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Background: Ferumoxytol is approved for use in the treatment of iron deficiency anemia, but it can serve as an alternative to gadolin-
ium-based contrast agents. On the basis of postmarketing surveillance data, the Food and Drug Administration issued a black box
warning regarding the risks of rare but serious acute hypersensitivity reactions during fast high-dose injection (510 mg iron in 17
seconds) for therapeutic use. Whereas single-center safety data for diagnostic use have been positive, multicenter data are lacking.

Purpose:  To report multicenter safety data for off-label diagnostic ferumoxytol use.

Materials and Methods: The multicenter ferumoxytol MRI registry was established as an open-label nonrandomized surveillance data-
bank without industry involvement. Each center monitored all ferumoxytol administrations, classified adverse events (AEs) using
the National Cancer Institute Common Terminology Criteria for Adverse Events (grade 1-5), and assessed the relationship of AEs
to ferumoxytol administration. AEs related to or possibly related to ferumoxytol injection were considered adverse reactions. The
core laboratory adjudicated the AEs and classified them with the American College of Radiology (ACR) classification. Analysis of
variance was used to compare vital signs.

Results: Between January 2003 and October 2018, 3215 patients (median age, 58 years; range, 1 day to 96 years; 1897 male pa-
tients) received 4240 ferumoxytol injections for MRI. Ferumoxytol dose ranged from 1 to 11 mg per kilogram of body weight
(=510 mg iron; rate =45 mg iron/sec). There were no systematic changes in vital signs after ferumoxytol administration (P > .05).
No severe, life-threatening, or fatal AEs occurred. Eighty-three (1.9%) of 4240 AEs were related or possibly related to ferumoxytol
infusions (75 mild [1.8%)], eight moderate [0.2%]). Thirty-one AEs were classified as allergiclike reactions using ACR criteria but
were consistent with minor infusion reactions observed with parenteral iron.

Conclusion: Diagnostic ferumoxytol use was well tolerated, associated with no serious adverse events, and implicated in few adverse
reactions. Registry results indicate a positive safety profile for ferumoxytol use in MRI.

©RSNA, 2019
Online supple | material is available for this article.
n the 30 years since gadolinium-based contrast agents  diagnostic information in virtually every organ system (2).
(GBCAs) were first introduced to enhance MRI (1), The safety profile of GBCAs was relatively unblemished
their adoption into routine clinical practice has been pro- until their association with nephrogenic systemic fibrosis
lific. Worldwide, more than 450 million doses of GBCAs  in 2006 (3). Clinical practice patterns were altered rapidly,
have been administered and have yielded indispensable and judicious use or avoidance of GBCAs in patients with
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Abbreviations

AE = adverse event, FDA = Food and Drug Administration, FE = feru-
moxytol enhanced, GBCA = gadolinium-based contrast agent

Summary

Multicenter off-label experience in 4240 diagnostic ferumoxytol
injections for MRI at nine sites in the United States and two sites
in the United Kingdom showed no serious adverse events or adverse
reactions in the setting of careful monitoring.

Key Results

= Multicenter observational registry safety experience in 3215
patients who underwent 4240 injections showed no systematic
changes in vital signs after ferumoxytol administration (2 > .05).

= No serious adverse events or adverse reactions occurred after off-
label diagnostic use of ferumoxytol with MRI.

» The off-label diagnostic use of ferumoxytol was implicated in 83
acute adverse reactions (<2% of all injections), including hy-
pertension, nausea, flushing, backache, pruritus, headache, and
vomiting.

kidney disease has effectively eradicated nephrogenic systemic
fibrosis. However, recent data supporting potential gadolinium
retention have generated additional controversies surround-
ing the use of GBCAs in MRI (4). Central to these concerns
is that gadolinium, a rare-earth metal, is not a normal constitu-
ent of biologic systems (1). The free gadolinium cation is toxic
and highly reactive. When used in contrast agents, gadolinium
is tightly chelated to prevent dissociation. It is unclear, however,
whether this chelation is always effective for all agents; work is
underway to determine the clinical consequences, if any, of long-
term gadolinium retention in biologic tissues (2).

Meanwhile, interest in ferumoxytol (Feraheme; AMAG
Pharmaceuticals, Waltham, Mass) as a contrast agent for MRI
(5,6) has come full circle. Although ferumoxytol is approved in
the United States and Europe for use in the intravenous treat-
ment of iron deficiency anemia, it was originally designed as an
injectable bolus blood pool contrast agent for MRI and has vas-
cular imaging attributes that the other intravenous iron therapy
products and the extracellular GBCAs do not possess (7,8). The
dextran-derivative coating of ferumoxytol was designed to be
nonreactive (less immunogenic, lower labile iron release) (7),
and the particle size (30 nm or 750 kDa) is such that its affinity
for macrophages is relatively low, leading to a long and stable in-
travascular residence time (5,8). Because of its long intravascular
half-life (approximately 14—15 hours), unique MR relaxometry
(7,23 L-mmol ™" at 1.5 T [8]; 7,, 9 L-mmol ™" at 3.0 T [9]), and
widespread use in chronic kidney disease, ferumoxytol has the
potential to complement or serve as an alternative to GBCAs
(5). It may also enable applications well beyond those possible
with GBCAs (5,6). Since its clinical introduction in 2009, feru-
moxytol has affected the practice of MRI at academic centers to
fill a variety of unmet clinical needs when used off label (8-13).

