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Abstract

Gadolinium chelates have been used as standard contrast agents for clinical magnetic resonance
imaging (MRI) for several decades. However, several investigators recently reported that rare earth
metals such as gadolinium are deposited in the brain for months or years. This is particularly
concerning for children, whose developing brain is more vulnerable to exogenous toxins compared
to adults. Therefore, a search is under way for alternative MR imaging biomarkers. The FDA-
approved iron supplement ferumoxytol can solve this unmet clinical need: Ferumoxytol consists
of iron oxide nanoparticles that can be detected with MRI and provide significant T1- and
T2-signal enhancement of vessels and soft tissues. Several investigators including our own
research group started to use ferumoxytol “off label” as a new contrast agent for MRI. This

article will review the existing literature on the biodistribution of ferumoxytol in children and
compare the diagnostic accuracy of ferumoxytol- and gadolinium chelate enhanced MRI. Iron
oxide nanoparticles represent a promising new class of contrast agents for pediatric MRI, which
can be metabolized and are not deposited in the brain.
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Introduction

Contrast-enhanced MRI is essential for the diagnosis of traumatic injuries [1], tissue
ischemia [2, 3], infection/inflammation [4, 5] and cancer [6-8]. Intravascular contrast
improves the delineation of vessels and blood flow patterns characteristic of various disease
states [8-12]. However, classical small molecular gadolinium-chelates are associated with
significant side effects: In patients with impaired renal function, gadolinium-chelates can
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exacerbate renal toxicity [13] or cause nephrogenic systemic sclerosis [14-16]. In addition,
there is mounting concern about long-term Gadolinium deposition in the basal ganglia

and dentate nucleus of the brain. [17-19] Among different formulations, linear gadolinium-
chelates have been associated with a higher risk of nephogenic systemic sclerosis (NSF) [20]
and a higher risk of brain deposition due to a higher dissociation of Gadolinium from the
chelate [21]. Macrocyclic gadolinium-chelates are considered more stable, although there
are also reports of NSF [20] and macrocyclic gadolinium-chelate deposition in the brain
[18, 22]. While effects of gadolinium deposition on the neurocogntitive function in humans
are currently unknown, negative effects have been described in animal models: In animals,
gadolinium-chelates that crossed the blood brain barrier caused significant neurotoxicity,
including behavioral changes, acute excitation, myoclonus, ataxia and seizures. [23, 24]
Evidence from case reports suggests that gadolinium deposition also occurs in the brains
of children, with a similar deposition pattern to that observed in adults and animal models
[25, 26]. This is particularly concerning, since the developing brain is more vulnerable to
exogenous toxins compared to adults [27, 28] and long-term consequences of gadolinium-
depositions in the developing brain are unknown. Hence, there is an active search for
gadolinium-free MRI protocols for pediatric patients.

Although clinical MRI applications since 1983 primarily focused on the use of Gadolinium-
chelates as contrast agents, MR investigators had already identified iron oxides as alternate
MR contrast agents with high rl and r2 relaxivities [29]. The FDA approved iron
supplement ferumoxytol (Feraheme) is perhaps the most widely clinically applied iron oxide
compound to date, having been administered to more than one million adult patients for

the treatment of anemia [30]. Ferumoxytol is composed of iron oxide nanoparticles with

a 6.4-7.2 nm iron oxide core and a 28-32 nm carboxymethyldextran coat [31-33]. The

large size of ferumoxytol nanoparticles leads to their prolonged circulation in the blood
pool and resultant strong and long-lasting MR signal effects [30]. Since it can be detected
with MR, several investigators started to use ferumoxytol “off label” as a contrast agent

in adult patients undergoing MRI scans [34-38]. Ferumoxytol nanoparticles are metabolized
in the liver and are not associated with any direct or indirect renal toxicity, a potential
benefit relative to clinical standard contrast agents [31, 33, 39-41]. Therefore, ferumoxytol
can fill an important gap for imaging evaluations of patients with renal insufficiency. In
addition, biodistribution studies in adult patients have shown that ferumoxytol does not
cross the blood brain barrier in the normal brain [30]. Ferumoxytol is incorporated into

the body’s iron metabolism and slowly metabolized by the reticuloendothelial system
(RES) [30]. Therefore, it is relatively contra-indicated in patients with hemosiderosis

or hemochromatosis. Since ferumoxytol does not cause any renal toxicity and does not
cross the blood brain barrier of the normal brain, it is an attractive candidate to preplace
gadolinium-chelates for pediatric MRI studies.

