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Magnetic resonance imaging of intracranial
tumors: intra-patient comparison of
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This study aims to compare gadoteridol with ferumoxy-
tol for contrast-enhanced and perfusion-weighted (PW)
MRI of intracranial tumors. The final analysis included
26 patients, who underwent 3 consecutive days of 3T
MRI. Day 1 consisted of anatomical pre- and postcon-
trast images, and PW MRI was acquired using gadoter-
idol (0.1 mmol/kg). On Day 2, the same MRI sequences
were obtained with ferumoxytol (510 mg) and on Day 3,
the anatomical images were repeated to detect delayed
ferumoxytol-induced signal changes. The T;-weighted
images were evaluated qualitatively and quantitatively
for enhancement volume and signal intensity (SI)
changes; PW data were used to estimate the relative
cerebral blood volume (rCBV). All 26 lesions showed
24-hour T;-weighted ferumoxytol enhancement; 16
also had T,-weighted hypointensities. In 6 patients,
ferumoxytol-induced signal changes were noted in
areas with no gadoteridol enhancement. Significantly
greater (P <.0001) SI changes were seen with gadoteri-
dol, and qualitative analyses (lesion border delineation,
internal morphology, contrast enhancement) also
showed significant preferences (P =.0121; P = .0015;
P <.0001, respectively) for this agent. There was no
significant difference in lesion enhancement volumes
between contrast materials. The ferumoxytol-rCBV
values were significantly higher (P = .0016) compared
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with the gadoteridol-rCBV values. In conclusion, feru-
moxytol provides important information about tumor
biology that complements gadoteridol imaging. The
rCBV measurements indicate areas of tumor undergoing
rapid growth, whereas the 24-hour scans mark the pres-
ence of inflammatory cells. Both of these functions
provide useful information about tumor response to
treatment. We suggest that dynamic and anatomical
imaging with ferumoxytol warrant further assessment
in brain tumor therapy.

Keywords: brain tumors, ferumoxytol, magnetic
resonance imaging, ultrasmall superparamagnetic iron
oxide nanoparticles.

trast agents (GBCAs) are low-molecular-weight

extracellular substances with a short plasma half-
life. GBCAs are relatively safe when administered in
clinically recommended doses (0.1-0.3 mmol/kg).
However, emerging evidence linking GBCAs to nephro-
genic systemic fibrosis has changed medical practice pat-
terns toward avoiding gadolinium-enhanced MRI in
patients with glomerular filtration rates (GFR)
< 30 mL/min/1.73m?%."

Ultrasmall superparamagnetic iron oxide nanoparti-
cles (USPIOs), such as ferumoxytol (Feraheme, AMAG
Pharmaceuticals Inc.), developed for iron-replacement
therapy primarily in patients with kidney disease, are
promising contrast materials for brain tumor MRI due
to their T; and T, relaxation time—shortening
effects.”>> The semisynthetic —carbohydrate-coated

) I The most commonly used gadolinium-based con-
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ferumoxytol, which has a hydrodynamic diameter of
30 nm, shows little uptake by circulating monocytes,
resulting in a long blood half-life (14 hours).*
Ferumoxytol can be safely given as a short intravenous
bolus for dynamic MRI where it serves as a true blood
pool agent at early time points (minutes) and is useful
for measurement of the relative cerebral blood volume
(rCBV).>® Over a period of hours, ferumoxytol under-
goes uptake in reactive astrocytes and tissue macro-
phages.” Consequently, ferumoxytol has the potential
for imaging of both tumor vasculature and inflammation
in central nervous system (CNS) malignancies.7’8

A 1.02-g treatment course of ferumoxytol (2 x
510 mg) was used for iron-replacement therapy in a
large number of patients without significant adverse
effects.” So far, the highest given dose of ferumoxytol
as an MRI contrast agent was 4 mg/kg (280 mg for a
70-kg patient).® A total dose of 510 mg (the maximum
FDA-approved dose) of ferumoxytol administered in
this study has not been investigated for MR imaging
before. This study aims to qualitatively and quantitat-
ively compare gadoteridol (ProHance, Bracco
Diagnostic Inc.) with high-dose ferumoxytol for
contrast-enhanced and perfusion-weighted (PW) MRI
in patients with intracranial tumors.

