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Abstract: Ultrasmall superparamagnetic particles of iron oxide (USPIOs) imaged with magnetic resonance

imaging (MRI) have been proposed as an experimental method for visualizing lymph node (LN) metastases.

The method does not require ionizing radiation, yet can detect small nodes that are involved with metastases.

USPIOs are naturally taken up by macrophages that deposit in the normal LN creating a low signal region in

normal areas; areas within the node that do not show this loss of signal are likely involved by tumor although

there can be other causes (fibrosis or inflammation). However, the lack of approved USPIOs that are

clinically available hinders adoption and larger studies. The proposed indications for USPIO MRI, including

specific compounds and imaging methods are discussed.
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Introduction

Detection of lymph node (LN) metastasis is an important
prognostic marker and has a strong impact on prostate
cancer (PCa) management. Currently, the decision to
perform pelvic lymph node dissection (PLND) as part of
a radical prostatectomy is based on available local staging
with imaging and clinical nomograms. To assess nodal
staging, MRI and CT are most commonly used, however,
these conventional techniques have poor sensitivity (1).
Both MRI and CT perform equally poorly for assessing
LNs as both are based on morphology and size features
which are notoriously insensitive to small tumor deposits
which do not significantly alter the size or shape of LNs.
Since direct methods of imaging LN metastases are limited,
several nomograms have been developed that calculate LN
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metastatic risk based on clinical parameters and T staging
that correlates to some degree with N staging. However,
these methods cannot localize the sites of LN metastases
but merely forecast the likelihood that one or more
malignant nodes may be present in the case (2-4). More
recently, functional and molecular imaging methods have
been proposed as alternatives (1).

Current radiological interpretation of LNs is based on
the presence of a fatty hilum, a small (typically <0.8-1.0 cm)
short axis diameter, a relatively higher signal intensity (SI)
than normal on T2-weighted images (T2WI), and a regular
capsular appearance, all of which indicate a normal LN (5).
Micrometastases, that do not alter LN size or morphology
often leads to false-negative results. In contrast, tumor-
infiltrated nodes are classically considered to be larger, have
replaced fatty hila and may appear irregular. However, these
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findings are subjective.

A recent meta-analysis of MRI in LN metastases
detection showed a pooled sensitivity and specificity per
patient of 56% (95% CI, 0.42-0.69) and 94% (95% CI,
0.90-0.96), respectively (6). In this study, normal-sized
LNs showed a slightly higher sensitivity (59%, 95% CI,
0.26-0.93) than all the pooled studies irrespective of LN
size (0.56, 95% CI, 0.42-0.69). It was speculated that
most of the studies that were included in the meta-analysis
which were shown to be tumor positive with normal LN
size were using ultrasmall superparamagnetic particles of
iron oxides (USPIOs) indicating their possible use in the
setting of small LN metastases. These results suggest that
current imaging methods are not adequate for the detection
of metastatic LNs, but further technical issues must still
be addressed (7). General principles in USPIO imaging,
approved compounds, and other available imaging methods
are discussed in this review.

Methods

A systematic review was performed on PubMed in peer-
reviewed journals published from 1990 to 2018 in English
using the terms: USPIO, ferumoxytol, ferumoxtran, MR
lymphangiography, and ultra-small paramagnetic iron
oxide. The following criteria were included: (I) studies
with patients undergoing ferumoxtran-10 imaging, (II)
studies with patients undergoing ferumoxytol imaging, (III)
physical properties of ultra-small paramagnetic iron oxide
particles. Additionally, information on the Food and Drug
Administration (FDA) website was used as well as singular
sources to give the context of use of USPIOs.