In March 2015, on the basis of 79 reported instances of
serious adverse events (AEs) that included 18 fatalities during
the therapeutic use of ferumoxytol (of an estimated 1.2 million
injections), the Food and Drug Administration (FDA) issued a
black box warning (14) about potential acute hypersensitivity
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reactions. The FDA identified bolus injection of undiluted feru-
moxytol as a potential risk factor and issued updated therapeutic
prescription recommendations that included dilution, infusion
over 15 minutes (originally over 17 seconds), and hemodynamic
monitoring for up to 30 minutes after infusion. Despite studies
supporting innovative off-label theranostic applications (5,6,8—
13) and single-center reports on safety (15-19), the relative safety
of ferumoxytol for diagnostic use is still not well defined. Thus,
we established the FeraSafe multicenter MRI registry (hezps://
ferasafe.ucla.edu) as an academic collaboration to investigate the
safety of ferumoxytol and to facilitate collaboration among users
exploring its diagnostic applications. We aim to report the inci-
dence of acute adverse events for diagnostic ferumoxytol injec-
tion and to describe the registry practice pattern for off-label use
of ferumoxytol-enhanced (FE) MRI.

Materials and Methods

A detailed description of our method and the portion of pa-
tients (7 = 1774) that overlaps with prior reports is listed in Ap-
pendix E1 (online). The local institutional review board at each
site approved the contribution of deidentified data and waived
specific written informed consent for retrospective inclusion
into the FeraSafe registry. The FeraSafe registry was conducted
without industry collaboration. The UCLA Clinical and Trans-
lational Science Institute and the Department of Radiological
Sciences, David Geffen School of Medicine at UCLA provided

infrastructure and resources.

Study Setting

This registry is an open-label, nonrandomized, multicenter
phase IV surveillance databank with a consortium of nine U.S.
and two U.K. urban academic medical centers. The primary
exposure was FE MRI, and the primary outcomes were AEs.
Each center had a site-specific safety monitoring protocol and
personnel familiar with the diagnosis and treatment of hyper-
sensitivity reactions, and therapy was available for immediate
response. Cross-sectional safety data from all consecutive pa-
tients who underwent FE MRI were prospectively collected at
each center and were retrospectively recorded in the registry.

Registry Design, Data Elements, and Safety Outcomes

‘The FeraSafe multicenter MRI registry is cloud based and oper-
ates using an open-source REDCap platform (version 8.5.28;
Vanderbilt University, Nashville, Tenn) (20) for data collection
and curation. Data elements include type of diagnostic MRI
examination, region of imaging, patient characteristics, clini-
cal indication, ferumoxytol administration (dose [milligrams
of iron per kilogram of body weight], rate [milligrams of iron
per second]), vital signs, safety personnel, and AEs. A detailed
description of safety monitoring is provided in Appendix El
(online). Safety data for FE MRI examinations between January
2003 and October 2018 were included in the analysis. Each site
defined severity of AEs according to the National Cancer In-
stitute Common Terminology Criteria for Adverse Events (ver-
sion 4.0) (21) and classified AEs as unrelated, possibly related,
or definitely related to ferumoxytol administration. To maintain
consistency with the American College of Radiology Manual on
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Contrast Media (22), the FeraSafe registry core laboratory re-
viewed all AEs (K.L.N., a board-certified cardiologist with >10
years of experience in critical care and >13 years of experience
with intravenous iron compounds and management of allergic
reactions; J.PF, a board-certified radiologist with >30 years of
experience with MRI contrast agent reactions) and classified
(K.L.N.) them according to the American College of Radiol-
ogy Contrast Media Classification System. The core laboratory
(K.L.N.) also classified AEs by using consensus definitions from
the Kidney Disease Improving Global Outcomes conference
(23). A summary is provided in Table E1 (online). When avail-
able, mean arterial pressure, heart rate, and pulse oximetry before
and after infusion were collected (K.L.N., N.K,, T'Y.) from each
site. Anaphylactic reactions were defined as symptoms involving
multiple organ systems (skin, gut, respiratory, cardiovascular),
along with objective findings of bronchoconstriction, stridor,
refractory hypotension, severe generalized urticaria, nausea, and
abdominal pain (23). Minor infusion reactions were those with
nonspecific symptoms, including pressure or discomfort in the
chest or lumbar area associated with flushing, with or without
minor urticaria, and without refractory hypotension or other or-
gan involvement (23).

