patterns after administration of iron
oxide nanoparticles (see below). With
more than 1 million ferumoxytol ad-
ministrations for anemia treatment
to date, radiologists will likely acquire
MR images in ferumoxytol-treated pa-
tients. Therefore, we should consider
including a question about previous
treatments with iron products on MR
imaging screening forms.

USPI0s Have Different T1 Enhancement

Patterns Compared with Gadolinium
Chelates

T1 contrast enhancement due to iron
oxide nanoparticles such as ferumoxy-
tol is very different compared with that
due to gadolinium chelates in terms of
timing, duration, bio-distribution, and
elimination from the body (Figs 2, 3).
The T1 shortening process requires close
interaction between water molecules
and iron oxide nanoparticles (81). Small-
molecular-weight gadolinium chelates
distribute nonspecifically in blood and
extracerebral tissues, providing uni-
form strong T1 enhancement. By con-
trast, due to their large size, iron ox-
ide nanoparticles do not extravasate
in most tissues. This can be harnessed
for MR angiography (7,8), long-lasting
vascular enhancement in whole-body
MR imaging and positron emission to-
mography/MR imaging tumor staging
(82,83), MR imaging of vascular mal-
formations (84), MR imaging of in-
flammation (31,85), and interestingly,

MR detection of early tumor necrosis
(10,85). Due to a lower degree and
rate of extravasation and a higher drug
concentration gradient between vessels
and tissues, T1-based steady-state an-
giography can be performed with iron
oxide doses of 1 mg of iron per kilo-
gram or less (24). Higher nanoparticle
doses can lead to susceptibility-related
signal loss in large vessels, which can
impair quantitative MR data analyses
and cause artifacts mimicking throm-
bosis (25).

In the reticuloendothelial system
(RES) (ie, liver spleen and bone mar-
row), ferumoxytol nanoparticles extrav-
asate through discontinuous microves-
sels and/or sinuses and cause strong T1
enhancement within the first few hours
after iron oxide administration (Fig 3).
Ferumoxytol tissue T1 enhancement
on gradient-echo sequences can be
improved by increasing the nanopar-
ticle dose, decreasing the flip angle,
and minimizing the echo time (82,86).
In most tissues outside of the RES,
ferumoxytol does not extravasate and
therefore causes substantially lower
T1 enhancement of tissues when com-
pared with gadolinium chelates (35).
Therefore, ferumoxytol is not well
suited for detecting small tumors out-
side of the RES. Ferumoxytol tumor
enhancement during the relatively early
perfusion phase, 1-30 minutes after
injection, is limited by an average tu-
mor blood volume of about 5%. This is
much lower compared with gadolinium
chelates, which rapidly distribute to the
larger extracellular space (Fig 3). Peak
ferumoxytol enhancement in malignant
tumors is typically reached at 24-48
hours after intravenous ferumoxytol ad-
ministration (9). To compensate for the
low sensitivity of iron oxide nanopar-
ticles, tumor imaging studies are typi-
cally performed with high doses of 5-8
mg of iron per kilogram (11,82).

Iron oxide nanoparticles can pro-
vide information for tumor character-
ization not accessible by gadolinium
chelates. By creating a “blood-body
barrier” (in analogy to the blood-brain
barrier), USPIOs can better charac-
terize differences in the microvascular
permeability of benign and malignant

breast tumors (23) and other soft-tis-
sue tumors; benign tumors show no or
minimal USPIO enhancement, whereas
malignant tumors show marked US-
PIO enhancement (23). In malignant
tumors, the degree of ferumoxytol MR
imaging enhancement increased with
increasing histopathologic grade (23).
In the brain, ferumoxytol improved the
differentiation between nonenhancing
meningiomas and enhancing dural me-
tastases (87), as well as immunother-
apy-induced cancer pseudoprogression
and true progression (26).