Subjects and Methods

Study Population

Between March 2008 and February 2010, 36 patients
with intracranial tumors were enrolled in this prospec-
tive study. Patients who were younger than 18 years;
were pregnant or lactating; showed clinical symptoms
and signs of herniation (e.g. acute pupillary enlarge-
ment, rapidly developing motor changes, rapidly
decreasing level of consciousness) or hemodynamic
instability; had contraindications to MRI procedures
(e.g. pacemaker); or had known allergic or hypersensi-
tivity reactions to parenteral iron, dextran, iron-dextran
or iron-polysaccharide preparations; had known or sus-
pected iron overload (e.g. hemochromatosis, history of
multiple transfusions); or had hepatic insufficiency or
liver cirrhosis were excluded. HIV-positive patients on
combination antiretroviral therapy were also ineligible
because of the potential for pharmacokinetic inter-
actions with ferumoxytol.

The study was sponsored by the National Institutes of
Health and was approved by the Oregon Health and
Science University Institutional Review Board (eIRB
#1562). All participants provided written informed
consent.

MRI Examination

All MRI scans were performed on a 3T whole-body MRI
system (TIM Trio, Siemens) with a body radio frequency
(RF) coil transmit and a 12-channel phased-array head
RF receiver coil. The imaging protocol consisted of 3 con-
secutive days. On the first day, localizer scout images,
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axial T1- and T>-weighted pre- and 18.5-minute (range,
16-21 minutes) postcontrast images, and first-pass
dynamic  susceptibility-weighted  contrast-enhanced
(DSC) perfusion MRI were acquired using gadoteridol
gadolinium (III) chelate. On the following day, the same
MRI sequences were obtained with ferumoxytol. On
the third day, at least 22 hours (mean, 24.3 hours;
range, 22-28 hours) after the USPIO agent adminis-
tration, the anatomical images were repeated in identical
spatial orientations to detect delayed ferumoxytol-
induced signal changes. Subjects with renal insufficiency
(GFR < 30 mL/min/1.73m?) underwent only a 2-day
MRI with USPIO, without gadoteridol.

Gadoteridol was injected at a dose of 0.1 mmol/kg of
body weight. Ferumoxytol was given over 20 minutes in
a constant volume of 17mL (510 mg) diluted with
17 mL of saline regardless of body weight, from which a
separate 5-mL bolus was used for DSC MRI. After con-
trast agent administration, the patients were monitored
closely for 2 hours and were followed up for 1 month.

MRI Acquisition Parameters

To minimize possible differences, the inter-day MRI
acquisitions were carefully repositioned using consistent
and clearly visualized anatomical landmarks from high-
quality scout MRI scans.

For T,-weighted spin echo (SE) images, a repetition
time (TR)/echo time (TE) of 900/10 was used, and up
to 44 slices with a 2-mm? slice thickness without gap
were obtained. A field of view (FOV) of 240 x
240 mm? and an acquisition matrix of 256 x 256 were
chosen. For T,-weighted turbo SE images, we used
9000/93 at a slice thickness of 2 mm? without gap.
The TSE factor was 9, while the FOV was 240 x
240 mm? with an acquisition matrix of 256 x 256. For
DSC MRI, dynamic T;-weighted images were acquired
using a gradient-echo echo-planar imaging pulse
sequence (TR, 1500 ms; TE, 20 ms; FA, 45° FOV,
192 x 192 mm?; matrix, 64 x 64; and 27 interleaved
slices with 3-mm? thickness and 0.9-mm? gap). After
an initial baseline period of 7 series of 27 image slices
(11 seconds), a rapid bolus of contrast agent was admi-
nistered intravenously using a power injector (Spectris
Solaris, Medrad Inc.) through an 18-gauge intravenous
line at a rate of 3mL/s, followed immediately by
20 mL of saline flush at the same rate. DSC data collec-
tion was continued for 90 series (2 minutes 21 seconds).