Statistical Analysis

We summarized the data as mean * standard deviation, me-
dian, and interquartile range, or as an absolute value and a fre-
quency, as appropriate. We performed group comparisons of
vital signs by using analysis of variance. We considered P < .05
to indicate a significant difference. We used MedCalc, version
16.8.4 (Ostend, Belgium) software to perform the statistical
analysis.

Results

The multicenter MRI registry has 11 partner institutions. Pa-
tient demographics are summarized in Table 1. Between January
2003 and October 2018, a total of 3215 patients (59% [n =
1897] male, 41% [n = 1318] female; median age, 58 years; age
range, 1 day to 96 years) across nine academic medical centers
in the United States and two in the United Kingdom received
4240 ferumoxytol injections for MRI purposes. Of these 3215
patients, 887 (28%) had formally recorded vital signs. More
adults (87%, 2807 of 3215) than children (age =18 years) (13%
[409 of 3215]; 72% [296 of 409] of children were anesthetized)
received ferumoxytol. A total of 148 patients (4.6%) had im-
mature renal function (age <3.5 years). In 1107 patients with
a recorded serum creatinine value, the range was 0.2-28.0 mg/
dL (15.25-2135 pmol/L) (median, 1.2 mg/dL [91.5 pmol/L];
interquartile range, 0.8-2.7 mg/dL [61-205.9 pmol/L]).

Practice of FE MRI

Diagnostic imaging use of ferumoxytol differs from therapeu-
tic use in two important ways: (2) it has a lower total iron dose
with dilution and (%) it has a lower average injection rate. Both
early and late phases of ferumoxytol biodistribution (Fig 1)
were employed in a wide range of MRI applications. Illustra-
tive examples of FE MRI applications are shown in Figures 2
and 3. Study indications are shown in Figure 4 and include
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Table 1: Patient Characteristics
No. of Patients
Characteristic (n=3215)
Age*
Neonates (=1 month) 45 (1.4)
Infants (1 month to =2 years) 71 (2.2)
Children (2 years to =12 years) 151 (4.7)
Adolescents (12 years to =16 years) 44 (1.4)
Young adults (16 years to =39 years) 353 (11.0)
Middle-aged adults (39 years to =65 years) 1442 (44.9)
Older adults (>65 years) 958 (29.8)
Sex
Male 1897 (59)
Female 1318 (41)
Note.—Data in parentheses are percentages. In 151 (4.7%)
patients, age was not recorded.
* Median age was 58 years (interquartile range, 40-67 years;
range, 1 day to 96 years).
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Figure 1:  Ferumoxytol biodistribution and diagnostic applications in MRI. Feru-

moxytol preferentially enhances the infravascular space compared with other fissue
compartments at less than 15 hours.

healthy volunteers, outpatients, and inpatients. Common indi-
cations included vascular, liver, and tumor imaging and evalu-
ation of congenital heart disease. Historical practice patterns
by registry partners are reported in Table 2 and have evolved
since the FDA warning. Physicians did not routinely monitor
renal function beyond routine clinical care because ferumoxy-
tol is metabolized by macrophages and incorporated into the
reticuloendothelial system rather than through renal excre-
tion. For diagnostic MRI, the total amount of iron used was
no more than half the therapeutic dose. Prior to 2015, both
weight-based (1-11 mg iron/kg) and non—weight-based dosing
(=510 mg iron) of ferumoxytol were used. The dilution factor
ranged from 1:1 to 1:10. The maximum infusion rate was 45
mg iron/sec, but more frequently, the rate was 30 mg iron/sec
or less for first-pass imaging indications, followed by steady-
state image acquisition. After 2015, infusion rates were typi-
cally less than 0.6-10.0 mg iron/sec. For indications where a
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Figure 2: Sample illustrafive images obtained with ferumoxytol-enhanced (FE) MRI, with maximum intensity projection

[MIP) and color volume-rendered (VR) reconstructions. Examples include, A, venography in a 70-year-old man with a left
subclavian vein occlusion (green arrow) (left panel, VR FE MRI; right panel, MIP reformatted MRI) and, B, uteroplacental
imaging (normal uteroplacental enhancement [left and middle panels, green arrows] and perfusion from the uteroplacental
arterial [right and middle panels, white arrow] and venous [right panel, blue arrow] network and a healthy right pelvic renal
transplant [left and middle panels, red arrows]) in a 26-year-old woman who delivered a healthy baby. C, Muliistation

MR angiogram in a 69-year-old man with chronic aorfic dissection (dissection flap; left and right panels, green arrow) and
chronic renal failure. Note the bilateral renal cysts in the middle panel (white arrows). Extensive surgical aortic reconstruction
has been performed in the thorax.