Echo Times Should Be Checked on In-
Phase and Opposed-Phase Sequences

Iron oxide nanoparticles shorten T2
and T2* relaxation times of target tis-
sues. This has been classically used for
the detection of focal lesions in liver,
spleen, lymph nodes, and bone marrow
(Fig 4) (12,22,27,82,88,89). T2 short-
ening effects are due to “outer sphere”
effects (proton diffusion-dependent de-
phasing and signal decay) and/or “in-
ner sphere” effects (chemical exchange
between iron-bound and free water
protons) (90). T2* effects of iron ox-
ides are due to static dephasing and
exceed T2 effects (91). Therefore, T2*-
weighted sequences are more sensitive
for iron oxide nanoparticle detection.
Iron oxide nanoparticle-induced T2*
tissue enhancement can be maximized
by increasing the applied magnetic field
strength by using high iron oxide doses
of 3-7 mg per kilogram ferumoxytol
(92,93), gradient echo instead of spin
echo sequences, and long echo times
(91). T2* shortening effects of iron ox-
ide nanoparticles have been used for
tissue perfusion studies (92,93), detec-
tion of malignant tumors in RES organs
(ie, liver, spleen, bone marrow, and
lymph nodes) (17-21,79,80) (Figs 4, 35),
suppression of false-positive signals of
normal spleen and bone marrow on
diffusion-weighted images (82), detec-
tion of tumor-associated macrophages
in cancers (94), artherosclerotic plaque
imaging (28-30), imaging of inflamma-
tion (31,32), and in vivo cell tracking
(91,95-98), among others. Of note,
the T1 effect of iron oxides diminishes
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Figure 2

Figure 2:

Ferumoxytol-enhanced brain MR imaging. A, B, Axial spoiled gradient-recalled-echo (SPGR) images with, A, T1 contrast (repetition time msec/

echo time msec, 4.5/1.3; flip angle, 15°) and, B, T2 contrast (36/15; flip angle, 15°) through the brain of a human volunteer 1-2 hours after intravenous
injection of ferumoxytol (dose, 6 mg iron per kilogram of body weight). C, Axial T1-weighted SPGR (4.3/1.0; flip angle,15°) image of a bithalamic arteriove-
nous malformation (arrows) in a 9-year-old girl obtained 1 hour after injection of ferumoxytol at a dose of 3 mg iron per kilogram of body weight. D, Axial
T1-weighted SPGR (9.5/3.8; flip angle, 13°) and, £, susceptibility-weighted SPGR (43.6/4.6; flip angle, 15°) images acquired 2 days after ferumoxytol
administration (dose, 5 mg iron per kilogram of body weight) in a 53-year-old female patient show a recurrent glioblastoma in the right temporal lobe (ar-

rows). Different tumor areas show hyperintense T1 enhancement and hypointense T2 enhancement (arrowheads). F, Susceptibility-weighted SPGR image

(50/5.8; flip angle, 15°) acquired 2 years after an MR imaging scan with ferumoxytol (dose, 5 mg iron per kilogram of body weight) in a 15-year-old female
patient with osteosarcoma of the femur and successfully treated recurrence (not shown). The patient had also received multiple blood transfusions after the
ferumoxytol scan. The brain MR image, obtained due to chronic headaches, shows hypointense signal of the choroid plexus, consistent with iron deposition

(arrows). (Courtesy of Michael Moseley, Thomas Christen, Samantha Holdsworth, Kristen Yeom, and Michael lv, Stanford University.)

when the nanoparticles are compart-
mentalized and clustered in cells, while
T2 effects decline to a lesser degree
and T2* effects remain largely unaf-
fected (91,99). Thus, the combination
of T1, T2, and T2* effects allows us to
determine the extra- or intracellular
nanoparticle location (10,91).