Image Analysis

All images from each patient were evaluated in a
matched-pair fashion and were analyzed by two neuror-
adiologists in consensus. The image assessment con-
sisted of the following steps:

(i) The total number of enhancing brain lesions as
visualized on Tj-weighted gadoteridol-enhanced,
Ti;- and T,-weighted ferumoxytol-enhanced
images was recorded for each patient. In the case
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(iii

(iv

)

)

of multiple lesions, only the largest, most conspicu-
ous lesion was selected for further evaluation.

T;-weighted gadoteridol and Ti-weighted 24-hour
ferumoxytol enhancement patterns were compared
in a descriptive manner. In addition, the images
were scored in terms of the following: (1) lesion
border delineation, (2) visualization of lesion
internal morphology, and (3) lesion contrast
enhancement compared with surrounding normal
tissue. These assessments were performed by
using 3-point scales from —1 (gadoteridol
superior) through 0 (both contrast agents equal)
to +1 (ferumoxytol superior).

T;-weighted postcontrast (gadoteridol, 24-hour
ferumoxytol) MR images were uploaded in
MIPAV (Medical Image Processing, Analysis, and
Visualization, BIRSS; NIH). The enhancing lesion
was outlined on each MR image and the software
calculated the enhancement volume. Volumetric
analysis was expressed in units of cubic centimeter.

By using user-defined regions of interests (ROIs) in
the lesion, contralateral normal brain parenchyma,
and background noise, lesion-to-brain contrast-to-
noise measurements for Ti-weighted pre- and
postcontrast images were calculated as follows:
(Shiesion = Slbrain)/SIhoise- On the basis of values
recorded on Tj-weighted pre- and postcontrast
(gadoteridol, 24-hour ferumoxytol) images, the
percentage of signal intensity (SI) change in the
lesion was calculated as follows: [(SI,osecontrast —
SIprecontrast) X 100]/Slprecontrast' ROIs of equal size
were positioned at identical coordinates on all cor-
responding image sets. The ROIs were placed to
encompass as much of the enhancing lesion as poss-
ible while avoiding necrosis or scarring within the
lesion. The ROIs larger than 20 mm* were used
to measure the SI of contralateral normal brain par-
enchyma and background noise. All SI measure-
ments were made using Image] software (NIH).

All first-pass DSC MRI data were processed using
Lupe (Lund) perfusion image analysis software.
The arterial input function was determined from
the middle cerebral artery contralateral to the
enhancing lesion. Color-coded rCBV maps were
created on a voxel-wise basis uncorrected for con-
trast leakage and were overlaid onto Tj-weighted
gadoteridol-enhanced images. Within the enhan-
cing lesion, a single voxel (3 x 3 x 3 mm) ROI
with the highest rCBV value was chosen on the
ferumoxytol-rCBV parametric map. An ROI of
equal size was positioned at identical coordinates
on the gadoteridol-rCBV parametric map. ROI
analyses were performed in native image space—
an approach that is more labor-intensive but
avoids interpolation errors frequently associated
with rigid-body coregistration methods—using
Image] software (NIH). Areas depicting major
vessels were excluded from ROIs. Normal white
matter within the contralateral hemisphere was

Désa et al.: Magnetic resonance imaging of intracranial tumors

used as the internal reference standard; rCBV
values were calculated by dividing the maximal
rCBV of the lesion by that of contralateral normal-
appearing white matter.

Statistical Analysis

Categoric variables were presented as numbers.
Continuous variables were expressed as means (standard
errors), unless otherwise stated. The normality of distri-
bution for all continuous variables was determined by
the Kolmogorov—Smirnov test. The distribution of pre-
ferences for gadoteridol or ferumoxytol in various diag-
nostic information end-points (border delineation,
visualization of lesion internal morphology, contrast
enhancement) was tested using the Wilcoxon signed
rank test. For enhancement volumes, SI changes, and
rCBV ratios, the differences between the value using
gadoteridol and the value using ferumoxytol were com-
pared using paired #-tests. For contrast-to-noise ratios
(CNRs), there were 3 groups of values (precontrast,
gadoteridol, ferumoxytol) to compare; therefore, a
mixed model, repeated measures analysis of variance
(ANOVA) was performed, and multiple comparisons
were made using the Tukey—Kramer adjustment if
there was a significant difference among these values.
All statistical computations were performed using SAS
Version 9.2 for Windows (SAS Institute Inc.), and the
results were declared significant at the two-sided 5%
comparison-wise significance level (P < .0S5).