General principles of USPIO in MRI

The rationale for the use of USPIO is that, after
intravenous injection, the nanoparticles are phagocytosed by
macrophages in circulation which then enter the interstitial
space and are taken up by lymphatics into LNs (8-11).
Once within the LN, iron-laden macrophages remain for
several days before the iron begins to be processed into iron
stores. Since iron oxide is superparamagnetic, it becomes
strongly magnetic in the strong magnetic field of the MRI
leading to spin dephasing and susceptibility effects, which
result in signal loss. Therefore, the SI is markedly reduced
in normal LN tissue due to the magnetic susceptibility
and T2 shortening effects of the USPIO particles (8,12).
Conversely, in areas of LNs replaced by malignant cells
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there is much less uptake of USPIO particles and, therefore,
those portions of the LNs remain unchanged in signal on
T2WI and T2*-weighted imaging (T2*WI) 24-48 hours
after intravenous injection of a USPIO (8-11).

Several studies (9,10,12-14) hypothesized that the lack
of USPIO uptake (partial or total) in metastatic LNs is
because normal iron-laden macrophages cannot enter into
collections of tumor cells within the LN (15). Although
two different studies (16,17) histologically correlated
USPIO-uptake with normal macrophage activity, no study
has yet localized USPIO particles to specific intra-cellular
components in healthy LNs (15). Since benign LNs usually
contain mostly T-cells and only few macrophages, the
question is whether USPIO particles are transferred to
other cell types in the LN (15). Moreover, some tumoral
uptake of USPIO particles in intracranial tumors has been
demonstrated (18-20). Daldrup-Link ez a/. (15) suggested
that other immune cell types, such as dendritic cells, may
play a role in the USPIO-retention in LNs.

The MRI performed after administration of USPIOs
provides more information than conventional anatomic
imaging by showing normal homogeneous uptake (loss of
signal) in healthy LNs. The presence of USPIOs within
the LN shortens the T2WI and T2*WI relaxation time
decreasing the SI on MRI (Figure 1). Metastatic LNs take up
the USPIO either partially or not at all, with tumor retaining
the same SI or having a slightly higher SI compared to
the SI prior to USPIO administration (Figure 2) (8).
T2*WI effects of iron oxides resulting in loss of SI are due
to static dephasing of spins. T2WI is also affected but to a
lesser degree due to rephasing gradients (21).

Criteria for determining whether a LN is metastatic on
USPIO MRI have been developed (7-10,12-14,22). The
following criteria are used when interpreting T2-weighted
USPIO-enhanced MRI: (I) complete involvement; no signal
loss or hyperintensity after USPIO throughout the whole
LN; (II) partial central involvement; high signal centrally
with peripheral loss of SI along with heterogeneous
architecture; (III) partial patchy involvement; signal loss
whereby >50% of the node has areas of high SI with
heterogeneous architecture. High SI in <50% of nodes with
heterogeneous architecture should be considered as possibly
metastatic (23). It should be noted that such definitions
are not yet standardized or codified by an international
organization.

To perform a USPIO-enhanced MRI, the following
factors should be considered carefully: dosing, timing
of imaging after USPIO injection, imaging parameters
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Day 1

Day 2

Figure 1 Ferumoxytol enhanced MR Lymphography findings of benign hyperplastic lymph nodes. (A-D) Pre-administration of ferumoxytol;
(E-H) 24 hours post-administration images. (A,E) T2-weighted images; (B,F) T2* axial images; (C,G) diffusion-weighted images; (D,H) T2*
spectral pre-saturation with inversion recovery (SPIR) images. A 57-year-old male with T3 high-grade papillary urothelial carcinoma. Two
enlarged lymph nodes were seen, one in the right inguinal chain (arrow) and one in the right iliac chain (arrowhead). After administration of
Ferumoxytol a signal diffuse signal loss is seen in these lymph nodes indicating benign hyperplasia, later seen on biopsy.