For accurate interpretation of in-
phase (IP) and opposed-phase (OP)
gradient-echo images after iron oxide
nanoparticle administration, it is im-
portant to understand the applied echo
times: Most commercial 1.5-T imagers
use OP-IP gradient-echo sequences,
where the first echo time of 2.3 msec

generates OP images and the second
echo time of 4.6 msec generates IP im-
ages (90). With these systems, IP images
have longer echo times and show stron-
ger iron oxide enhancement (lower sig-
nal) compared with OP images. There-
fore, on these OP-IP images, liver and
adrenal gland fat show a lower signal on
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Figure 3

Figure 3:  Ferumoxytol-enhanced T1-weighted MR imaging of the abdomen and comparison with gadolinium chelates. A, B, Axial
T1-weighted fast spoiled gradient-echo (3.3/1.2; flip angle, 15°) sequences through the upper abdomen of a 15-year-old boy before
(A, nonfat-saturated sequence) and after (B, fat-saturated sequence) intravenous infusion of ferumoxytol at a dose of 5 mg iron per
kilogram of body weight. Postcontrast images show T1 enhancement of liver, spleen, and kidneys, as well as marked enhancement and
improved delineation of abdominal vessels. C, Axial T1-weighted liver acquisition with volume acquisition (LAVA) (3.3/1.2; flip angle,
15°) image of a hepatocellular carcinoma (arrows) in a 15-year-old boy after intravenous injection of gadolinium chelate shows marked
positive contrast enhancement of both liver and tumor. D, Follow-up image after chemoembolization shows marked central necrosis
(arrows). £, Corresponding MR image after intravenous infusion of ferumoxytol (obtained 1 day after, ) shows less tumor enhancement
(arrows) and improved vessel delineation around the lesion. £, MR image after chemoembolization and intravenous infusion of ferumoxytol
shows smaller areas of nonenhancing necrosis (arrows) compared with, 0, and some tumor areas with increased iron enhancement
compared with, E, presumably representing early tumor necrosis with increased nanoparticle leak and retention.

OP than IP images (dark-bright signal), Conversely, some 3-T imagers use I[P images and the second echo time of
and iron oxide nanoparticles show the IP-OP gradient-echo sequences, where 5.8 msec generates OP images (90).
opposite effect (bright-dark signal). the first echo time of 2.3 msec generates ~ With this setup, the OP images have

622 radiology.rsna.org = Radiology: Volume 284: Number 3—September 2017
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Figure 4
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Figure 4:  Schematics depict the value of iron oxide nanoparticles for tumor detection on diffusion-weighted MR images. (a)
Before iron oxide injection, the intrinsic restricted diffusion in spleen and marrow can mask tumor deposits in these organs. (b)
After iron oxide nanoparticle injection, normal tissues of the RES show negative (dark) T2 enhancement, while focal neoplastic
lesions show no or substantiaally less enhancement, leading to improved tumor-to-background contrast.

Figure 5
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Figure 5:  Ferumoxytol-enhanced T2-weighted MR images in a 15-year-old boy with hepatocellular carcinoma before and at different time points after intravenous
infusion of ferumoxytol (same patient as in Fig 3). A, Axial T2-weighted fast spin-echo (FSE) image (12 000/81) before contrast media administration. B, C,
T2-weighted FSE (4000/65) images14 hours after intravenous infusion of ferumoxytol at a dose of 5 mg iron per kilogram show marked negative (dark) enhancement
of normal liver parenchyma with improved delineation of nonenhancing tumor (arrows, B) and a satellite lesion (arrow, C). D, Follow-up single-shot T2-weighted FSE
image (1900/118) 4 weeks later shows some iron metabolization in liver and spleen. £, T2-weighted FSE image (4000/65) 22 hours after a second ferumoxytol injec-
tion shows similar enhancement to that in B. £, Axial T2-weighted FSE image (12 000/81) obtained 8 weeks later shows marked clearance of iron from the right liver
lobe and spleen, while the peritumoral left liver lobe shows iron retention (arrow), possibly due to recent chemoembolization. Remaining signal loss is also noted in the
bone marrow. Further follow-up studies showed complete clearance of iron from the liver and spleen (not shown).
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longer echo times and show stronger
iron oxide enhancement. Therefore, on
IP-OP images, liver fat and iron oxide
nanoparticles show the same effect: a
lower signal on OP images than on IP
images (bright-dark signal).

Considering the above protocols,
the detection of most focal liver lesions
would be better on the IP images from
OP-IP sequences and OP images from
[P-OP sequences, due to better lesion-
to-liver contrast on the sequence with
the longer echo time.