While several investigators including our own group started to use ferumoxytol
nanoparticles for MR angiography [30] and MR imaging of vascular malformations [42],
cardiovascular abnormalities [43] and tumors in children [44], head-to-head comparisons of
gadolinium-chelate enhanced MRI and ferumoxytol-MRI scans are scarce. This article will
summarize the current knowledge regarding ferumoxytol-enhanced MRI studies in pediatric
patients.
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Safety of iron oxide nanoparticles

The development and clinical translation of ferumoxytol builds on extensive preclinical
[45-49] and clinical [30, 44, 50-53] investigations of iron oxide nanoparticles. Ferumoxytol
nanoparticles are generally well tolerated [30]. Doses up to 400 mg Fe/kg were non-lethal
in rodents [54]. Ferumoxytol doses for MR imaging (1-5 mg Fe/kg) are significantly lower
compared to FDA-approved doses for anemia treatment (2 x 510 mg per patient) [30, 44,
55]. Rare anaphylactic reactions have been described in adults, but not yet in children [31,
39, 56]. Likewise, our initial experience with ferumoxytol administrations in 49 pediatric
patients did not reveal any side effects [57]. It is important to administer iron slowly in both
adults and children, as recommended by the FDA in order to avoid hypotensive reactions,
which are sometimes mistaken for allergic reactions [55]. We did not find significant
changes of blood pressure and heart rate in the immediate post-administration period nor
significant alternations of serum biomarkers for liver or renal function in pediatric patients
over a 28 day observation period [57].

As a first step to establishing ferumoxytol as an alternative contrast agent to gadolinium-
chelates, it is important to investigate whether ferumoxytol (and iron oxide nanoparticles

in general) can be deposited in the brain of children. Experimental studies did not find
evidence of iron deposition in the brains of mice or pigs, who had received a single (or in
one case two) intravenous injection(s) of ferumoxytol at a dose of 5 mg Fe/kg [58]. R2*
relaxation rates (which are proportional to tissue iron concentrations) of different deep grey
matter structures were not significantly different compared to control animals that had not
received any ferumoxytol [58]. In addition, a retrospective case-control study of 17 children
and young adults who had received intravenous ferumoxytol demonstrated no significant
differences in R2* values of deep gray matter compared to 21 age and sex-matched controls
[59]. In patients who had received multiple transfusions, iron deposition in the choroid
plexus has been observed [55]. Thus, further investigations about ferumoxytol deposition in
the brain should specifically focus on signs of iron deposition in the plexus.

The typical imaging protcol involves administration of Ferumoxytol/Feraheme at a dose
of 5 mg/kg. The original Ferumoxytol formulation, as supplied via the hospital pharmacy,
has a concentration of 30 mg Fe/ml. A teenager with an average body weight of 50-80 kg
will receive a total dose of 250-400 mg Fe (5 mg Fe/kg) or 8.3 — 13.3 ml of the original
formulation, which is diluted 1:4 in saline and administered over at least 15 minutes.

