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ORIGINAL RESEARCH
ADULT BRAIN

Distinguishing Extravascular from Intravascular Ferumoxytol
Pools within the Brain: Proof of Concept in Patients with

Treated Glioblastoma
R.F. Barajas, Jr, D. Schwartz, H.L. McConnell, C.N. Kersch, X. Li, B.E. Hamilton, J. Starkey, D.R. Pettersson,

J.P. Nickerson, J.M. Pollock, R.F. Fu, A. Horvath, L. Szidonya, C.G. Varallyay, J.J. Jaboin, A.M. Raslan, A. Dogan,
J.S. Cetas, J. Ciporen, S.J. Han, P. Ambady, L.L. Muldoon, R. Woltjer, W.D. Rooney, and E.A. Neuwelt

ABSTRACT

BACKGROUND AND PURPOSE: Glioblastoma-associated macrophages are a major constituent of the immune response to therapy
and are known to engulf the iron-based MR imaging contrast agent, ferumoxytol. Current ferumoxytol MR imaging techniques for
localizing macrophages are confounded by contaminating intravascular signal. The aim of this study was to assess the utility of a
newly developed MR imaging technique, segregation and extravascular localization of ferumoxytol imaging, for differentiating
extravascular-from-intravascular ferumoxytol contrast signal at a delayed 24-hour imaging time point.

MATERIALS AND METHODS: Twenty-three patients with suspected post-chemoradiotherapy glioblastoma progression underwent
ferumoxytol-enhanced SWI. Segregation and extravascular localization of ferumoxytol imaging maps were generated as the voxel-
wise difference of the delayed (24 hours) from the early (immediately after administration) time point SWI maps. Continuous segre-
gation and extravascular localization of ferumoxytol imaging map values were separated into positive and negative components.
Image-guided biologic correlation was performed.

RESULTS: Negative segregation and extravascular localization of ferumoxytol imaging values correlated with early and delayed time
point SWI values, demonstrating that intravascular signal detected in the early time point persists into the delayed time point.
Positive segregation and extravascular localization of ferumoxytol imaging values correlated only with delayed time point SWI val-
ues, suggesting successful detection of the newly developed extravascular signal.

CONCLUSIONS: Segregation and extravascular localization of ferumoxytol MR imaging improves on current techniques by eliminat-
ing intrinsic tissue and intravascular ferumoxytol signal and may inform glioblastoma outcomes by serving as a more specific metric
of macrophage content compared with uncorrected T1 and SWI techniques.

ABBREVIATIONS: CRT ¼ chemoradiotherapy; GBCA ¼ gadolinium-based contrast agent; IDH ¼ isocitrate dehydrogenase; SELFI ¼ segregation and extrava-
scular localization of ferumoxytol imaging; TAMs ¼ tumor-associated macrophages and microglia

Standard of care surgical resection and Stupp protocol chemo-
radiotherapy (CRT; temozolomide with conformal irradia-

tion) results in a 14.2-month median overall survival for patients
with isocitrate dehydrogenase (IDH) wild-type glioblastoma.1-3

Following CRT, some patients undergo an inflammatory
response that manifests as transiently progressive gadolinium-
based contrast agent (GBCA) enhancement on MR imaging,

commonly termed “pseudoprogression.”4-7 The development of
pseudoprogression may improve overall survival, but this rela-
tionship is not completely understood.8-10 This gap in clinical
knowledge is exacerbated by the inability of GBCA MR imaging
to distinguish pseudoprogression from true glioblastoma
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regrowth.11 Establishing a definitive diagnosis by surgical biopsy
or follow-up MR imaging delays therapy for true disease recur-
rence and may adversely affect overall survival.8-13 Therefore, the
development of a biologically specific imaging metric of inflam-
mation may improve clinical outcomes.

Tumor-associated macrophages and microglia (TAMs) are
a major constituent of the immune response of the brain to
glioblastoma therapy and account for up to 40% of the cellular
tumor mass.4 Because TAMs are professional iron recyclers
with properties that are directly linked to phagocytosis, ultra-
small superparamagnetic iron oxide–enhanced MR imaging is
well-suited for the detection of inflammation.14,15 TAMs-
mediated neuroinflammation has been visualized in vivo using
delayed time point MR imaging, 24 hours after intravenous admin-
istration of ultrasmall superparamagnetic iron oxide ferumoxytol
(Feraheme; AMAG Pharmaceuticals) in preclinical glioblastoma
models.15 Ferumoxytol is FDA-approved for intravenous iron sup-
plementation but can be used off-label as an MR imaging contrast
agent.16 Early time point MR imaging (immediately following in-
travenous ferumoxytol administration) allows the quantification
and localization of the intravascular agent;17 however, its pro-
longed circulating half-life limits facile interpretation of extrava-
scular signal changes in the glioblastoma microenvironment at
delayed time point imaging up to 48 hours later.18