Results

Among 36 patients considered for inclusion in the study,
no enhancing lesion was seen in 3 subjects with either
gadoteridol or ferumoxytol. In 7 participants with end-
stage renal disease or history of kidney transplantation,
only ferumoxytol was used as a contrast agent.
Therefore, 26 patients (18 men, 8 women; mean age,
47 years; age range, 19-72 years) were included for
final comparative analysis. Twenty-three patients had
histologically verified malignant brain tumors, including
primary glial tumor (7 = 19), angiocentric T-cell lym-
phoma (z=1), and secondary metastasis (7= 3).
Three patients had benign brain tumors [meningioma
(n=2), pituitary adenoma (n=1)] (Table 1). All
patients underwent surgery or biopsy 39.6 (3-255)
[mean (range)] months before the study and 24 of them
received 53.8 (0.5-61.5) [mean (range)] Gy fractionated
external beam radiation therapy 31.7 (1-309) [mean
(range)] months prior to study enrollment (Table 1).
Ten out of 26 patients were treated with chemotherapy,
5 with bevacizumab (Avastin, Genentech; 5 or 10 mg/
kg) alone or in combination with chemotherapeutic
agents, and 11 were taking steroids (4-20 mg/day dexa-
methasone) at the time of the study (Table 1).

There were no adverse events attributed to either con-
trast material.
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Table 1. Demographics and treatments

Patient No./ Histological Diagnosis Treatment
Gender/Age (years)
Surgery Radiation Chemotherapeutic Steroids Bevacizumab
Agents (mg/day) (mg/kg)
Type Time Interval Dose (Gy) Time Interval
(months) (months)

1/M/50 Glioblastoma multiforme GTR 6 59.4 4 — — —
2/M /50 Glioblastoma multiforme BX 9 59.4 7 C,T 4 10
3/F/46 Glioblastoma multiforme STR 14 59.4 13 L 12 —
4/M/19 Glioblastoma multiforme GTR 5 59.4 2 — 12 —
5/M/19 Glioblastoma multiforme GTR 8 59.4 5 T 12 5
6/M/56 Glioblastoma multiforme PR 32 59.4 29 T — —
7/F/57 Glioblastoma multiforme GTR 9 59.4 6 T — —
8/F/57 Glioblastoma multiforme GTR 12 59.4 9 T — —
9/M/54 Glioblastoma multiforme PR 3 59.4 1 — 12 —
10/M/62 Glioblastoma multiforme GTR 5 60 2 — 4 —
11/M/62 Glioblastoma multiforme GTR 6 60 4 T — 5
12/F/62 Glioblastoma multiforme PR 7 60 3 T 8 —
13/M/32 Anaplastic oligodendroglioma GTR 54 — — — — —
14/F/58 Anaplastic ependymoma GTR 8 57.5 7 C 20 5
15/M/51 Anaplastic astrocytoma BX 5 59.4 3 — 16 —
16/F/33 Anaplastic astrocytoma BX 71 59.4 70 16 5
17/M/26 Pilocytic astrocytoma PR 153 50.4 11 — — —
18/M/31 Astroblastoma GTR 21 54 20 — — —
19/M/44 Pineoblastoma GTR 87 50.4 72 — — —
20/M/46 Angiocentric T-cell lymphoma BX 3 — — — — —
21/M/40 Nasopharyngeal carcinoma metastasis BX 44 61.5 24 — — —
22/M/35 Melanoma metastasis STR 28 48 28 — — —
23/F/72 Non small cell lung carcinoma metastasis GTR 25 35 12 — 16 —
24/F/49 Meningioma PR 255 50.4 309 — — —
25/M/53 Meningioma STR 44 50.4 10 — — —
26/M/59 Non secreting pituitary adenoma GTR 115 0.5 110 — — —

siowny [ejueiorIiUl JO SuiSew adurUOSaL dijUSEW '[E 39 BSOQ

BX, biopsy; PR, partial resection; STR, subtotal resection; GTR, gross total resection C, carboplatin; I, irinotecan; L, lomustine; T, temozolomide.