Nguyen et al

utes. For clinical use, the safety
monitoring personnel during
ferumoxytol  administration
included attending physicians,
nurses, and technologists. At all
times, a physician was within
close proximity to the imag-
ing location, and standard
resuscitation equipment was
available. For research use, the
safety monitoring personnel
frequently comprised the physi-
cian investigator or study nurse
with clinical expertise in man-
aging hypersensitivity reactions
and experience managing con-
trast material-related reactions.
Written informed consent for
clinical administration of feru-
moxytol varied according to
local institutional requirements.
MRI (62%, 2629 of 4240),
MR angiography (20%, 848
of 4240), or both (18%, 763
of 4240) were performed. Both
single- and multistation MRI
examinations were performed.
Most examinations were per-
formed without anesthesia or
sedation (91%, 3858 of 4240).

Hemodynamic Analysis

For patients with formally re-
corded vital signs (z = 887),
changes in heart rate, mean
arterial  pressure  (MAP)
(MAP _ (2 ° BPdis)-ﬁ-BPsys)’

3

where BP, is diastolic blood
pressure and BP__ is systolic
blood pressure, and oxygen
saturation are summarized in
Figure 5. Mean arterial pressure
reflects the time-weighted aver-
age of blood pressure within
a cardiac cycle and is used for
comparison because mean arte-
rial pressure better reflects tis-
sue perfusion than does systolic
blood pressure by accounting
for two-thirds of the cardiac cy-
cle spent in diastole. There was
no systematic change in heart
rate or mean arterial pressure

higher rate was used, diluted ferumoxytol was administered in ~ after ferumoxytol injection (2 > .05). Minor postinfusion dif-
a controlled fashion by using infusion pumps and as multiple ~ ferences in heart rate and mean arterial pressure were not sig-
small divided doses over a total duration of more than 15 min- nificant, regardless of infusion rate (>10 mg iron/sec vs <10

Radiology: Volume 293: Number 3—December 2019 a radiology.rsna.org
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Figure 3: A, Coronary images in an 87-year-old male patient prior to transcatheter aorfic valve replacement
(maximum infensity projection showing the height of the coronary takeoff [upper panel], the ostium, and proximal

segments of the right coronary artery [lower panel, red arrow] and left coronary artery [lower panel, green ar-
row], and an oblique view of the aortic root in relation to other vessels). B, Vascular mapping with complementary
ferumoxytol-enhanced black-blood (left panel), color three-dimensional volume-rendered reconstruction (middle
panel), and bright-blood (right panel] MRI techniques in an 83-year-old woman with a partially thrombosed
(green arrows) 9.4-cm thoracoabdominal aneurysm. C, Sample images over a 5-year span in a girl with Kawasaki
disease who was examined annually since presentation at 15 months of age. Note progressive thrombosis of the
left main coronary artery aneurysm from 2014 (left panel) to 2017 (middle panel) to 2019 [right panel). The pro-
gressively narrowed vascular lumen of the aneurysm (pink line in the lef, middle, and right panels) is accompanied
by a relatively stable overall aneurysm size (red line in the left, middle, and right panels).

mg iron/sec). Three (0.3%) of
887 patients had objective in-
stances of hypotension.

Adverse Reactions

No ferumoxytol-related severe
or life-threatening AEs oc-
curred. No deaths related to
diagnostic use of ferumoxytol
were reported. A summary of
common infusion reactions
experienced with  diagnostic
ferumoxytol injections com-
pared  with  commercially
available macrocyclic GBCAs
is provided in Table 3. A to-
tal of 83 AEs (1.9% [83 of
4240]) were possibly or defi-
nitely related to ferumoxytol
administration and were con-
sidered adverse reactions (75
mild [1.8%] and eight mod-
erate [0.2%] based on the
National Cancer Institute Com-
mon Terminology Criteria for
Adverse Events). When we used
the American College of Radi-
ology classification system, 52
symptoms fell into the physi-
ologic reactions category (all 52
were mild), and 31 fell into the
allergiclike category (23 were
mild, eight were moderate). All
31 allergiclike symptoms met
the Kidney Disease Improving
Global Outcomes criteria for
expected minor infusion reac-
tions; none met the criteria or
had objective findings to be
considered anaphylactic reac-
tions. On a per-patient basis,
69 patients developed adverse
reactions. Six patients (two
children) received supportive
care (patients 1-6 [Table 4]).
Three of the 69 patients had
symptoms
parenteral iron infusion (Table
4), which have been previously
described as Fishbane reac-
tions (24). The symptoms were
self limited and resolved after
of ferumoxytol
infusion, and the patients did
not receive any medical treat-