Iron oxide nanoparticles are slowly
degraded by macrophages in the RES
(Fig 5). The nanoparticle coating is
cleaved by lysosomal enzymes and
the iron core is incorporated into the
body’s iron stores, where it is slowly
metabolized over 6-12 weeks (100).
Excessive doses of ferumoxytol can
lead to long-lasting signal effects on MR
images (101) and can potentially cause
hemosiderosis (100), although no cases
of ferumoxytol-induced hemosiderosis
have been described in patients to date.
Doses for imaging purposes (1-5 mg of
iron per kilogram of body weight) are
smaller than doses for anemia treatment
(initial 510 mg intravenous injection
followed by a second 510 mg injection
3-8 days later) (100). The impact of
USPIO biodegradation on T2 and T2*
signal is a largely understudied area.

Iron Oxide Nanoparticles Are Retained
in Organs Outside of the RES

Outside of the RES, iron oxide nanopar-
ticles are taken up by adrenal glands
(34,101), alveolar macrophages in the
lungs (102), peritoneal macrophages
(58), and synovial membrane macro-
phages in joints (32,103).

The normal adrenal gland dem-
onstrates marked negative (dark) en-
hancement on T2-weighted MR images
at 1 and 24 hours after ferumoxytol
administration (34). By contrast, ret-
roperitoneal tumors show little or no
ferumoxytol enhancement (82). This
difference in ferumoxytol enhance-
ment between benign adrenal tissue
and malignant adrenal masses might
prove useful in the differential diagno-
sis of adrenal lesions. In patients with

hemosiderosis and hemochromatosis,
iron deposition in the adrenal gland can
rarely lead to hypoaldosteronism (104-
106). The related effects of iron oxide
nanoparticles have not been described.

USPIOs do not cross the blood-
brain barrier in healthy subjects. How-
ever, brain scans of patients after multi-
ple blood or iron transfusions can show
persistent hypointense enhancement in
the choroid plexus for days to weeks
(107,108) (Fig 1). It is unknown whether
ferumoxytol can penetrate through the
choroid plexus into the cerebrospinal
fluid. In animal models, intravenously
administered iron was retained in cho-
roid plexus epithelial cells and in neu-
roglial cells (107,108). In vitro studies
have shown that iron oxide nanoparti-
cle-exposed neuronal stem cells have a
near immediate ability to adapt to local
changes in iron content by downregu-
lation of transferrin receptor 1 (Tfrc)
and heme oxygenase 1 (Hmox1) ex-
pression and upregulation of genes in-
volved in lysosomal function (Sulfl) and
detoxification (Clu, Cp, Gstm2, Mgst1)
(109). Interestingly, this study found no
change in gene expression related to
apoptosis pathways (109); others have
suggested that iron oxides can induce
ferroptosis in cancer cells through a
caspase-independent cell death path-
way (110). Further studies are needed
to understand whether cumulative US-
PIO doses lead to iron deposition in the
brain and whether USPIO can cause
ferroptosis in patients.

Iron Oxide Nanoparticles Do Not

Localize to Macrophages in Lymph
Nodes

USPIOs have been used extensively for
the detection of lymph node metasta-
ses (11,12,15). Previous studies showed
that ferumoxtran-10 and ferumoxytol
nanoparticles are retained in normal
lymph nodes, causing a long-lasting T2
and T2* signal effect on T2- and T2*-
weighted MR images 24-48 hours after
intravenous injection of USPIOs. Con-
versely, metastases in lymph nodes did
not take up iron oxides and, therefore,
could be detected as relative hyperin-
tense lesions. It was suggested that, in