Lesion Detection

All of the image sets from each of the 26 evaluated
patients were technically adequate for assessment.
Except for 2 patients, all participants had unifocal
disease; in the 2 subjects with multifocal disease, only
the largest most prominent lesion was assessed.
T;-weighted enhancement and/or T, signal dropout
consistent with iron accumulation was detected in only
4 lesions within 29 minutes (mean, 25.2 minutes;
range, 23-29 minutes) after ferumoxytol adminis-
tration. All lesions showed 24-hour T; SI changes, but
only 16 of them had T, hypointensities in the approxi-
mate region where gadoteridol enhancement was seen
(Fig. 1A-H). The SI changes were more prominent
and extended into a larger area on the 24-hour
ferumoxytol-enhanced images compared with the
25-minute studies (Fig. 1C, D, G, and H). Six patients

Precontrast-T,w & T,w

Gadoteridol
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had ferumoxytol enhancement in areas that did not cor-
respond to gadoteridol enhancement (Fig. 2).

Qualitative Image Assessment

Side-by-side analysis of T-weighted postcontrast images
revealed that in 20 cases the lesions appeared more
clearly after gadoteridol administration and the mor-
phology of gadoteridol enhancement was more homo-
geneous compared with the hazy, punctate pattern of
ferumoxytol enhancement (Fig. 3). In general, the
ferumoxytol-induced hyperintense Ty SI changes were
readily detectable, while the hypointense T, SI changes
were modest and more variable, but their volumes
were relatively equivalent.

Comparison of Tj-weighted postcontrast images
showed highly significant preferences (P =.0121;

25-min ferumoxytol

24-h ferumoxytol

Fig. 1. Patient 8 with glioblastoma multiforme. (A and B) Nonenhanced (A) and gadoteridol-enhanced (B) T;-weighted images of a left
frontoparietal mass, which crosses the midline. The gadoteridol-enhanced image shows evidence of strong enhancement. (C)
Twenty-five minutes after ferumoxytol administration, the T,-weighted image demonstrates some faint, mainly punctate, enhancement
within the mass. (D) Twenty-four hours after ferumoxytol injection, mixed SI changes are seen in the approximate region where
gadoteridol enhancement is noted. (E-H) T,-weighted images obtained before (E) and after gadoteridol (F), 25 minutes (G), and
24 hours after ferumoxytol injection (H). Twenty-five minutes after ferumoxytol administration, the T,-weighted image shows some
punctate and a curvilinear hypointensity within the mass. Twenty-four hours after ferumoxytol injection, strong lobulated areas of
decreased signal are observed. The distribution of low S| areas is similar to that of mixed high and low S| areas on the T;-weighted
image in (D). (I and J) Color-coded rCBV parametric maps. The ferumoxytol-rCBV parametric map (J) shows high blood volume within

the tumor, while the gadoteridol-rCBV parametric map (I) does not.
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Precontrast-Tyw & Tow Gadoteridol 24-h ferumoxytol

Fig. 2. Patient 6 with glioblastoma multiforme. (A—C) Nonenhanced (A), gadoteridol- (B), and ferumoxytol-enhanced (C) T;-weighted
images of a right medial temporal tumor. A linear intrinsic T, signal is seen in the lateral portion of the mass. The gadoteridol-enhanced
image shows evidence of strong enhancement. Twenty-four hours after ferumoxytol administration, additional area of enhancement is
noted around the mass (arrows), compared with the gadoteridol-enhanced images. (D—F) T,-weighted images obtained before (D) and
after gadoteridol (E) and 24 hours after ferumoxytol injection (F). Hypointense signal is demonstrated on the precontrast images in the
same area where an intrinsic T4 signal is seen. Twenty-four hours after ferumoxytol injection, strong decreased signal is observed within
and around the tumor (arrows). The distribution of the low SI area is similar to that of the high SI area on the T;-weighted image in (C).