characteristic  of

termination

ment. Fishbane reaction refers
to a constellation of symptoms
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Figure 4:  Spectrum of clinical and research ferumoxytol-enhanced (FE) MRI. A, Graph of first-pass
and steady-state FE MRI for a wide spectrum of indications (n = 4240). B, Graph shows the spectrum
of clinical and research applications varied by institution. Three centers (Duke, UCLA, and CSMC) had
the widest specirum of clinical indications. CSMC = Cedars-Sinai Medical Center; CHOP = Children's
Hospital of Philadelphio; OHSU = Oregon Health State University; UCLA = University of California, Los
Angeles; UCSF = University of California, San Francisco; UWisc = University of Wisconsin.
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(acute myalgias, arthralgias, headache, chest pres-
sure, and/or back pain, without clinical findings
of wheezing, stridor, periorbital edema, or per-
sistent hypotension) associated with intravenous
iron infusions. Two patients in the moderate cat-
egory (Table 4, patients 5 and 6) were treated with
medical therapy, but their symptoms may have
been manifestations of Fishbane reaction. No ad-
verse reactions were reported in 296 anesthetized
children receiving diluted ferumoxytol infusion
for MRI (infusion rate range of 0.01-0.25 times
lower than the previously approved maximum rate
for therapeutic use).

Discussion

Multicenter registry experience for off-label diag-
nostic use of ferumoxytol among nine U.S. and
two U.K. sites showed no serious adverse events
(AEs) or serious adverse reactions in the setting
of careful monitoring. Practice patterns for feru-
moxytol-enhanced (FE) MRI varied. Minor infu-
sion reactions were expected, but the incidence
was rare (<2%). Hypotension occurred in three
patients; however, none of these incidents were
serious. In patients in whom reactions were mild,
the presence of symptoms did not always preclude
completion of the examination. Compared with
the published rate of severe immediate allergiclike
reactions to gadolinium-based contrast agent
(GBCA) injections (overall rate of 0.52 per 10 000
injections of a gadolinium chelate [25]; rate of
8.3 per 10000 injections for linear ionic GBCAs,
and rate of 16 per 10000 injections for nonionic
macrocyclic GBCAs), our interim data suggest a
lower rate for ferumoxytol. Our registry data for
diagnostic ferumoxytol use differ from the post-
marketing surveillance data for therapeutic use in
three important ways: () lower total ferumoxytol
dose, () slower average infusion rate, and (¢) care-
ful monitoring during and after administration.
To date, experience with older formulations of
parenteral iron and iron-based MRI contrast agents
(26) continue to cast a shadow over the newer
agents, despite the rarity of serious adverse reactions
(<1:200000 injections) (23). Compared with the
published incidence of back pain associated with
older iron-based MRI contrast agents (26) and
ferumoxytol therapeutic infusions (23), the inci-
dence of back pain during diagnostic ferumoxytol
use was lower (0.05% [two of 4240 injections]).
Our multicenter safety data enable us to confirm
the low incidence of adverse reactions reported in
single-center diagnostic safety reports (15-19).
More recent safety data (23,27) for therapeutic
ferumoxytol applications are available, but they
have not fully quelled safety concerns. Although
ferumoxytol was designed to be less immunogenic
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Table 2: Summary of Multicenter FE MRI Practice Pattern
U.S. Site U.K. Site
Variable 1 2 3 4 5 6 7 8 9 1 2
Type of Clinical, Clinical, Clinical, Clinical, Clinical,
FE MRI research Clinical Research  research Clinical ~Research  research  research  research Research Research
Dilution 1:4 1:4 No dilu- 1:5;final  Final vol- 1:1-1:2 1:4-1:10; Final vol- 1:4 Final vol-1:4
factor, final tion, volume, ume, final ume, ume,
volume multi- 30 mL 60 mL volume,  30-60 50—
dose 60 mL mL 100
mL
Total dose 4 4 4 3 2-3 2-11 4 3 1.2-5 4 3
(mg iron/kg)*
Historical rate  <0.6 <0.6-30 30 6-30 <0.6 <0.6-45 <15 <0.6 <30 <0.6  <0.6-6
(mg iron/sec)*
Current rate <0.6 <06 ... 6 <0.6 1-45 <0.6-6  <0.6 <0.6 <06 6
(mg iron/sec)*
Consent’ Yes No Yes No (clinical) No Yes Yes Yes Yes Yes Yes
Monitoring MD T MD RN MD MD or MD RN RN MD MD
personnel RN
Iron studies® No Yes No No No No Selective  No No No No
Other monitor- No No No No No No No No No No Alert
ing card
Setting P ILOP OP IP, OP IP, OP oP IP, OP IP, OP IP, OP oP IP, OP
(hospi- (hospi- (hospital)  (hospi-  (hospi-
tal) tal) tal) tal)
Note.—A total of 4240 injections were performed in 3215 patients. FE = ferumoxytol enhanced, IP = in-patient, MD = physician, OP =
outpatient, RN = registered nurse, T = technologist.
* Total ferumoxytol dose did not exceed 510 mg of iron. Ferumoxytol rate is expressed as milligrams of iron per second to minimize
confusion among arbitrary use of the terms bolus, fractionated, rapid, fast, and slow infusion. For an infusion rate of 45 mg iron/sec
or 30 mg iron/sec, injections were administered in a controlled fashion by using infusion pumps and as multiple small divided doses
(mg iron/kg) over a total duration longer than 15 minutes. A ferumoxytol volume calculator is available at https://fwww.radiology. wisc.
edulalgad-calc.
 Consent refers to written informed consent for ferumoxytol use. Clinical consent for FE MRI varied depending on local institutional
requirements.
¥ Iron studies (serum iron, ferritin, transferrin, total iron-binding capacity, hemoglobin) were checked by referring physicians in select
patient populations.