Since ferumoxytol is a “blood pool agent” (i.e. providing long lasting vascular
enhancement), it is not crucial for the quality of the imaging scan to administer the contrast
agent while the patient is in the scanner or to start a post-contrast scan immediately after
contrast media administration. Thus, we typically infuse diluted ferumoxytol slowly into a
peripheral vein while the patient is outside of the MR scanner and under direct supervision.
We observe the patient for at least 30 minutes, acquire vital signs and ask him/her for any
subjective adverse effects. We continue to observe the patient closely during the MR scan.
Since the majority of adverse events occur within the first 30 minutes of infusion, we cover
the most sensitive time interval with this approach. This approach has been overall well
tolerated by our patients [60, 61].
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After a single intravenous administration of ferumoxytol at a dose of 1-5 mg Fe

per kilogram body weight, the nanoparticles are slowly metabolized in organs of the
reticuloendothelial system (RES), i.e. liver, spleen and bone marrow. Related signal effects
on T2-weighted MRI images slowly decrease over time. Baseline MRI signal intensities

are usually found after about 6-8 weeks [55]. However, age-, gender-, race/ethnicity-

and co-morbidity-related variations in ferumoxytol metabolism remain a wide open area

of investigation. In a limited study of six volunteers, a wide variation in ferumoxytol
metabolism was observed, ranging from three months to 11 months [62]. It would be also
important to study if pre-existing transfusional iron overload might lead to greater deposition
of ferumoxytol in other tissues and/or longer periods of clearance.

Ferumoxytol nanoparticles for disease detection and treatment monitoring

Ferumoxytol provides significant blood pool enhancement for at least 24 hours, which

can be used for MR angiography [36, 63, 64], tissue perfusion studies [38] and long-
lasting vascular enhancement on whole body MR and PET/MR imaging studies [44]. The
excellent vascular enhancement with ferumoxytol has been used for optimized detection

of arteriovenous malformations (Figure 1) [59, 65], estimations of cerebral blood volume
[66], detection of venous thrombosis [67] and evaluations of complex cardiovascular
abnormalities [30]. Since ferumoxytol has been approved for treatment of iron deficiency in
patients with anemia and ranal failure, assessments of creatinine lab values are not needed
prior to a ferumoxtol-MRI [31, 61].

Gadolinium chelates and iron oxide nanoparticle enhanced MRI studies have been compared
with regards to their sensitivity and specificity for the detection and characterization of
tumors in adult patients, such as brain tumors [63, 68], breast tumors [69] and focal liver
lesions [7, 70-72]. However, systematic comparisons in pediatric patients are scarce. We
recently conducted the first systematic comparative investigation of the diagnostic accuracy
of ferumoxytol- and gadolinium-enhanced MRI for assessment of bone and soft tissue
sarcomas in children [73]. We found an overall equivalent performance of ferumoxytol- and
gadolinium-chelate-enhanced MRI scans, while there were also some inherent differences
between the two techniques (Figure 2): The posituve (bright) enhancement of the tumors

on T1-weighted images was significantly stronger after intravenous administration of
gadolinium chelates. This caused decreased tumor-to-muscle contrast on T1-weighted
ferumoxytol-enhanced MRI scans, which however, could be compensated by unimpaired
tumor-to-muscle contrast on T2-weighted scans [73]. Importantly, ferumoxytol-enhanced
MRI scans provided improved tumor-to-vessel contrast and markedly improved detection of
tumor thrombi compared to gadolinium-MRI scans, suggesting that this tracer may be more
helpful for evaluating tumors especially in the preoperative period.

In the intermediate postcontrast phase, at 1-2 hours after intrvenous infusion, ferumoxytol
nanoparticles extravasate across reticuloendothelial system sinuses and are slowly
phagocytosed by macrophages, which leads to a negative (dark) signal of RES organs

(but not malignant tumors) on T2-weighted MRI images. Malignant tumors do not show
significant negative enhancement on T2-weighted images at 1-2 hours after intravenous
infusion. This differential effect improved the diagnosis of malignant liver lesions (Figure 3)
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[73], lymph nodes [74] and bone marrow [75]. Multiple investigators have reported that iron
oxide nanoparticle-enhanced MRI detected more liver metastases than gadolinium-chelate
enhanced MRI [70, 72, 73, 76]. In addition, ferumoxytol nanoparticles were retained in
focal nodular hyperplasia (FNH), which allowed for MRI characterization of these lesions
[36, 55], similar to the imaging concept with gadolinium-DTPA-EOB (Eovist), although the
underlying physiology is different (Kupfer cell phagocytosis of ferumoxytol nanoparticles
versus hepatocyte uptake and impaired biliary excretion of Gadolinium-DTPA-EOB in
FNH).