<

Figure 2 Ferumoxytol enhanced MR Lymphography findings of metastatic lymph nodes. (A-C) Pre-administration of ferumoxytol; (D-F)
24 hours post-administration images. (A,D) T2* axial images; (B,E) diffusion-weighted images; (C,F) T2* spectral pre-saturation with
inversion recovery (SPIR) images. A 43-year-old male with Gleason 5+5 cancer, previously treated with radical prostatectomy and external

beam radiotherapy. Enlarged paraortic lymph nodes were seen (arrowheads). After administration of Ferumoxytol, these lymph nodes retain
their signal indicating metastasis.
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for T2*WI (the key sequence), section thickness and the
imaging plane (8). Thin section axial images reduce partial
volume artifacts, which allow for detection of smaller
malignant LNs (8). In the pelvis, oblique coronal imaging
planes may be needed to provide the location of the LNs
in relation to the obturator nerve, which is of anatomic
importance to the surgeon as LN anterior to the obturator
nerve are generally resected per routine but nodes posterior
to the nerve are not typically removed unless there is
unambiguous evidence of involvement (8).

Two separate MRI examinations are required for a
USPIO MRI: before and after the administration of a
USPIO, with the latter performed at least 24-36 h after
the intravenous injection to allow for sufficient LN uptake
(7,9,10,12,13,22-24). If the post-contrast MRI is performed
prematurely, the lack of sufficient USPIO particle uptake
within non-metastatic LNs may lead to erroneous
characterization as malignant nodes (8,12). Harisinghani
et al. in 2006 (23) suggested that it might be possible to
obtain only one MRI after USPIO administration if the
reader is highly experienced. However, some metastatic
LNs are hypointense on T2WI and T2*WT at baseline (25),
making this method prone to error (7).

Ferumoxtran-10

Ferumoxtran-10 (Combidex®, SPL. Medical B.V., Nijmegen,
The Netherlands) also known as Sinerem®, is a USPIO
that is coated with a low-molecular-weight dextran, which
is biodegradable (26,27). It has a serum half-life that ranges
from 24-36 h (10,11), as established by early animal and
human studies (28,29).

In the past 15 years, Ferumoxtran-10 has gained
interest primarily in Europe and is currently under clinical
development there (7,9,10,12,13,22-24) to improve
LN imaging in pelvic cancers (bladder and PCa). It is
not available in the United States and has only limited
availability in the Netherlands.

Ferumoxtran-10 tissue enhancement of normal LN tissue
can be maximized by increasing the applied magnetic field
strength, by using high iron oxide doses (3-7 mg/kg) (30),
by using gradient echo instead of spin echo sequences, and
by using long echo times (15,21). This is important as it
provides greater contrast between normal and abnormal
LNs. However, increasing the sensitivity of the sequence
for iron too much can result in “blooming artifact” that
will eliminate signal from non-iron containing regions
of the image, including LNs. The above-mentioned T2

© Translational Andrology and Urology. All rights reserved.

Czarniecki et al. USPIO in high risk prostate cancer

shortening effects of Ferumoxtran-10 are due to the proton
diffusion-dependent dephasing and signal decay and to
the chemical exchange between iron-bound and free water
protons (15,31). T2*WT effects of USPIO are due to static
dephasing and exceed T2 effects (21), therefore T2*WI is
the most sensitive sequence in Ferumoxtran-10-enhanced
MRI 21).

In 2003, Harisinghani ez a/. (12) first published a large
prospective study of LN imaging with Ferumoxtran-10-
enhanced MRI in 80 patients undergoing prostatectomy
and PLND for prostate cancer. In this study, 334 LNs were
resected or biopsied for validation, and LN metastases
were found in 63 LNs (19% of resected nodes) from 33
patients (41%). All patients with surgical nodal metastases
were identified by Ferumoxtran-10 MRI and a node-by-
node analysis showed a significantly higher sensitivity for
Ferumxtran-10 MRI than for conventional MR imaging
(90.5% versus 35.4%; P<0.001).

In 2008, a large study with Ferumoxtran-10 MRI in
375 PCa patients (24) showed a sensitivity of 82% and
a specificity of 93% for the detection of histologically-
proven metastatic LNs at a magnetic field strength of 1.5 T.
Better results were shown at field strengths of 3.0 T MRI
in a study comparing image quality of Ferumoxtran-10—
enhanced MRI at 1.5 and 3.0 T (32).