(7,28), in some patients, the labile free iron release can cause a
Fishbane reaction, which has a benign course. The published fre-
quency of these symptoms ranges from 1% to 3% (29), whereas
our experience indicates a frequency of 0.1% (three likely in-
stances and two probable instances out of 4240 injections).
Since earlier reports of spontaneous AEs to the FDA Ad-
verse Event Reporting System, no further fatal events have
arisen. For therapeutic ferumoxytol use, one laboratory-proven
case of anaphylactic reaction in a 77-year-old woman with
chronic kidney disease and prior allergies to iron dextran has
been described (30). For diagnostic ferumoxytol use, one case
of possible anaphylaxis that involved a child who underwent
FE MRI under general anesthesia and developed hypotension
but completed the examination has been described (19). These
findings are reassuring when compared with the FDA postmar-
keting surveillance data. Due to the nature of AE self-report-
ing, postmarketing safety signals can result in overly cautious
conclusions, partly due to the Weber effect (31). Importantly,
challenges, including lack of standardization in hypersensitivity
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nomenclature and unreliable diagnostic tools for hypersensitiv-
ity reactions, also limit the accounting of true immunoglobin
E-mediated events.

Although longer-term results are needed, several comments
can be made based on our multicenter registry findings. In
patients with impaired renal function or allergic reactions to
GBCAs and in those needing multiple intravenous contrast-
enhanced MRI examinations, the benefits relative to the risks
of ferumoxytol versus GBCAs merit close consideration. In pa-
tients with complex or extensive vascular disease, the imaging
properties of ferumoxytol may offer definite advantages over
extracellular GBCAs. Dosing and infusion rates require patient-
specific adjustment depending on the clinical indication. Di-
lution and monitoring of vital signs are recommended by the
FDA. The ability of users to differentiate minor infusion reac-
tions from severe immune-mediated allergic reactions is highly
important. Users need to recognize Fishbane reactions and treat
them as self-limited reactions with discontinuation of the in-
fusion, watchful monitoring, and—in patients with refractory
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Vital signs pre- and post-ferumoxytol
(n=887, adults and children)
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Vital signs pre- and post-ferumoxytol
(n=207, children)
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Pre- and postferumoxytol infusion vital signs for ferumoxytol-enhanced (FE) MRI. A, There was no significant systematic difference between pre- and postinfu-

sion vital signs across a wide age spectrum (887 patients, P=.42). B, In children (age <18 years), differences between pre- and postinfusion vital signs were also not sig-
nificant (207 patients, P="50). No significant differences in heart rate (HR) or mean arterial pressure (MAP) were observed with an infusion rate of more than 10 mg iron/
sec or less than 10 mg iron/sec for both, C, adults (680 patients, P=.99) and, D, children (207 patients, P=.89). Analysis of variance was used for group comparisons.
pCO2 = partial pressure of carbon dioxide, SpO?2 = peripheral capillary oxygen saturation.

symptoms—supportive care (23). Misinterpretation of minor
infusion reactions for true hypersensitivity reactions may lead to
reflexive use of diphenhydramine (a sedating antihistamine), ste-
roids, inotropes, vasopressors, or a combination thereof, which
could cause or potentiate adverse effects (29,32).