Iron oxide nanoparticles slowly extravasate across the discontinuous endothelium of
microvessels in malignant tumors. This extravasation is a process that takes several hours.
While it requires some waiting time for the patient between ferumoxytol administration and
imaging, a 24 hour delayed imaging scan can provide useful clinical information: Barajas et
al reported that ferumoxytol-enhanced MRI demonstrated enhancement of growing tumors
but not pseudoprogression, while gadolinium-enhanced MRI showed enhancement of both
pathologies [63, 77]. Similarly, Hamilton et al. [68] found strong ferumoxytol-enhancement
of dural metastases and no ferumoxytol-enhancement of meningiomas, while gadolinium-
MRI showed enhancement of both. The underlying reason for the observed differential
nanoparticle enhancement is likely leaky microvessels in malignant tumors and absence of
nanoparticle leak into benign conditions.

Finally, several hours after intravenous infusion, the iron oxide nanoparticles in the tumor
interstitium are slowly phagocytosed by macrophages. Experimental [78] and clinical
studies [79, 80] have shown, that a retention of ferumoxytol nanoparticles in the tumor
tissue at 24-48 hours post intravenous injection correlates with the density of tumor
associated macrophages on histology. This effect can be used to monitor tumor response to
macrophage-activating cancer immunotherapies [81, 82]. In a recent study, we investigated
20 patients with lymphoma and bone sarcoma (n=10 each) with ferumoxytol-enhanced MRI,
followed by tumor biopsy/resection and macrophage staining. We found that tumor MRI
enhancement at 24 hours after intravenous injection of ferumoxytol correlated with the
quantity of tumor associated macrophages in sarcomas and lymphomas on histopathology
[79]. Tumor T2* relaxation times showed a significant, inverse correlation with the quantity
of CD163 positive macrophages on histology specimen of sarcomas (r = —0.56; P = 0.007)
and lymphomas. (r = —=0.76; P = 0.010). This new imaging test could help to stratify patients
with macrophage rich tumors to immune-modulating immunotherapies and help to monitor
these immunotherapies in clinical practice. A study in adult patients demonstrated that
ferumoxytol-MRI can be similarly used for imaging tumor associated macrophages in high
grade gliomas of the brain [80].

Following chemotherapy, ferumoxytol-enhanced MRI provided improved detection of tumor
necrosis compared to T2 weighted MRI scans or gadolinium-enhanced T1 weighted MRI
scans [83]. Traditional MRI sequences visualize liquefactive necrosis based on lack of
contrast enhancement on gadolinium-enhanced T1 weighted MRI scans and central hyper-
intensity on T2 weighted images [84]. Ferumoxytol-enhanced MRI can detect earlier

stages of necosis. Hypoxia leads to increased tumor microvascular permeability [85],

which in turn can lead to extravasation of ferumoxytol nanoparticles (Figure 4). The
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longitudinal relaxivity (T1-effect) of iron oxide nanoparticles is linearly related to the ability
of the nanoparticles to interact with protons [86]. Therefore, ferumoxytol nanoparticles

in tumor necrosis demonstrate marked T1-enhancement on 24 postcontrast scans,

while intracellularly compartmentalized ferumoxytol nanoparticles in tumor associated
macrophages demonstrate predominant T2-signal effects, with little or no T1 enhancement.
Intracellular compartmentalization suppresses the T1-effect of iron oxide nanoparticles [87].
Therefore, differences in T1- and T2-relaxivities of iron oxide nanoparticles can be used to
discriminate the location of the nanoparticles in different histopathological compartments
[86]. An increased T1-enhancement of the tumor center after chemotherapy is indicative of
early tumor necrosis and is noted before central liquefaction is observed [86].