Three studies of Ferumoxtran-10 MRI combining
prostate and bladder cancer using a field strength of 3.0 T
were published from 2009 to 2013 by a Swiss research group
(9,13,14). Birkhiuser et al. (9) prospectively assessed the
diagnostic accuracy of Ferumoxtran-10 using conventional
MRI sequences combined with diffusion-weighted imaging
(USPIO-DW-MRYI) in staging of normal-sized pelvic LNs
in bladder and/or PCa patients. Seventy-five patients with
clinically localized bladder and/or prostate cancer, staged
previously as NO by conventional cross-sectional imaging,
were entered in this study. Combined USPIO-DW-MRI
findings were analyzed by 3 independent readers and
correlated with histopathologic LN findings after PLND
and resection of primary tumors. Per-patient sensitivity and
specificity for detection of metastatic LNs by the 3 readers
were 65-75% and 93-96%, respectively. Note that enlarged
LNs were eliminated from consideration in this study.

These results are consistent with the preliminary data
obtained by Thoeny ez 4. (7) in their analogous study based
on 21 patients. Both studies (7,9) showed the capability of
USPIO-DW-MRI to detect metastases in normal-sized
LNs (10). It was demonstrated by Meijer et /. that patients
with positive LN by Ferumoxtran-10 that were <8 versus
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>8 mm LN have a significantly better 5-year metastasis-free
survival (79% versus 16%) and overall survival (81% versus
36%) (33).

Triantafyllou et /. (13) investigated 75 patients with
bladder and/or prostate tumors with Ferumoxtran-10-
enhanced MRI. A preoperative reading with 2 readers
in consensus and a second postoperative reading with
3 independent blinded readers were performed and the
results were correlated with histopathology. A total of 2,993
LNs were resected and examined histologically. Fifty-four
metastatic LNs were found in 20 patients (26.7%). The
average sensitivity of Ferumoxtran-10-enhanced MRI was
50%, with a specificity of 88.4% and a diagnostic accuracy
of 81.8%. Poor reproducibility was observed among the
three blinded readers regarding the presence or absence of
metastatic disease in LNs (13).

The sensitivity values reported in several of the above-
mentioned studies for Ferumoxtran-10 ranged from 50-
75% (9,13,14) when considering only LNs that were normal
in size. Although the specificity is quite good, generally
>88% in most studies, the low sensitivity may limit the
clinical utility. There are several factors that influence the
sensitivity in such studies. In several studies, meticulous
histopathology (34) was performed. This increases the
number of microscopic LN metastases that are beyond
the resolution of MRI. Another factor is the mixing of
bladder and prostate cancer, which have different biological
behaviors (35). If the mix favors bladder cancer, sensitivity
is higher since this is an aggressive disease with fast growing
LN metastases whereas if the mix favors prostate cancer,
the nodes will be smaller and harder to detect. Finally, if
T2WTI is used rather than T2*WI (10,35) sensitivity will
decrease. Several of these studies also employed diffusion-
weighted imaging. Malignant nodes will tend to be high in
signal whereas, benign nodes will tend to disappear after
Ferumoxtran-10 is administered (7). This approach allows
a substantial reduction of the interpretation time, as it
simplified the reading of Ferumoxtran-10-enhanced MRI
(34,35). Additionally, several studies showed metastatic LNs
outside the standard PLND area and standard radiation
field in a considerable number of patients (53-79%),
suggesting a potential role of Ferumoxtran-10-enhanced
MRI to avoid the underestimation of metastatic disease
(9,13,14,33,36,37).

In 2011, Wu et al. (38) compared the diagnostic accuracy
of USPIO-enhanced MRI with baseline MRI in various
body regions for the detection of metastatic LNs in a meta-
analysis consisting of 34 studies. USPIO-enhanced MRI
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showed an overall sensitivity of 95% and overall specificity
of 95% versus an overall sensitivity of 39% and specificity
of 90% on the baseline MRI. This meta-analysis showed
that USPIO-enhanced MRI offers higher diagnostic
performance than conventional MRI. Thus, there are small
but important advantages to Ferumoxtran-10 enhanced LN
imaging.