accordance with the concept of imaging
metastasis in the liver with iron oxides,
the T2 effect in normal lymph nodes is
due to macrophage phagocytosis. How-
ever, despite more than 100 scientific
articles on this subject, no study has
yet localized iron oxide nanoparticles to
specific cellular components in normal
lymph nodes. Two studies correlated
iron oxide enhancement of reactive and
inflamed lymph nodes with histopath-
ologic findings: Xue et al evaluated in-
flammatory lymph nodes in rabbits after
injection of Freund adjuvant (111). The
highly inflamed lymph nodes showed re-
tention of iron oxides in macrophages.
Koh et al evaluated reactive nodes in
patients with colorectal cancer. The
authors found decreased T2 signal of
reactive nodes on MR images and scat-
tered iron-containing macrophages on
corresponding histopathologic  speci-
mens (112). Neither of these studies
evaluated the localization of iron oxide
nanoparticles in the cellular components
of normal lymph nodes, which typically
contain few macrophages. Since nor-
mal lymph nodes contain mostly T cells
and only few macrophages, it is unclear
which cell type in a healthy lymph node
retains SPIO nanoparticles (Fig 6).
Other immune cell types capable of
phagocytosis, such as dendritic cells,
could take up iron oxide nanoparticles
and contribute to the observed T2-signal
enhancement. This is important because
it might enable us to differentiate lymph
node pathologies with different immune
cell compositions based on their differ-
ential iron uptake. Future studies are
needed to elucidate if and when iron ox-
ide nanoparticles localize to the intravas-
cular space, the extravascular-interstitial
space, or cellular components in healthy
lymph nodes. Interestingly, the USPIO
uptake in lymph nodes can be substan-
tially enhanced by preadministration or
coadministration of nonsteroidal anti-in-
flammatory drugs (42).

Since USPIOs are not associated with
a risk of nephrogenic sclerosis, they
can serve as a safer contrast agents
compared with gadolinium chelates
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Figure 6
A

Figure 6: Ferumoxytol-enhanced MR imaging of a normal lymph node with histopathologic correlation. A, Axial T2-weighted
fast spin-echo (5700/25) image through the lower abdomen of a Sprague-Dawley rat shows normal lymph node in the right
inguinal region (arrow). B, At 24 hours after intravenous injection of fluorescein isothiocyanate (FITC)-conjugated ferumoxytol

at a dose of 30 mg iron per kilogram, the lymph node shows marked signal loss (arrow). C, Corresponding hematoxylin-eosin
histopathologic slice shows normal lymph node architecture (magnification, X<40). D, Prussian blue staining shows iron contain-
ing cells (magnification, X 40). £, F, Confocal microscopy of the same lymph node shows numerous cells with intracellular FITC
ferumoxytol (green) and only few macrophages (red, stained with rhodamin-labeled anti-CD68 mAb; blue = DAPI [49,6-diamid-
ino-2-phenylindole]; magnification, X< 40). Not all macrophages contain FITC-ferumoxytol and numerous cells that do contain
FITC-ferumoxytol are apparently not macrophages.
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for several indications, including MR
angiography, tissue perfusion studies,
and atherosclerotic plaque and tumor
imaging. USPIOs are especially benefi-
cial for patients with renal insufficiency
or patients with uncertain creatinine
laboratory values. Two USPIOs are
currently being used for clinical appli-
cations: the FDA-approved iron supple-
ment ferumoxytol and ferumoxtran-10,
which is undergoing renewed clinical
trials in Europe. Safety considerations
for these agents include slow intrave-
nous infusion over at least 15 minutes
to avoid hypotensive reactions, possible
complication of skin discolorations, and
preparedness for rare, but possible se-
vere anaphylactic reactions. Both feru-
moxytol and ferumoxtran-10 provide
long-lasting blood pool enhancement,
which can be used for any MR imaging
examination that requires detailed and/
or long-lasting vessel delineation such
as MR angiographies, tissue perfusion
studies, and whole-body tumor staging
with MR and positron emission tomog-
raphy/MR imaging. USPIOs are slowly
phagocytosed by macrophages in the
RES, making them ideal for MR imaging
detection of tumors in the liver, spleen,
lymph nodes, and bone marrow. Simi-
larly, USPIOs are slowly phagocytosed
by tumor-associated macrophages in
the tumor microenvironment; this could
be leveraged to grade tumor-associated
inflammation and monitor the efficacy
of new cancer immunotherapies. Fi-
nally, new developments in USPIOs may
spur new personalized diagnostic tests
and theranostic (combined diagnostic
and therapeutic) procedures.
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