We hypothesized that the localization of glioblastoma TAMs
could be improved by a combined imaging and analytic approach of
early and delayed time point MR imaging with ferumoxytol. We
assessed the use of SWI at multiple imaging time points to produce
high-resolution segregation and extravascular localization of feru-
moxytol imaging (SELFI) maps for the putative isolation of extrava-
scular ferumoxytol as a surrogate marker of TAMs. Using a well-
characterized cohort of patients with clinically suspected glioblastoma
progression, we show the following: 1) Signal on delayed time point
SWI is partially a reflection of persistent intravascular ferumoxytol,
2) the generation of SELFI maps allows the localization of TAMs-
accumulated extravascular ferumoxytol signal that is only observed
in the delayed time point of imaging, and 3) positive SELFI values, in
part, tend to stratify overall survival in patients with glioblastoma.

MATERIALS AND METHODS
Patient Population
This retrospective Oregon Health & Science University institu-
tional review board–approved study included subjects meeting
the following inclusion criteria: 1) histologically confirmed diag-
nosis of glioblastoma (World Health Organization classification,
grade IV glioma); 2) documentation of IDH-1 mutational and O-
6-methylguanine-DNA methyltransferase promoter methylation
status (R132H; Clinical Laboratory Improvement Amendments,
No. 38D2018256); 3) a Karnofsky Performance Score (KPS of
more than 50); 4) prior maximal safe resection followed by CRT
using the Stupp protocol;2 5) GBCA MR imaging demonstrating
evidence of preliminary progressive disease according to Response
Assessment in Neuro-Oncology criteria;6 6) subsequent GBCA MR
imaging within 72 hours before ferumoxytol MR imaging; and 7)
SWI performed before and following intravenous ferumoxytol
administration. The early time point of imaging was defined by SWI
within 10minutes of intravenous ferumoxytol administration.

Delayed time point imaging was defined by SWI performed approx-
imately 24 hours following intravenous ferumoxytol administration.
Exclusion criteria included the absence of delayed time point feru-
moxytol-enhanced T1-weighted MR imaging or SWI. None of the
patients who met the inclusion criteria were excluded from analysis.

Twenty-three patients were studied between January 2012 and
January 2018 (On-line Table). Medical records established either
glioblastoma recurrence or pseudoprogression as the etiology for
preliminary progressive disease. Sixteen patients (70% of the cohort)
were diagnosed with recurrent tumor. Four of these patients under-
went standard-of-care re-resection to establish disease status via his-
tologic analysis. The remaining 19 patients were diagnosed with
either pseudoprogression (5 with IDH wild-type, 2 with IDH-
mutant) or recurrent tumor via integration of patient clinical
course and serial GBCA MR imaging. Thirteen patients received
dexamethasone (mean, 3.746 4.56mg) concurrent with ferumox-
ytol administration. Four patients with tumor recurrence received
bevacizumab (10mg/kg) before or the same day as ferumoxytol
administration. Dexamethasone and bevacizumab were adminis-
tered to reduce the clinical adverse effects of vasogenic edema.

Image Acquisition
All patients underwent 3T MR imaging (Ingenia; Philips Health-
care) examinations using 1 of 2 imaging protocols. Protocol 1 (12
patients) entailed MR imaging for 3 consecutive days, whereas pro-
tocol 2 (11 patients) entailed MR imaging for 2 consecutive days.
3D-SWI (TR/TE/flip angle¼ 26 ms/20ms/15°, FOV ¼ 210mm2,
imaging matrix ¼ 5122, in-plane resolution ¼ 0.412, 116 contigu-
ous axial slices with 2.2-mm section thickness, 1.1-mm overlap
producing 232 evaluable slices) was performed before, immedi-
ately following (early time point), and 24 hours (delayed time
point) after intravenous ferumoxytol administration (�15-minute
infusion at a dose of up to 510mg). Gradient echo 3D T1-
weighted images (TR/TE/flip angle ¼ 8.14ms/3.72ms/8°, 160
contiguous 1-mm-thick axial slices) were acquired pre- and post-
gadoteridol gadolinium chelate (GBCA, ProHance; Bracco
Diagnostics; 0.1mmol/kg) and ferumoxytol administration.
GBCA-enhanced sequences were performed before ferumoxytol
administration. All MR imaging measurements were completed
on the same instrument for each participant.