Pelvic nodal staging (N-staging) with Ferumoxtran-10-
enhanced MRI presents several significant challenges.
The first one is the availability of the agent, since in
2009 Combidex® was withdrawn from the registration
process in Europe by the manufacturer (10). Since 2013,
Ferumoxtran-10 is only available in the Netherlands
(Europe), where it is made privately by the Radboud
University Medical Center (Radboudumec) that obtained
all licenses and documentation for the production
process (10), and thus, there is currently limited access
to it worldwide (7). Secondly, USPIO enhanced MRI is
logistically inconvenient, requiring both a baseline MRI
and a MRI after injection. Moreover, even though the
Ferumoxtran-10—-enhanced MRI can only be performed
once (without the baseline MRI), as Harisinghani er al.
suggested (23), the patient still needs to come to the
hospital twice because USPIO has to be administered at
least 24 hours prior to perform the MRI (7). Thirdly, the
interpretation of LNs on the Ferumoxtran-10-enhanced
MRI is highly subjective (13) and laborious because every
LN must be compared on both sequences (7). Moreover,
metastatic LNs <5 mm in diameter can be missed because
of spatial resolution limits (7). Moreover, enlarged but
healthy LNs can fail to take up the Ferumoxtran-10 USPIO
because of severe inflammation or fibrosis, leading to false-
positive results (7). Finally, due to concerns about iron
overload, the study cannot be repeated too frequently.

A small number of adverse events have been reported
with Ferumoxtran-10. These mainly relate to local side
effects at the infusion site and serious and life-threatening
anaphylactic reactions (10,15,39,40). The aggregate rate
of anaphylaxis related to the use of USPIO was 0.02-
0.2% (15,41). As rapid injection of USPIO particles can
cause a distinct reaction (42), Ferumoxtran-10 must be
administered slowly through a filtered needle to minimize
infusion reactions, including other side effects such as low
back pain, flushing, and nausea (39). The extravasation of
USPIO particles can cause long-lasting skin discolorations
that usually slowly disappear over time (15,43). Commonly,
Ferumoxtran-10 does not cause local inflammatory
reactions. However, rarely, extravasated USPIO particles
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have caused granulomas, dermatitis, or local fibrosis (15).

In 2009, Bernd er al. (39) reported safety data of 37
clinical trials with a total of 1,663 patients who underwent
Ferumoxtran-10-enhanced MRI. Adverse events were
reported in 23% of patients subdivided into Grade 1
mild (55%), Grade 2 moderate (30%), Grade 4 severe
(12%), and Grade 5 serious (3%). Recently, Fortuin
et al. (10) reported adverse events in 310 patients with
PCa and an intermediate to high risk for metastatic LNs
who underwent Ferumoxtran-10-enhanced MRI between
January 2014 and July 2016. Eight of 310 patients (2.6%)
had significant adverse effects including minor low back
pain, flushing, nausea and dry mouth that disappeared in all
before they left the hospital. The absence of moderate or
serious (Grades 2-5) Ferumoxtran-10-related adverse events
in this study (10) may be explained by the implementation
of the following precautions: dilution of USPIO particles,
very slow injection rate, and immediate discontinuation of
the infusion upon complaints. They also used a filter in the
infusion line to prevent injection of iron oxide aggregates,
although this practice has recently been questioned (15).

Ferumoxytol

Ferumoxytol (Feraheme, AMAG Pharmaceuticals,
Cambridge, MA, USA) is the only available iron oxide-
containing compound for parenteral use in the United
States. The FDA has approved the use of ferumoxytol for
the treatment of iron deficiency anemia in adult patients
with chronic kidney disease (CKD). All other medical
uses including imaging are considered off-label. The
compound has been investigated in LN imaging, but it
has been studied less extensively than Ferumoxtran-10.
Recent pilot studies have investigated optimal dosage,
which is known to be higher than for ferumoxytran-10 and
above the upper limit advised by the FDA for treatment
of anemia (44). Approximately 2-fold more ferumoxytol
must be administered to get comparable imaging results to
Ferumoxtran-10. This likely relates to the surface coating
of ferumoxytol with less uptake by macrophages.