Precontrast-Tyw & T,w Gadoteridol 24-h ferumoxytol

Fig. 3. Patient 3 with glioblastoma multiforme. (A-C) Nonenhanced (A), gadoteridol- (B), and ferumoxytol-enhanced (C) T;-weighted
images of a left temporal tumor. The mass is enhancing both with gadoteridol and ferumoxytol. The gadoteridol enhancement is more
homogeneous compared with the punctate pattern of the 24-hour ferumoxytol enhancement. (D-F) T,-weighted images obtained
before (D) and after gadoteridol (E) and 24 hours after ferumoxytol injection (F). The ferumoxytol-enhanced image shows punctate
hypointensities within the mass.
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P=.0015; P <.0001, respectively) for gadoteridol
compared with ferumoxytol for border delineation,
visualization of internal morphology, and lesion contrast
enhancement (Fig. 4).

Enbancement Volume

There was no significant difference (P =.4471) in
enhancement volumes of the lesions [24.5 (5.0) cm?,
22.3 (4.7) cm’, respectively] measured on T;-weighted
gadoteridol- and 24-hour ferumoxytol-enhanced images.

CNR and SI Change

A significant difference (P < .0001) was demonstrated
among the CNRs obtained on T,-weighted precontrast,
gadoteridol-enhanced and  24-hour ferumoxytol-
enhanced images. The CNR least square means (stan-
dard errors) were 0.90 (0.04) for precontrast, 1.58
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Fig. 4. Qualitative evaluation of T;-weighted postcontrast MR
images. Neuroradiologists expressed significant preferences (a, P
=.0121; b, P=.0015; ¢, P <.0001, respectively) for gadoteridol
compared with ferumoxytol for border delineation, internal
morphology, and contrast enhancement of the lesions. The
Wilcoxon signed rank test was used. Gd, gadoteridol; Fe,
ferumoxytol.
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(0.04) for gadoteridol, and 1.29 (0.04) for ferumoxytol
(Fig. SA).

The mean percentages of SI changes induced by con-
trast agent administration on Tj-weighted images are
shown in Fig. 5B. Significantly greater (P < .0001) SI
changes were seen with gadoteridol [58.3 (5.1)%] than
with ferumoxytol [28.7 (3.8)%].

Relative Cerebral Blood Volume

All 26 patients showed significant Tj-weighted SI
decreases during each contrast agent first-pass in both
lesion and normal-appearing brain tissue areas.

The ferumoxytol-rCBV values [3.73 (0.68)] were sig-
nificantly higher (P = .0016) than the gadoteridol-rCBV
values [2.52 (0.56)] (Fig. 6A).

A threshold rCBV ratio of the highest lesion blood
volume to the normal-appearing contralateral white
matter blood volume, measured by DSC MRI using
GBCA of 1.75, has been shown to predict time to pro-
gression or survival.'”'! Therefore, in our study, rCBV
> 1.75 was considered high and rCBV < 1.75 low. The
rCBV values were elevated both with ferumoxytol and
gadoteridol in 14 subjects (patients 1, 2, 3, 6, 9, 11,
13, 14, 15, 16, 18, 24, 25, and 26; Table 1), although
in 8 subjects the Gd-rCBV ratios were only slightly elev-
ated compared with the 1.75 cutoff (Fig. 6B). The rCBV
values were low with both contrast agents in 10 subjects
(patients 5, 7, 10, 12, 17, 19, 20, 21, 22, and 23). There
was a discordance between rCBV values in 2 GBM
patients (subjects 4 and 8) who had elevated rCBV
with ferumoxytol, but had low rCBV on the
gadoteridol-rCBV parametric map (Figs 11, ] and 6B).
Both participants showed worsening clinical condition
and increased areas of enhancement on gadoteridol-
enhanced Tj-weighted images 3 months after the
study. Among those 5 patients who were treated with
bevacizumab at the time of the study, 4 had low rCBV
values, while 1 had elevated rCBV values with both con-
trast materials reflecting resistance to treatment.

100 -
B100 9 —oummre
~ 80 4
o~
2 604 __—T—
=
§ 404
[%]
0

Fig. 5. Quantitation of T;-weighted MR images. (A) A significant difference (P < .0001) was demonstrated among the CNRs obtained on
T,-weighted precontrast, gadoteridol-, and 24-hour ferumoxytol-enhanced images. a, P < .0001 for gadoteridol enhancement compared
with precontrast images; b, P <.0001 for gadoteridol enhancement compared with ferumoxytol enhancement; ¢, P < .0001 for

ferumoxytol

enhancement compared with precontrast images.