Contrast-Enhancement Segmentation. A neurologic radiologist
with 10 years of experience (R.F.B. Jr) reviewed contrast-
enhanced T1-weighted volumes (GBCA and delayed ferumoxy-
tol) and manually marked a large ROI that covered all possible
enhancement in both T1-weighted datasets. These preliminary
ROIs were then automatically segmented into contrast-enhancing
and nonenhancing voxels, as previously described,19 allowing the
generation of a lesion-wide enhancement mask from which
SELFI values were assessed; the results of the segmentation were
visually inspected, and none required manual intervention.

Generation of SELFI Maps
Figure 1 illustrates the SELFI calculation. Briefly, SWI magnitude
images (precontrast, early time point, and delayed time point)
were rigidly registered to the non-contrast-enhanced T1-weighted
volume (3dAllineate, Analysis of Functional Neuro Images
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[AFNI]; http://afni.nimh.nih.gov/afni). Early and delayed time point
maps were created by taking the natural log of the ratio of a precon-
trast voxel to the same postcontrast voxel so that the magnitude of a
value of a voxel was proportional to the concentration of contrast.
Any resulting negative values (voxels in which SWI signal increased
after the administration of contrast agent, ,5% of the voxels in all
cases) were considered noise and removed from both maps. For the
early time point, this step produced a CBV map. SELFI maps were
created by taking the voxelwise difference of the delayed time point
map from the early time point map (3dcalc, AFNI; https://afni.nimh.
nih.gov/pub/dist/doc/program_help/3dcalc.html; Fig 1, middle):

SELFIi ¼ log
SWIpre
SWIDT

� �
� log

SWIpre
SWIET

� �
;

where i is a voxel, SWIpre is the value of the voxel on the noncon-
trast SWI, SWIET is the is the value of the voxel on the SWI imme-
diately after contrast, and SWIDT is the value of the voxel on the
delayed SWI (�24 hours after contrast administration). Mean val-
ues from the generated maps were calculated within both the
GBCA and ferumoxytol contrast-enhancing ROI (3dmaskave, AFNI;
https://afni.nimh.nih.gov/pub/dist/doc/program_help/3dmaskave.
html). Mean negative (SELFI�) and positive (SELFI1) portions of
the SELFI maps were calculated separately so that the absolute value
of each positive and negative voxel was proportional to the relative
contribution of that voxel (Fig 1, right):

SELFI þ ¼ 1
n

Xn
SELFIi.0

i;

SELFI � ¼ 1
n

Xn
SELFIi,0

i;

where n is the number of voxels within the enhancement mask,
i is a voxel within the enhancement mask, SWIpre is the

noncontrast SWI, SWIET is the SWI immediately after contrast,
and SWIDT is the delayed SWI (�24 hours after contrast adminis-
tration). The log function was used so that nonlinearities in ratio
variables could be linearized, so that the ratios were equidistant
and the dependent variable was not weighted in favor of the de-
nominator. For example, the ratios of 5/2 and 2/5 are not equidis-
tant from 1 until the log is performed [log10(5/2)¼ 0.40 and
log10(2/5)¼ �0.40]. This feature allows centering of the displace-
ment of the relationship evenly around zero irrespective of which
variable is in the numerator or denominator. Likewise, the intro-
duction of a log-transform equilibrates the magnitude of an effect
(both positive and negative) within 2 hypothetic voxels. Finally,
in an effort to provide a single aggregate per tumor score of both
the magnitude and spatial extent of inflammatory infiltrate, pri-
marily for the purpose of testing against overall survival (see
Statistical Analysis), mean SELFI1 values were scaled by the pro-
portion of voxels that were positive relative to the number of vox-
els that were enhanced in the postferumoxytol T1-weighted
volume.

Image-Guided Tissue Sampling and Specimen Processing
To investigate the biologic processes associated with SELFI metrics,
we performed stereotactic tissue sampling in a patient with newly
diagnosed glioblastoma at the time of the initial surgical resection.
Six sampling sites were prospectively marked on an intraoperative
neuronavigational device on the basis of the presence or absence of
24-hour delayed ferumoxytol signal. The precise location of the
sampling sites was recorded (screen shots and MR imaging coordi-
nates) at the time of intraoperative biopsy and allowed coregistra-
tion with T1-weighted gadolinium-enhanced and SELFI MR
imaging sequences.