Like ferumoxtran-10, the imaging protocol with
ferumoxytol usually consists of a 2-day study with imaging
prior to administration and 24 hours thereafter, which is
the time-point that has been shown to elicit the highest
concentration of the compound in LNs (45,46). The initial
study by Harisinghani et 4/. attempted to use a similar dosing
of ferumoxytol as was used with ferumoxtran-10 (4 mg Fe
per kg). Although clinically usable results were obtained in
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this study, the ferumoxytol study was much more difficult to
interpret and showed less tumor to background contrast than
Ferumoxtran-10. Further studies had to establish optimal
dosing, and a recent phase I study performed by Turkbey
et al. aimed to establish the optimal dose that would result
in a uniform signal loss of benign LN like the appearance
of previous Ferumoxtran-10 imaging results. This study
demonstrated that the highest mean percentage change in
SI was established with the highest dosage infused in the
study (7.5 ng/mL) with a drop in SI by -65.1%. Future
studies may use this experience to investigate more clinical
applications for the compound. Like other USPIO particles,
the FDA issued a number of statements on potential
risks that are to be weighed prior to the administration
of ferumoxytol (47). A diluted form of ferumoxytol is
recommended to be administrated over a minimum of
15 minutes with saline, with all patients monitored
throughout the infusion for changes in blood pressure and
pulse for at least 30 minutes after the infusion has ended.
"This is due to the previously reported serious adverse events
(SAE) of anaphylactic shock and cardiovascular collapse
associated with this class of agent. The most commonly
experienced adverse events include arthralgias, headache,
and chest tightness, with no SAEs reported in a group of
60 patients (48). Although the risk of anaphylaxis is small,
it nonetheless exists and the compounds administration is
discouraged by the FDA in patients with multiple allergies,
serious medical conditions, and the elderly (47).

Like ferumoxtran-10, ferumoxytol nanoparticles are
retained in normal LNs due to macrophage phagocytosis,
causing a T2* signal drop on T2*WI. Metastatic LNs, on the
other hand, retain their original characteristics of relatively
high signal in post-contrast images (15). Little is known about
its performance in metastatic LN detection, but the recent
dose escalation study confirms optimal doses for future work.
This dose is slightly higher than the recommended dose for
iron replacement therapy. Therefore, ferumoxytol-enhanced
LN imaging studies should be performed with approval
by regulatory agencies. A comparison of the two available
compounds, Ferumoxytol and Ferumoxtran-10 are needed
to compare their efficacy. Due to current restrictions by
regulatory bodies, these compounds are not simultaneously
available in one location and this lowers the possibility of such
comparative studies any time soon.

Other considerations

While developments in USPIO imaging for LN metastases
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are interesting and potentially important, there have been
developments in positron emission tomography (PET)
agents for LN detection prostate cancer that warrant
consideration. For prostate cancer, the newest PET agent
is prostate specific membrane antigen (PSMA)-directed.
PET agents based on ligands with high binding affinity
for PSMA have shown remarkable sensitivity for LN
metastases in high risk patients. Such studies are relatively
straightforward to interpret and when combined with CT or
MRI can provide approximately the same spatial resolution
as USPIO enhanced MRI. These agents, however, are not
yet available widely.

Conclusions

Pre-operative assessment of LN staging in PCa is crucial
for proper treatment selection and planning the extent of
surgery or radiation in high-risk disease. Currently, the
guidelines of when to perform limited versus extended
PLND are limited and inconclusive. The use of anatomic
imaging is limited both in sensitivity and specificity.

New imaging modalities including USPIOs enhanced
MRI have shown promising results but mainly in the
clinical research setting. Such agents will require further
investigation to determine their clinical utility. Meanwhile,
developments in PET agents targeting PSMA promise to
overtake MR LN imaging in sensitivity and specificity.
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