ANOVA and Tukey—Kramer adjustment were used. CNR,

contrast-to-noise ratio; Gd, gadoteridol; Fe, ferumoxytol. (B) Significantly greater (*, P < .0001) SI changes were noted with gadoteridol
than with ferumoxytol. The paired t-test was used. S, signal intensity; Gd, gadoteridol; Fe, ferumoxytol.
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Fig. 6. Analysis of dynamic susceptibility contrast MR images. (A)
The ferumoxytol-rCBV values were significantly higher (*, P =
.0016) compared with the gadoteridol-rCBV values. The paired
t-test was used. rCBV, relative cerebral blood volume; Gd,
gadoteridol; Fe, ferumoxytol. (B) The rCBV values were elevated
both with ferumoxytol and with gadoteridol in 14 patients, they
were low with both contrast agents in 10, and there was a
discordance between them in 2 participants. The arrow indicates
a threshold rCBV ratio of 1.75. rCBV, relative cerebral blood
volume; Gd, gadoteridol; Fe, ferumoxytol.

Discussion

Cerebral neoplasms are characterized by the leakiness of
aberrant blood vessels and macrophage infiltration
within and around the lesions, in addition to the pres-
ence of neoplastic cells. In this study, gadoteridol was
used to detect vascular leakage and ferumoxytol to
provide a more accurate measurement of rCBV and as
a molecular agent to determine intracellular uptake
within inflammatory cells in patients with intracranial
tumors. These data provide insights into tumor biology
and treatment effects. Elevated rCBV and minimal intra-
cellular uptake suggest a predominance of residual or
recurrent tumor, while low rCBV and increased intra-
cellular accumulation of USPIOs would be expected
within areas of suspected treatment effects.

Ferumoxytol was injected in the amount of 510 mg
for all patients regardless of body weight. The intent of
using a standard maximal administration was to
achieve the highest possible plasma levels of ferumoxytol
and thereby maximize its tissue uptake. We did not
investigate the effect of ferumoxytol dose in this study.
Three fundamentally different MRI sequences were
used to compare gadoteridol with ferumoxytol: (1)
T;-weighted anatomical MRI, (2) T,-weighted anatom-
ical MRI, and (3) Tj-weighted DSC MRI scan. We
emphasize that Tj-weighted SI decreases always were
observed during gadoteridol and ferumoxytol first-pass
DSC measurements.

USPIOs produce a hypointense signal on T,- or
T;-weighted MR images in addition to T
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enhancement.'?!3 In our study all lesions had gadoteridol
and 24-hour ferumoxytol enhancement on T;-weighted SE
images. T, shortening consistent with iron accumulation
was detected in 16 patients 24 hours after ferumoxytol
administration; among them 4 showed 25-minute T, SI
change. The USPIO-induced SI changes are known to be
dose dependent. Whereas iron uptake results in T, shorten-
ing at higher concentrations, T; shortening effect peaks at
lower concentrations.'>'? Thus, at doses applied in this
study, the iron accumulation was not concentrated
enough to cause a decreased signal on T,-weighted TSE
images in all lesions. It is unknown whether this means
that there was ferumoxytol uptake in phagocytic cells
but at low concentrations or that there were not very
many macrophages to endocytose USPIOs, because no his-
topathological analyses were performed in this study.

The exact route of USPIO entry into the CNS is not
fully established. Both passive leakage of iron oxides
over an impaired blood-brain barrier (BBB) and their
active transcytosis through the CNS capillary mem-
branes have been suggested to contribute to USPIO
enhancement in the brain.'*' Although most of the
nanoparticles are concentrated intracellularly according
to immunohistochemical results of biopsy specimens, a
small amount can also be present in the extracellular
space.””'® This observation might explain why in 4
cases SI changes were detected as early as 25 minutes,
because it is unlikely that phagocytic cells can incorpor-
ate iron nanoparticles within such a short time frame.