Our study had limitations. Because registry data reflect
pragmatic experience, clinical trials criteria are less applicable
and reporting efforts by collaborating sites were voluntary.
Because of the rarity of serious immune-mediated allergic re-
actions, our current sample size is not sufficiently powered to
evaluate the relationship between injection rate and serious
adverse reactions. On the basis of our cohort, the incidence
of adverse reactions should be no higher than 2% at the lower
range of injection rates. We used a published serious hyper-
sensitivity rate of 0.2%-0.9% from therapeutic administra-
tions (33) and expected two to 10 events per 1000 injections,
but no anaphylaxis or serious reactions were reported in our
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registry. Although there is potential for AE reporting biases,
the absence of serious AEs supports further prospective in-
vestigations. A consistent definition of anaphylactic reactions
among society guidelines was also lacking. Classification of
symptoms into “minor infusion reactions” versus “anaphylac-
tic reactions” based on the Kidney Disease Improving Global
Outcomes (23) summary was useful for defining the subse-
quent management plan. Only 28% (887 of 3215) of pa-
tients in our registry had vital signs formally recorded, but in
the remainder, no symptoms of hypotension were reported.
We defined hypotension as symptomatic hypotension or a de-
crease in mean arterial pressure below the threshold required
for perfusion (ie, mean arterial pressure <65 mmHg in adults
[34]). Finally, systematic monitoring for iron overload was
not performed. However, from a pragmatic standpoint, iron
deficiency, largely related to blood loss (23,35), is far more
common than iron overload.
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Off-Label Diagnostic Use of Ferumoxytol

Table 3: Frequency of Adverse Reactions for Ferumoxytol Relative to Clinically Available Macrocyclic Gadolinium-based
Contrast Agents

Gadoteridol
Gadobutrol (Gadavist) Gadoterate (Dotarem) (ProHance) 2013
Ferumoxytol (Feraheme) 2011 Insert* 2013 Insert* Insert*

Therapeutic 2018 Diagnostic Registry
Insert* (7 = 997) Data (n = 3215)

Adverse Reaction Diagnostic (z = 4549) Diagnostic (z = 2813)  Diagnostic (z = 1251)

Nausea 18 (1.8) 9 (0.3) 55 (1.2) 16 (0.6) 17 (1.4)
Vomiting 7(0.2) 18 (0.4) <5 (<0.2) 12 (<1)
Headache 34 (3.4) 8 (0.3) 68 (1.5) 14 (0.5) 12 (<1)
Hypertension 10 (0.3)" <5 (<0.2) 12 (<1)
Hyperglycemia 2 (0.1)f
Pruritus 9 (0.3) 9(0.2) <5(<0.2) 12 (<1)
Chest pressure 2(0.2) 6(0.2)

Hypotension 7 (0.2)
Flushing 2(0.2) 3 (<0.1) <4 (<0.1) 12 (<1)
Rash 3(<0.1) 13 (0.3) <5(<0.2) 12(< 1)
Back pain 10 (1.0) 2 (<0.1)

Discomfort 2 (<0.1)
Dyspnea 3 (0.3) 2 (<0.1) 9 (0.2) 12 (<1)
Ocular hyperemia 2 (<0.1)

Sneezing 2 (<0.1)
Tachycardia 1(<0.1)f <4 (<0.1) 12 (<1)
Dysgeusia 2 (<0.1) 22 (0.5)
Paresthesia 1(<0.1) 4(0.1) <5 (<0.2) 12 (<1)
Dizziness 15 (1.5) 1(<0.1) 18 (0.4) <5 (<0.2) 12 (<1)
Miscellaneous 4(0.1)
Anaphylactoid reactions Reported None Reported Reported Reported
Cardiac arrest Reported None Reported Reported Reported
Nephrogenic systemic Reported Reported (confounded) Not reported

fibrosis

Note.—Data in parentheses are percentages. Manufacturers for agents listed in the table are as follow: ferumoxytol (AMAG Pharmaceuti-
cals, Waltham, Mass), gadobutrol (Bayer, Whippany, NJ), gadoterate (Guerbet, Princeton, NJ), and gadoteridol (Bracco, Monroe Town-

ship, NJ).

* Adverse reactions from inserts refer to those reported in the package insert for each contrast agent.
T Symptoms were recorded, but corresponding blood pressure, blood glucose level, and heart rate were not available for adjudication.

# Mean arterial pressure was available in three instances to support hypotension.

The potential disadvantages of ferumoxytol merit mention.
Its long intravascular half-life may influence the MRI signal for
days (or weeks to months in some organs depending on the im-
aging sequences used) after administration and may confound
interpretation of MRI findings by inexperienced radiologists.
Once aware of expected changes, radiologists can learn to in-
terpret the images in context and without confusion. In the
steady state, ferumoxytol enhances arteries and veins equally
and independently of bolus timing. While this attribute can
simplify vascular imaging of the chest, abdomen, and pelvis
(where arteries and veins are readily distinguishable based on
anatomy), this is not the case in the brain and extremities, and
alternative approaches will be required for efficient separation
of arteries and veins.

