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Abstract

Background—Ferumoxytol is an ultrasmall superparamagnetic iron oxide (USP10O) nanoparticle
agent used to treat iron deficiency anemia in adults with chronic kidney disease.

Objective—We aim to determine the feasibility of using of ferumoxytol for clinical pediatric
cardiac and vascular imaging.

Material and methods—We retrospectively identified 23 consecutive children who underwent
MRI with ferumoxytol (11 males; mean age: 7.4 years, range: 3 days—18 years), yielding 12
abdominal MR angiography and 15 cardiac MRI studies. Medical records were reviewed for the
clinical indication, ferumoxytol dose, injection rate, sedation and any complication. A two-reader
consensus scored the images on a 5-point scale for overall image quality and delineation of
various anatomical structures. Signal-to-background ratios for abdominal aorta and inferior vena
cava for abdominal cases and blood pool-myocardium contrast ratios for cardiac cases were
calculated. The confidence intervals for obtaining a score of 3 or above for each image parameter
were calculated by using adjusted Wald method.

Results—For abdominal MR angiography, average scores for overall image quality, as well as
delineation of the hepatic artery, superior mesenteric artery, renal artery, and veins were 4.5, 4.3,
4.3, 3.7 and 4.7, respectively. For cardiac exams, the average scores for overall image quality,
systemic arteries, pulmonary arteries, pulmonary veins, valves and ventricles were 4.4, 4.6, 4.1,
4.8, 4.1 and 4.7, respectively. For all parameters, lower bound for proportion of cases to have a
score of 3 or above was 65%. Signal-to-background ratios for aorta and abdominal veins averaged
86 +/- 74 and 86 +/— 77 for full-dose images, and 23 and 18 for half-dose images, respectively.
Mean blood pool to myocardium contrast ratio was 3:3.
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Conclusion—Ferumoxytol can provide excellent image quality for pediatric body MR
angiography/MR venography at a dose of 1.5 or 3 mg Fe/kg. Further investigation should be
directed toward understanding the lowest dose that can be administered.
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Introduction

MR angiography, especially for arterial imaging, usually uses bolus-injection of gadolinium-
based extracellular agents, which can provide high signal-to-noise, but the enhancement
declines rapidly due to leakage of contrast agent into the extravascular space. First-pass
extraction and rapid redistribution into the extracellular space within about 11 min limits the
window of imaging-enhanced vasculature following gadolinium injection [1]. Venous
imaging with this type of agent usually is not optimal unless a very high dose is
administered [2]. In contrast, blood pool contrast agents can maintain the signal intensity of
arteries and veins for hours, extending the time period available for imaging, which allow
longer acquisition times for better SNR and image resolution at lower contrast doses and
injection rates [3].

Currently, the most commonly used blood pool contrast agent is a gadolinium chelate,
gadofosveset trisodium. In our routine use, we have found that the quality of MR
angiography with gadofosveset is somewhat limited after the first pass due to dilution of the
agent in the entire blood pool. On the other hand, gadofosveset provides nice venous
imaging for about 20 min after administration, at which point images become noticeably
noisier.

Ferumoxytol (Feraheme, AMAG Pharmaceuticals, Waltham, MA) is an ultrasmall
superparamagnetic iron oxide (USP10) nanoparticle used for the treatment of iron
deficiency anemia in adults with chronic kidney disease. Ferumoxytol has been used as
blood pool MR contrast agent in adults with end-stage renal disease [4, 5]. It also has been
used in adult body, adult brain and pediatric brain cases [1, 2, 4-12]. The pharmaceutical
composition of ferumoxytol (USPIO encased in carbohydrate shell) results in a prolonged
circulating half-life (14-15 h) in the intravascular space (blood pool), which can shorten the
T1 and T2* relaxation rates of the blood pool for days to months [10]. Investigators have
used doses of ferumoxytol as low as 1 mg/kg, with 4 mg/kg commonly used [1, 6, 10]. The
highest dose at a bolus infusion is 4 mg (71.6 micromol) iron per kilogram of body weight,
and the highest injection rate is 1 mL (537.2 micromol Fe) per s [2, 6].

To our knowledge, the use of ferumoxytol as a blood pool contrast agent for pediatric body
imaging is rare. We have recently started using ferumoxytol for pediatric MR angiography
and venography, mainly in abdominal and cardiac cases. Our motivation to explore the use
of ferumoxytol stems from two circumstances where the agent can enable or improve
pediatric vascular and cardiac MRI exams. The first circumstance is in those children with
significantly compromised renal function, particularly those with end-stage renal disease on
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dialysis. For these children, the use of gadolinium-based contrast agents, even macrocyclic
and/or ionic agents, is contraindicated.