Ferumoxytol nanoparticles cause vascular enhancement for several days and tissue
enhancement for several weeks. This has led to concerns that iron oxide nanoparticles could
interfere with gadolinium-enhanced MRI studies. In addition to an increasing number of
patients who are receiving ferumoxytol “off label” as an MRI contrast agent, ferumoxytol
has been administered to more tha one million patients for anemia treatment. Thus, it

is very likely that radiologists to date will encounter patients who have been exposed to
ferumoxytol. Studies in more than 1000 patients demonstrated that iron oxide nanoparticles
do not interact with or interfere with the biodistribution, imaging characteristics or renal
elimination of gadolinium chelates [7, 72, 76, 88]. Dual-contrast MR imaging has been
obtained after injecting iron oxide nanoparticles and then gadolinium chelates [72, 76,

88, 89] or vice versa [7]. Nevertheless, it will be important to understand tissue MR
enhancement patterns after administration of ferumoxytol in order to avoid diagnostic errors.

Ferumoxytol nanoparticles for in vivo tracking of therapeutic cells

Our team has worked for more than ten years on the development of novel imaging
approaches for /in vivo tracking of therapeutic cells [34, 35, 37, 49, 52, 61, 78, 90-99].

Iron oxide nanoparticles can be used to label therapeutic cells with high efficiency ex

Vvivo. Thus far, nanoparticle-labeled neural stem cells,[100] mesenchymal stromal cells [101]
dendritic cells [102] and pancreatic islet cells [103] have been tracked in patients with MRI.
An exciting new application of ex vivo labeling approaches is directed towards labeling

of tumor-targeted CAR T-cells. Labeling CAR-T cells with ferumoxytol enabled /n vivo
detection and quantification of the tumor accumulation of the labeled cells, an important
prerequisite for successful treatment outcomes.

Ex vivo labeling with nanoparticles requires manipulation of the therapeutic cells and is

not compatible with harvesting and transplanting the cells in one surgery. To solve this
problem, we developed a conceptually new approach of /n vivo labeling of therapeutic

stem cells before the cells are harvested from bone marrow [98]. We have shown that
intravenous ferumoxytol administration leads to uptake of the nanoparticles by cells in the
bone marrow. After being harvested from bone marrow and transplanted into arthritic joints,
the iron-labeled stem cells can be tracked with clinical MRI [98]. We recently conducted

a first-in-patient clinical trial to demonstrate “proof-of-concept” of the safety and efficacy
of ferumoxytol labeling for autologous stem cell transplants following core decompression
for the treatment of osteonecrosis [104]. We found that ferumoxytol-labeled cells could
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be detected via T2-weighted MRI (Figure 6). The ability to track stem cells after their
transplantation in osteonecrosis lesions offered a non-invasive means to dynamically monitor
stem cell engraftment /n vivo. This new approach could be also applied to understand and
optimize these cell therapies with regards to administered cell numbers, optimized cell
delivery and co-treatments.

Limitations of Ferumoxytol Nanoparticles

Considering the fact that ferumoxytol nanoparticles are phagocytosed by macrophages, we
investigated a number of additional potential applications, which however did not work

out as anticipated: We hypothesized that we would find a stronger accumulation of iron
oxide nanoparticles in osteomyelitis compared to malignant bone tumors, because infection/
inflammation would be expected to have a higher number of macrophages. It turned out
that both osteomyelitides and malignant bone tumors demonstrated a wide spectrum of iron
oxide nanoparticle uptake and retention.