Cost is an important consideration with any diagnostic agent,
and the commercial landscape surrounding the diagnostic use of
ferumoxytol is complicated. Although approved in the United
States and Europe to treat iron deficiency anemia, ferumoxytol
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is only commercially available in the United States at this time
and is marketed as a single-dose 17-mL vial (510 mg of iron).
Ferumoxytol is priced as a therapeutic agent, and its typical price
point (approximately $700 per 17-mL vial) is not realistic for an
MRI contrast agent (other than for very limited applications).
The per-vial cost varies substantially and does not account for
intangible benefits that may outweigh the monetary cost. A fur-
ther complication is the fact that the typical dose used for diag-
nostic imaging is less than a full vial, and any unused product
must be discarded. Some partner institutions in our registry have
sought assistance from in-house pharmacies to provide smaller
aliquots for same-day multipatient diagnostic use. Interestingly,
one site had several patients who were already on an intravenous
iron regimen and who, in coordination with their physicians, re-
quested that the remaining dose of ferumoxytol be administered
on completion of the MRI study.

In conclusion, off-label use experience from our multi-
center registry points to a positive safety profile for ferumoxytol
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Table 4: Summary of Patients with Grade 2 Adverse Reactions and Patients with Possible Fishbane Reactions

Patient No./
Sex/Age (y)

Medical History Infusion Reaction Intervention Sequelae

Patients Who Received Supportive Intervention (Grade 2, Moderate Severity)

MRI was performed to exclude
heterotaxy

1/F/15 Postrenal transplant, allograft Developed pruritus of the nose anda ~ Diphenhydramine, None
failure, and cardiomyopathy; ticklish cough within 5 minutes of 1 mg/kg
FE MRI to evaluate slow ferumoxytol infusion; no skin
abdominal-pelvic vessels rash, urticaria, or wheezing; vital
signs were stable
2/F/30 Pregnant with chronic Felt faint after slow ferumoxytol Intravenous fluids, Symptoms resolved;
hypotension, tachycardia, and infusion; initial MAP, 60 mmHg 500 mL Repeat MAP, 92
shortness of breath; FE MRI to mmHg
exclude pulmonary emboli
3/M/65 Glioblastoma Truncal rash appeared shortly after Dexamethasone Rash resolved after
ferumoxytol infusion several hours
4/M/66 Glioblastoma Developed red sclera and burning- Albuterol and All symptoms resolved
tingling sensation at initial infusion; diphenhydramine within 2 hours of
at second injection 6 months later, were administered at treatment
patient developed nausea, shortness the second injection
of breath, and lower back pain after
ferumoxytol infusion (1 mg/kg)
5/M/26* Double outlet right ventricle with Developed stomach pain, headache, Intravenous fluids All symptoms resolved
lateral Fontan procedure, on and emesis accompanied by transient
dialysis; FE MRI to evaluate hypotension (an MAP decrease from
Fontan procedure outcome 76 mmHg to 50 mmHg)
6/M/8* Abdominal aortic aneurysm, his-  Reported pruritis during infusion; Diphenhydramine (1~ Discharged home
tory of eczema and food allergy;  examination showed hives with mg/kg), solumedrol, with steroid taper,
FE MRI to evaluate vascular development of vomiting and chest Zantag; sent to diphenhydramine,
anomaly pain; imaging was terminated; vital emergency and Zantac for 3
signs were unchanged department days
Patients with Symptoms Suggestive of Fishbane Reaction
7/E/30 Repaired tetralogy of Fallot; Developed symptoms of flushing, Ferumoxytol infusion ~ None
FE MRI to evaluate RV volu- nausea, and back pain during was terminated
metry infusion; vital signs were stable
8/F/19 Postrenal transplantation; Developed flushing and chest tightness Ferumoxytol infusion ~ None
FE MRI was performed to during infusion was terminated
evaluate a mass on the
tricuspid annulus
9/M/11 Interrupted inferior vena cava; FE Experienced nausea, vomiting, and Ferumoxytol infusion ~ None

flushing; vital signs were stable

was terminated

* Likely Fishbane reaction.

Note.—FE = ferumoxytol enhanced, MAP = mean arterial pressure, RV = right ventricle.

injections in MRI, with a very low incidence of adverse reac-
tions (<<29%). Across a wide range of age, applications, and injec-
tion rates in patients with chronic kidney disease, ferumoxytol
holds promise as a safe alternative or complement to existing
gadolinium-based contrast agents and extends MRI applications
beyond their current bounds. To date, and to our knowledge, no
clinical trials have been performed to directly address the safety
of ferumoxytol as an MRI contrast agent, but full clinical devel-
opment to establish labeled diagnostic indications may be war-
ranted. Meanwhile, an expanding registry databank will further
support convergence toward a confident and precise assessment
of adverse reaction rates in diagnostic practice.
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