The second circumstance is cardiac MRI exams, in which the signal-to-noise gains and very
long blood pool residence times may enable either higher resolution imaging or an attempt
at performing MRI without anesthesia. When using gadolinium-based agents, even blood
pool agents, we have found that if a child becomes uncooperative upon injection of contrast,
the whole exam is nondiagnostic, and by the time the child becomes cooperative again for
another attempt at imaging, the concentration of contrast agent in the blood pool no longer
suffices to obtain diagnostic image quality.

Here we describe our experience with ferumoxytol and report preliminary results on the
quality of the resultant cardiovascular imaging.

Materials and methods

With IRB approval under waived consent and in HIPAA compliant fashion, we
retrospectively identified 23 consecutive children (11 males and 12 females) referred to our
clinic for abdominal and cardiac MR angiography at 3T who received ferumoxytol as an off-
label use. Medical records were reviewed for the clinical indication, ferumoxytol dose,
injection rate, sedation and any complication.

Each subject was scanned on a 3-T MRI scanner (MR750; GE Healthcare, Waukesha, WI)
with the following coils: 32-channel cardiac coil (16 cases, 70%), 32-channel torso coil (6
cases, 26%) and 16-channel flexible coil (1 case, 4%), with choice based on patient size. For
subsequent image analysis, an axial spoiled gradient echo sequence with intermittent fat
suppression was used with parameters of TR (3.8—-4.6 ms for abdomen, 3.7-4.6 ms for
cardiac), TE (0.9-1.8 ms for abdomen, 1.7-2.1 ms for cardiac), slice thickness (1-3 mm for
abdomen, 0.7-1.2 mm for cardiac), matrix (296 x 256 — 416 x 416 for abdomen, 256 x 192
— 416 x 416 for cardiac) and field of view (24-40 cm for abdomen, 26-30 cm for cardiac).
Parameters were adjusted to each patient’s anatomy. For cardiac cases, the sequence was
ECG-gated, but the sequence was not cardiac gated for abdominal exams. Additionally, for
seven cases, a dual echo spoiled gradient echo sequence (echo times of 1.1 and 2.2 ms) was
obtained. All images were obtained in steady-state free-breathing, without parallel imaging,
and without respiratory gating.

Two readers (S.S.V. and A.H.), with 8 years and 2 years of experience, respectively,
interpreting pediatric body MRI scored the images by consensus. Assessments were made
for overall image quality, as well as delineation of the hepatic artery, superior mesenteric
artery, right renal artery and abdominal veins for abdominal cases, according to criteria
detailed in Table 1. Similarly, for cardiac cases, overall image quality and delineation of the
systemic arteries, pulmonary arteries, pulmonary veins, heart valves and ventricles were
scored according to criteria in Table 2. The confidence intervals for obtaining a score of 3 or
above for each image parameter were calculated by using adjusted Wald method.

Then, signal intensities of the abdominal aorta, inferior vena cava and immediately adjacent
non-vascular tissue were measured to calculate signal-to-background ratios for abdominal
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Results

cases. Measurements of signal intensity in the inferior vena cava between each echo of the
dual-echo MR angiography sequences used were also compared to assess T2* effects.

For cardiac cases, signal intensities of the blood pool (measured in the right ventricle
adjacent to interventricular septum) and myocardium (measured at mid septum) were
measured and the blood pool-myocardium contrast ratios were then calculated.

The clinical indications for the exams were renal transplant evaluation/post-transplant
complications (4 cases, 17%), vascular shunts/stenoses/aneurysms (6 cases, 26%),
congenital heart disease (10 cases, 44%) and others (3 cases, 13%). Four children underwent
both abdominal and cardiac exams, yielding a total of 12 abdominal exams and 15 cardiac
exams. None of the patients had suspected iron overload.

Mean age (+/- standard deviation) was 7.4 years +/- 5.7 (range: 3 days—18 years). Sixteen
cases (70%) were scanned under general anesthesia and the rest (7 cases, 30%) were
scanned without any sedation. Modes of anesthesia used were nasal cannula (seven cases),
laryngeal mask airway (five cases) and endotracheal intubation (four cases). All cases were
scanned during free breathing (without any breath-holding or control apnea). Among 23
patients, 8 (35%) cases had significantly diminished renal function.