Similarly, we investigated ferumoxytol retention in renal allografts that underwent an
immune rejection. In children and teenagers with kidney transplants, immunologically
mediated rejection is a major cause of allograft failure. In a large multicenter study of

1667 pediatric allografts, 49% of the graft failures were caused by rejection, including 26%
acute and 23% chronic rejections [105]. Children with kidney transplants currently undergo
at least three routine (protocol) biopsies during the first two years after the transplantation
[106, 107]. These biopsies are invasive and nearly always require general anesthesia, causing
anxiety and distress of the patients and their parents, as well as significant costs to the
patient and health care system. Recently, iron oxide nanoparticles were used to diagnose
macrophage infiltration in acute cardiac allograft rejection in rats [108], acute pancreatic
allograft rejection in rats [109] and humans [110] and renal allograft rejection in rats [111]
and humans [112]. In renal allografts that underwent rejection, CD68-positive macrophages
co-localized with areas of tissue-damage and fibrosis, were found in more severe forms

of rejection and represented an independent predictor of worse outcomes [113-115]. We
hypothesized that allograft rejection would lead to increased retention of ferumoxytol
nanoparticles and resultant T2*-shortening on MR images compared to a healthy allograft.
Surprisingly, we found the opposite effect: Allografts with acute rejection showed prolonged
(rather than shortened) T2* values on ferumoxytol-enhanced MR images. This can be
explained by reduced perfusion and edema of rejected allografts compared to healthy non-
rejected transplants with diminished ferumoxytol perfusion. This observation agrees with
previously reported perfusion studies with other contrast agents [116-118]. The absence of
significant macrophage retention is likely because allograft rejection in patients is noticed at
an early stage and severe, advanced rejection with high macrophage load is rare in clinical
practice [105].

In addition, we have conducted the first experimental human study to investigate
macrophage-mediated inflammation as a possible biomarker of migraine. Using
ferumoxytol-enhanced 3T magnetic resonance imaging (MRI), we investigated the presence
of macrophages in cerebral artery walls and in brain parenchyma of patients with migraine
without aura. We investigated both patients who received anti-migraine medication and
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patients who did not [119]. To validate our use of ferumoxytol-MRI, we included

a preclinical model where subcutaneous capsaicin injection in the trigeminal V1 area
confirmed that ferumoxytol-MRI can detect macrophage-mediated inflammation. However,
in patients, migraine attacks were not associated with increased ferumoxytol signal,
suggesting that migraine without aura is not associated with macrophage-mediated
inflammation [119].

In summary, superparamagnetic iron oxide nanoparticles such as ferumoxytol represent an
alternative to gadolinium chelates as biodegradable MRI contrast agents with excellent

T1- and T2-signal effects. More systematic comparisons between gadolinium chelate

and ferumoxytol-enhanced MRI applications are needed to inform decisions about which
contrast agent is most useful in different clinical scenarios. Ferumoxytol may be superior

to gadolinium chelate in some diagnostic settings. While there are no reports of long term
deposition of ferumoxytol in the human brain thus far, the overall faster renal elimination of
gadolinium chelates may be an important benefit, especially for pediatric patients who have
to undergo short-term follow up studies. Considering the cell-specific uptake of ferumoxytol
nanoparticles, there are many additional applications for stem cell imaging, macrophage
and immune cell tracking that can be explored in different physiological and pathological
contexts.
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Figure 1: Ferumoxytol-MRI provides excellent vessel enhancement for MR angiogr aphies.
Axial T1-weighted spoiled gradient recalled echo SPGR image at 10-15 minutes

after intravenous infusion of ferumoxytol demonstrated a right parietal arteriovenous
malformation in a 9-year-old boy. Note that for vascular imaging applications, a dose of
1-3 mg Fe/kg is usually sufficient. This patient received a dose of 3 mg Fe/kg.
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Figure 2: Comparison of tumor enhancement after intravenous administration of Gadolinium-
chelate or ferumoxytol:

An osteosarcoma of the right proximal femur in 23 year old female demonstrates (a)
hypointense signal on plain T1-weighted fast spin echo (FSE) image (arrow) as well as (b)
hyperintense signal with regards to muscle as an internal standard on axial fat saturated T2-
weighted FSE image and (c) coronal short inversion time inversion recovery (STIR) image.
(d) Following intravenous administration of ferumoxytol (dose 5 mg Fe/kg), the peripheral
tumor tissue demonstrates hypointense (dark) enhancement on T2-weighted FSE image,
with sparing of a central area of necrosis (arrow). () A coronal T1-weighted scan and (f)
an axial T1-weighted scan after intravenous injection of Gadolinium-chelate demonstrate
corresponding peripheral enhancement of the tumor tissue (arrow), sparing of a central area
of necrosis. (g) A coronal T1-weighted FSE image demonstrates hyperintense (positive)
tumor enhancement, which is less intense compared to the Gadolinium-enhanced scan (e,
f). (h) A delayed axial T1-weighted LAVA image about 10 minutes later demonstrates
increasing tumor T1-enhancement over time (arrow), indicative of the accumulation of the
nanoparticles in the tumor.
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Figure 3: Comparison of tumor enhancement after intravenous administration of Gadolinium-
chelate or ferumoxytol in a 25-year-old male with desmoplastic small round cell tumour:

(a) Axial T2-weighted MR image demonstrates intermediate T2-signal of the liver and
multiple T2-hyperlintense focal tumor lesions along the liver capsule and the peritoneal
lining. (b) A Gadolinium-chelate enhanced axial LAVA scan demonstrates moderate contrast
enhancement of both liver and focal tumor lesions. (c) Ferumoxytol-enhanced axial T2-
weighted fast spin echo (FSE) image shows negative (dark) enhancement of the liver

and increased tumor-to-liver contrast. (d) Axial ferumoxytol-enhanced T1-weighted LAVA
image shows less enhancement of the tumor compared to the liver, thereby increasing the
tumor-to-liver contrast. (e) Simultaneously acquired axial 18F-labeled fluorodeoxyglucose
positron emission tomography (18F-FDG PET) images was superimposed on T1-weighted
axial ferumoxytol-enhanced LAVA images and confirm the hypermetabolic (yellow and red)
tumor nodules. The marked contrast enhancement of the abdominal vessels enables clear
localization of tumor nodules with regards to enhancing vessels.
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Figure 4: Comparison of tumor enhancement after intravenous administration of Gadolinium-
chelate or ferumoxytol in a 15-year-old male with Ewing sarcoma of the left scapula:

(a) Axial T1-weighted fast spin echo (FSE) image demonstrates hypointense intra- and
extraosseous soft tissue mass in the body of the left scapula. (b) Axial T1-weighted LAVA
image after intravenous administration of Gadolinium-chelate demonstrates peripheral
enhancement of the tumor tissue. (c) Axial T1-weighted LAVA image after intravenous
administration of ferumoxytol demonstrates marked enhancement of the central tumor
necrosis (arrow), which is hyperintense compared to muscle as an internal reference
standard. (d) Simultaneously acquired axial 18F-FDG PET image superimposed on T1-
weighted ferumoxytol-enhanced LAVA image demonstrates the hypermetabolic (yellow)
peripheral tumor tissue and central photopenic area of necrosis.
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Figure 5: Ferumoxytol-enhanced MRI can estimate presence of tumor associated macrophages
in a 24-year-old male patient with Ewing sarcoma in the sacrum.