The 24-hour ferumoxytol enhancement covered a
larger area compared with the 25-minute studies and
in 6 patients extended beyond the border of the lesions
delineated by gadoteridol on T;-weighted SE images.
The mechanism for this additional MRI signal change
of USPIOs is most likely to be the result of intracellular
trapping of iron oxides by microglia and macrophages. It
should be noted that accurate brain tumor delineation is
a challenging task, especially in patients with highly
infiltrative tumor. Posttreatment changes may further
complicate the interpretation of MR images; therefore,
the true boundary of any tumor is possibly not specified
by either contrast agent.

Some histopathological studies have suggested a
direct association between tumor grade and number as
well as location of iron-loaded microglia.”'” Parallel
with these observations, the intensity and morphology
of USPIO enhancement on MR images were found to
be correlated to tumor malignancy: malignant lesions,
such as high-grade gliomas, showed prominent enhance-
ment both within and around the tumor, and particu-
larly prominently around the necrotic areas, whereas
low-grade gliomas and benign lesions, like pituitary ade-
nomas and meningiomas, demonstrated minimal SI
changes mainly at the tumor margin or showed no
enhancement.”'® Although we noted similar tendencies
in benign intracranial lesions, in patients with malignant
brain tumors the morphology and intensity of ferumox-
ytol enhancement varied widely, presumably because of
treatment-related effects.

Conventional MRI has limited ability to detect
therapy-associated changes in tumor viability. Surgery



and radiochemotherapy are known to cause increased
contrast enhancement due to the alteration of vascular
permeability and activation of microglial cells."”~*' On
the other hand, the human antivascular endothelial
growth factor monoclonal antibody bevacizumab has
been shown to prune abnormal vessels and normalize
existing vasculature, thus decreasing GBCA enhance-
ment.”” Besides its added value as a corroborative
approach for achieving a diagnosis and guiding biopsies,
PW MRI has also proven to be beneficial for mapping
response to treatment with antiangiogenic agents.
Moreover, it has an essential role in differentiating
tumor progression from radiochemotherapy-induced
pseudoprogression as radiation necrosis typically
reveals decreased rCBV within the area of abnormal
enhancement, whereas high-grade tumor recurrence
results in increased rCBV values.®**%° Relative quantifi-
cation of CBV has been found to correlate with both con-
ventional angiographic assessments of tumor vascular
density and histologic evaluation of tumor neoangiogen-
esis.”®*” Despite a positive association existing between
the degree of vascularity and tumor aggressiveness,
some of the benign lesions (e.g. meningioma) also can
be highly vascular.

The application of USPIOs may be most useful for
studying tumor microvasculature. We have previously
reported that rCBV estimation using ferumoxytol is
reliable and does not require leakage correction.”® The
observed lower gadoteridol rCBV values in comparison
with the ferumoxytol results in the present study are
not surprising. In the case of disrupted BBB, the rapid
extravasation of GBCAs from capillaries to the intersti-
tial space leads to inaccurate CBV estimation using mod-
eling approaches that assume contrast agents are
localized only within the vascular compartment. In con-
trast to gadoteridol, USPIOs have a low leakage rate due
to their large particle size, which makes them suitable for
first-pass as well as steady-state measurements and
allows precise quantification of perfusion images.

Désa et al.: Magnetic resonance imaging of intracranial tumors

Conclusions

We have shown here that the 24-hour ferumoxytol
enhancement differed from the gadoteridol enhance-
ment in morphology and intensity. Ferumoxytol has 2
important uses that can provide additional information
for brain tumor assessment either alone or in conjunc-
tion with GBCA. First, conventional MRI with ferumox-
ytol can detect an inflammatory component, because
these nanoparticles are taken up by phagocytic cells.
Second, as ferumoxytol is a blood pool agent at early
time points, rCBV measurement with USPIO provides
a better indicator of tumor progression than with
typical GBCA, which is essential for diagnostic purposes
and assessment of treatment efficacy. Beyond that, feru-
moxvytol has a good biocompatibility profile and has no
known long-term toxicity, which makes it an attractive
contrast agent for MR imaging, especially in patients
with decreased renal function.
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