Heart rate, blood pressure and oxygen saturation had been measured prior to, during
ferumoxytol administration and for at least 45 min following administration. There were no
adverse reactions in any patient. No subject had a decrease in oxygen saturation by more
than 1%. Four patients had a measurable decrease in mean arterial pressure: 12 mmHg, 4
mmHg, 4 mmHg and 13 mmHg. Ferumoxytol was injected at a dose of 0.05 mL/kg (1.5 mg
Fe/kg, 1 case) and 0.1 mL/kg (3 mg Fe/kg, 22 cases). The average volume of undiluted
ferumoxytol injected was 2.7 mL (range: 0.15-8.2 mL). The dose was administered by
diluting in sterile normal saline to a volume of 10 mL and injecting at 1 mL/s.

For abdominal MR angiography, average scores of overall image quality, hepatic artery,
superior mesenteric artery, renal artery and veins were 4.5, 4.3, 4.3, 3.7 and 4.7,
respectively. Excluding the single case with a 0.05 mL/kg dose, the average scores of overall
image quality, hepatic artery, superior mesenteric artery, renal artery and veins were 4.4,
4.2,4.3,3.7,and 4.7. For cardiac MRIs, the average scores in terms of overall image quality,
systemic arteries, pulmonary arteries, pulmonary veins, valves and ventricles were 4.4, 4.6,
4.1, 4.8, 4.1 and 4.7, respectively. One of the cardiac MRI cases had single-dose gadobenate
administered 25 min prior to imaging with ferumoxytol; the average scores did not change
when this patient was excluded from the analysis. The confidence intervals for obtaining a
score of 3 (good) or above for each image parameter are summarized in Table 3 and indicate
a good quality is exam is likely to be obtained.

For abdominal MR angiography with a 0.1 mL/kg contrast dose, the mean signal-to-
background ratios of artery and veins were 86 (SD 74, max 225.6, min 8.5) and 86 (SD 77,
max 235.7, min 9.2), indicative of good vascular enhancement. The mean increase of signal
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on opposed phase images compared with in-phase images was 26% (max 48%, min 12%),
indicating a significant T2* shortening at the administered 0.1 mL/kg dose.

For images obtained in the single subject with a dose of 0.05 mL/kg, signal-to-background
ratio of artery and vein were 22.6 and 18.3, which is lower that of any 0.1 mL/kg case.
Additionally, for the 0.05 mL/kg dose, signal increase on opposed phase imaging was 5.3%,
which is also lower than any of the 0.1 mL/kg dose cases. The vascular signal intensity
improvements on out-phase compared to in-phase are summarized in Figure 1. Taken
together, these findings of a both increasing signal-to-background and increasing T2* effect
when the dose is increased from 0.05 mL/kg to 0.1 mL/kg suggest a 0.1 mL/kg dose is likely
to give a good balance between the two competing effects.

For cardiac exams, mean blood pool to myocardium contrast ratios was 3.3 (max 4.4, min
2.5). The contrast between myocardium and blood pool permitted easy segmentation of the
ventricles. Additionally, valve leaflets were seen well. Of note, one cardiac exam was
performed first by the administration of gadobenate for viability assessment, and then after
20 min, ferumoxytol was administered to enable visualization of coronary arteries adjacent
to a valve with metallic scaffolding percutaneously delivered into the mitral position. Images
in this case were obtained with ferumoxytol 25 minafter gadobenate had been administered.
Both sets of images for this subject were evaluated. Blood pool to myocardium contrast
ratios of gadobenate and ferumoxytol images were 1.8 and 2.6, respectively. When this
patient is excluded, the mean blood pool to myocardial contrast ratio for ferumoxytol
increased from 3.3 to 3.4.

Figures 2 through 7 show representative examples. The high vascular signal to background
and depiction of minute vessels is evident. Additionally, Figure 8 shows the case with the
worst image quality, which has significant blurring from motion. Figure 9 shows the one
case in which gadobenate and ferumoxytol were given. Comparing the images to the other
patients in the study, the post-ferumoxytol images had poorest contrast between blood-pool
and myocardium/valves. This is likely the result of enhancement of the myocardium by the
gadobenate, even 25 min after its administration, decreasing the delineation of the
myocardial borders.

Discussion

To our knowledge, the use of ferumoxytol as a MR contrast agent in children in a clinical
setting is rare. Our study found that ferumoxytol-enhanced MR angiography can provide
excellent imaging quality (high SNR with well-delineated medium and some small size
vessels), excellent signal to background ratio of arteries and veins for abdominal cases and
good blood pool to myocardium contrast ratio for cardiac cases. For dual-echo images,
slightly greater vascular signal intensity on lower TE (out-phase) images than higher TE (in-
phase) images, likely related to T2* decay on in phase. Additionally, the single case of a
0.05 mL/kg dose administration also produced good vascular enhancement. Thus, it is
possible that at the higher dose, 0.1 mL/kg, T2* effects may be adversely impacting vascular
signal. It is not immediately clear at what dose optimally balances these competing effects.
It is worth noting, for comparison, that the therapeutic dose of ferumoxytol is 0.3 mL/kg.