(a) Oblique coronal T2-weighted FSE image before ferumoxytol injection shows
hyperintense (bright) tumor signal (arrow) compared with skeletal muscle. (b) Oblique
coronal T2-weighted FSE image at 30 minutes after intravenous ferumoxytol infusion
demonstrates hypointense (dark) enhancement of the hematopoietic marrow and improved
outline of the hyperintense tumors (arrow). (¢) Oblique coronal T2-weighted FSE image at
24 hours after ferumoxytol infusion shows hypointense (dark) tumor signal enhancement
(arrows). (d) Axial T1-weighted LAVA image after intravenous ferumoxytol injection
demonstrates mild T1-enhancement of the tumor (arrow), less than muscle as an internal
standard tissue. This limited T1-enhancement in conjunction with strong T2-enhancement
suggests predominant intracellular localization of ferumoxytol nanoparticles in tumor
associated macrophages. Note that the highly cellular bone marrow does not demonstrate
any T1-effect. (e) Axial 18F-fluorodeoxyglucose positron emission tomography / computed
tomography (18F-FDG PET/CT) demonstrates homogenous radiotracer uptake throughout
the lesion (arrow). (f) Biopsy specimen of the tumor stained with CD163 mAb
demonstrated multiple CD163 positive macrophages (brown staining) in the tumor tissue
(20x magnification).
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Figure®6:
Ferumoxytol-labeled cell transplants can be detected in the decompression track after core

decompression. (a) Coronal T2-weighted MR image of the left femur of a patient who was
treated with core decompression and injection of iron-labeled cells into the decompression
track. Areas of hypointense (dark) signal (arrow) are noted in the decompression

track, consistent with delivery of iron-labeled cells. (b) Superimposed color-coded signal
intensities show areas of iron-labeled cells (arrow) as displayed by blue color. (c) Coronal
T2-weighted MR of the left femur of a patient, who was treated with core decompression
and injection of unlabeled cells into the decompression track. Unlabeled cells are noted

by an intermediate signal in the decompression track. (d) Superimposed color-coded signal
intensities show medium ranged signal intensities (green/yellow). Signal-to-noise ratios
(SNR; e) and T2_ relaxation times (f) during the first week after surgery for areas that
showed iron signal compared with areas where iron-labeled cells were not delivered and
unlabeled controls show significantly lower SNR (P . 0.002, n. 18; P . 0.002, n . 10;
respectively) and T2 relaxation times (P . 0.007,n. 9; P. 0.02, n . 6; respectively). SNR
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(9) and T2_ relaxation times (h) at 4—7 weeks reveal no significant differences between

the groups, suggesting interval iron metabolization. Data are mean + standard error of

the mean (SEM). P values were determined by mixed-effects model including a random
effect term accounting for correlation among the measures within a same patient. (i) Time
to progression of osteonecrosis between labeled and unlabeled cell transplants are not
significantly different (P = 0.8, n = 16). P value was determined by log-rank test. (This
figure has been reprinted with permission from Theruvath et al, Clin Ca Res 24(24): 6223-9;
2018).
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Ferumoxytol

Advantages

Possible Indication

Limitations

- Iron supplement

- Metabolization in the liver

- Long lasting blood pool enhancement
- Imaging vascular detail

- Dwell time enables repeated scans

- Uptake by normal liver

- Uptake by Kupfer Cells

- Uptake by normal spleen

- Uptake by normal bone marrow

- Leak across microvessels of malignant
tumors

- Uptake by tumor associated macrophages
on delayed MRI

- Leak into early necrosis

- activates macrophages

- can be used to track therapeutic cells

- Anemia

- Patients with renal insufficiency

- MR Angiography

- Whole body MRI

- Diagnosis of vascular malformations
- Imaging congenital heart disease

- Detection of malignant liver lesions
- Differentiation of HCC and FNH

- Detection of splenic tumors

- Detection of bone marrow tumors

- Differentiation between benign and
malignant tumors

- Imaging response to macrophage modulating
immunotherapy

- Detection of early necrosis

- inhibits early tumor growth

- in vivo tracking of therapeutic cells

- Contraindicated in patients with iron
overload

- can rarely cause severe allergic reactions
- can cause complement activation related
pseudoallergy (CARPA)

- No bolus injection

- Slow infusion over 15 minutes

- Slow metabolization

- repeated imaging after 6-8 weeks

- Less T1-enhancement of most solid
tumors compared to Gd-enhancement

- can enhance inflammatory reactions

- can cause diagnostic confusion due to
leak into early necrosis
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