Pediatr Radiol. Author manuscript; available in PMC 2016 June 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ruangwattanapaisarn et al. Page 6

It is also notable, that since we have established a protocol with ferumoxytol for cardiac and
vascular MRI exams at our institution, the workflow for exams performed under anesthesia
has been simplified. Since ferumoxytol has such a long residence time, it can be given
shortly after induction by the anesthesiologist under controlled monitoring conditions,
before entering the MRI suite. This avoids the need to disconnect and reconnect lines
supplying intravenous sedatives to give intravenous contrast during the MRI examination.
Additionally, because of the long blood pool residence time and relative lack of signal in
non-vascular structures, our imaging is now performed in completely free-breathing fashion,
which has enabled lighter and shorter anesthesia. This has been the motivation for our use of
ferumoxytol in patients who do not have significant renal disease.

Our study has a few limitations. First, we have not performed a direct comparison of image
quality between ferumoxytol-enhanced MR angiography and other vascular imaging such as
time-of-flight, other gadolinium-based blood pool agents or other imaging modality.
Previous studies in adult patients found that ferumoxytol-enhanced MR images had superior
image quality compared to pre-contrast time-of-flight images [5, 9], similar image quality to
a blood pool gadolinium-based contrast agent [4] and the findings in ferumoxytol MR
angiography were consistent with the results of other vascular tests (conventional
angiography, gadolinium-enhanced MR angiography, CT angiography and Doppler US) [2].
Here we compared in one subject images with gadobenate and ferumoxytol.

Although we have not performed a direct comparison, based on our experience with other
blood pool agent gadofosveset trisodium (Ablavar, Lantheus Medical Imaging, Inc., N.
Billerica, MA), which we have administered to more than 100 children, we have
qualitatively found that the vascular enhancement with ferumoxytol is noticeably greater.
Because the blood pool residence time is quite long, we have been able to obtain free-
breathing exams without the use of parallel imaging. These longer acquisitions help to
improve the qualitative signal-to-noise ratio and have the effect of motion averaging to
reduce artifacts.

Another limitation of the current study is that we have included a relatively small number of
patients in our early experience with this agent. We show results primarily at a dose of 0.1
mL/kg, and observed the effect of half this dose in one patient. The lowest, optimal dose of
ferumoxytol for vascular imaging requires further investigation. Additionally, we did not
systematically optimize the image acquisition parameters nor assess for systemic side effects
of iron.

As noted, the major alternative to ferumoxytol for blood pool imaging is gadofosveset,
which has United States Food and Drug Administration approval for the evaluation of
atherosclerotic aortoiliac disease and has been used in a similar off-label fashion for
pediatric MR angiography. It should be noted that although there were no adverse reactions
in this small study, it is known that the adverse event rate of ferumoxytol is significantly
higher than that of gadolinium-based agents. In particular, hypotension occurs in
approximately 0.12% of patients and the anaphylaxis rate is likely ten-fold greater than
gadolinium agents, as high as 0.02% [13]. However, it should be noted that these large
studies were in adults on hemodialysis, and the severity of hypotension and anaphylaxis
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were not described. Nonetheless, besides the anaphylaxis rate and hypotension, another
consideration in the use of ferumoxytol is that diagnostic MR imaging for non-angiographic
indications may have altered contrast for several months [10, 14]. Finally, consideration
must be given to the inherent risks of iron toxicity. As a basis for comparison, the tolerable
upper limits of daily intake of iron in children is 40 mg [15] vs. an average dose of 81 mg
ferumoxytol in our study. Accounting for oral bioavailability, the dose is approximately
equivalent to a week of dietary intake. Against these disadvantages, the value of
ferumoxytol is that it provides better vascular contrast over a longer period of time.

Thus, three scenarios may benefit from the use of ferumoxytol for pediatric vascular
imaging. First, ferumoxytol provides diagnostic MR imaging children with significant renal
disease. Second, in situations where very small vessels must be reliably interrogated,
ferumoxytol may provide a higher level of confidence. Third, in children who are at the cusp
of development to undergo an MRI without anesthesia, ferumoxytol can decouple placement
of a peripheral venous catheter and contrast injection from the MR scanning itself and
permit several leisurely attempts at contrast-enhanced imaging without anesthesia. In our
own practice, our experience with ferumoxytol began with the first group of patients with
renal disease. We found in this group markedly improved vascular imaging and thus
extended the use of ferumoxytol to challenging vascular exams and have started performing
some exams without anesthesia that we would have ordinarily obtained under anesthesia.

Conclusion

Ferumoxytol can provide excellent image quality for pediatric body MR angiography/MR
venography at a dose of 0.05 mL/kg or 0.1 mL/kg, particularly in patients with significant
renal insufficiency. Further investigation should be directed toward understanding the lowest
dose that can be administered to achieve imaging objectives.
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Fig. 2.
A 2-year-old boy with Kawasaki disease. Axial source (a) and sagittal reformatted (b)

images show bilateral internal iliac artery aneurysms (arrows)
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Fig. 3.
An 18-year-old boy after renal transplantation. White arrows indicate an arcuate artery on

axial MIP (a) and sagittal reformatted (b) images. Intralobular artery and vein (c) (black
arrows) and transplant renal artery origin (d) off iliac artery (dashed arrow)
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Fig. 4.
A 1-year-old boy with autosomal recessive polycystic kidney disease after bilateral

nephrectomy. MR angiography using ferumoxytol 0.05 mL/kg. Axial image shows good
vascular signal intensity despite the lower dose and nicely seen left adrenal vein (black
arrow). Also note intensely enhancing medial and lateral limbs of the left adrenal gland
(white arrows)
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Fig. 5.
A 10-year-old boy with pulmonary artery stenosis. a Gated axial spoiled gradient echo

image at the level of the right coronary artery (arrow) shows its origin. b Axial image at
level of the left main coronary artery (white arrow) also shows left anterior descending
coronary artery (black arrows). The coronary vessels are not typically seen with spoiled
gradient echo sequences with such clarity
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Fig. 6.
An 11-year-old boy with native anatomy of double outlet right ventricle, now after a Rastelli

procedure. (a) Gated axial spoiled gradient echo image shows right coronary artery (white
arrow), two acute marginal branches (dashed arrows) and right coronary vein (black
arrow). (b) Axial image more inferiorly shows tricuspid (black arrow) and mitral (dashed
black arrow) valves. (c) Axial image more superiorly delineates aortic valve leaflets (black
arrows) as well as left lower pulmonary vein (white arrow). (d) Oblique sagittal reformat
shows all three aortic valve leaflets
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Fig. 7.
Same patient as in Figure 6. Curved planar reformation shows right coronary artery
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Fig. 8.
A 3-day-old girl with intrauterine growth restriction and abdominal bruit. The child was

agitated during the exam. Note blurring of vessels from motion but image is still diagnostic,
detecting Park classification type 3 intrahepatic shunt. a On axial image, note middle hepatic
vein (white arrow) draining a branch of the left portal vein (dashed white arrow) via an
aneurysmal communication. A similar aneurysmal communication (black arrow) is seen
draining via the left hepatic vein. b Sagittal reformatted image shows left hepatic vein (white
arrow), aneurysmal communication (black arrow) and branch of left portal vein (dashed
white arrow)
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Fig. 9.
A 2-year-old girl with severe dysplastic mitral valve. Cardiac MRI images after

administration of (a) gadobenate and (b) ferumoxytol show metallic scaffolding
percutaneously delivered into the mitral position. Note sharper anatomical delineation and
better blood pool to myocardium contrast of the ferumoxytol image than the gadobenate
image
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Table 3

Proportion of scores of 3 (good) or above for each parameter with confidence intervals. One abdominal case
was performed after bilateral nephrectomies and the another had renal anatomy severely distorted by
multicystic dysplastic kidney, preventing scoring of the delineation of the renal arteries. One abdominal case
had hepatic artery and adrenal vein passing superior to the field of view, also precluding evaluation

Image quality feature Proportion of cases with score 23 | 80% confidence interval
Overall 11/12 0.75-0.98
Hepatic artery 11/11 0.93-1.0
Abdominal | Superior mesenteric artery | 11/12 0.75-0.98
Renal artery 9/10 0.71-0.98
Veins 10/11 0.73-0.98
Overall 15/15 0.95-1.0
Systemic arteries 15/15 0.95-1.0
Pulmonary arteries 14/15 0.79-0.99
Cardiac
Pulmonary veins 15/15 0.95-1.0
Cardiac valves 14/15 0.79-0.99
Ventricles 15/15 0.95-1.0
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