Immunohistochemical staining with CD34 (microvascular den-
sity), CD68 (TAMs), Dx1 (dextran ferumoxytol coating), and Perls
Prussian blue (iron) allowed a subjective assessment using a 4-tier
ordinal scale (0, no immunoreactivity; 3, intense immunoreactivity),

FIG 1. Segregation and Extravascular Localization of Ferumoxytol Imaging (SELFI) processing pipeline. Left, The MR acquisition of susceptibility
weighted imaging (SWI) is performed prior to (pre-contrast), immediately after (early time point; ET), and 24 h following ferumoxytol administration
(delayed time point; DT).Middle, Post processing of early and delayed time point maps are calculated on a voxel wise basis as the log of the quotient
of the pre to post-contrast images. Right, SELFI is calculated as the difference of the delayed time point map from the early time point maps. The
SELFI map can be further segmented into positive (“extravascular”, delayed time point signal. early time point signal, “SELFI1”) and negative (“intra-
vascular”, early time point signal. delayed time point signal, “SELFI�”) values (right). Fe-T indicates Ferumoxytol T1-weighted Delayed Time point.
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with 4 high-power fields at a magnification of 20� or greater.
Additionally, to better understand the location of ferumoxytol
at the 24-hour delayed imaging time point, we performed im-
munofluorescent histochemistry (Dx1 and Iba1 [for TAMs
localization] antibodies) on tissue obtained from a rat model
of syngeneic glioblastoma after 13 days of intracerebral growth
using an Institutional Animal Care and Use Committee–
approved protocol. Antibody labeling was visualized using an
LSM 780 confocal microscope (Zeiss). A total of 136 images
were obtained with 0.3-mm optical sectioning. An attending
neuropathologist (R.W., with .20 years of experience) who
was blinded to the imaging results performed all qualitative
immunohistochemical assessments.

Statistical Analysis
The Pearson r tested for correlation between imaging metrics.
Student t tests assessed differences between signal intensity and
SELFI metrics. Overall survival was classified in IDH wild-type
glioblastoma from the date of surgical diagnosis until death or last
follow-up date for patients without an event. Survival analysis was
performed using multivariate Cox regression analysis, covarying
for age and KPS, on mean delayed time point and aggregate
SELFI1 scores as calculated above (SPSS, Version 25.0; IBM).P
values, .05 were considered statistically significant.

RESULTS
Comparison of Enhancing GBCA and Ferumoxytol Volume
and Signal Intensity
The cohort-wide root volumes of GBCA enhancement signifi-
cantly exceeded those of delayed ferumoxytol enhancement
(paired t(22) ¼ 2.25, P¼ .03), as did the mean normalized T1
image intensity within enhancing ROIs (paired t(22) ¼ 2.77,
P¼ .01). Despite significant differences in enhancement volumes
and intensities, GBCA and ferumoxytol T1-enhancement volumes
were significantly correlated (r(21) ¼ 0.87, P, .01) as were nor-
malized T1 signal intensities (r(21) ¼ 0.87, P¼ .01). Finally, the

enhancing volumes in GBCA and ferumoxytol were correlated
with their respective normalized intensities (r(21) ¼ 0.51 and 0.53,
P, .01, respectively). All findings presented here were of the
same statistical significance in both GBCA- and ferumoxytol-
enhancing ROIs; therefore, only values derived from ferumoxytol-
enhancing ROIs are reported, unless GBCA and ferumoxytol are
directly compared.

Comparison of Ferumoxytol-Enhanced Early Time Point,
Delayed Time Point, and SELFI Map Measurements
Early and delayed time point SWI measurements were signifi-
cantly correlated, suggesting that intravascular ferumoxytol signal
contaminates delayed measurements when using the standard
uncorrected approach (r(21) ¼ 0.56, P, .01). An example of early
time point, delayed time point, SELFI maps, and corresponding
voxelwise histograms from a single patient with disease recurrence
can be found in Fig 2. Both SELFI1 (extravascular) and SELFI�
(remaining intravascular signal at the delayed imaging time point)
were correlated with delayed time point SWI measurements
(r(21) ¼ 0.87 and �0.48, respectively, P, .03; Fig 3A, top right),
confirming the contamination of intravascular ferumoxytol in
delayed time point SWImeasurements. However, only SELFI� val-
ues were significantly correlated with early time point SWI meas-
urements, confirming localization of intravascular signal (r(21) =
0.87, P, .001; Fig 3A, top left).

Comparison of SELFI Measurements and Intensity of T1
Enhancement
Normalized signal intensity of delayed time point ferumoxytol T1
enhancement was correlated with SELFI1 (extravascular) meas-
urements and delayed time point SWI maps (r(21) ¼ 0.68 and 0.75,
P, .001, respectively), but not with SELFI� (intravascular) meas-
urements (r(21) ¼ –0.19, P. .3; Fig 3B, bottom right). Most inter-
esting, the normalized signal intensity of GBCA T1 enhancement
was not correlated with delayed time point SWI maps or SELFI
measures (r(21) ¼ 0.33, 0.33, and �0.13, P. .1; Fig 3B, bottom
left), suggesting that the functional significance of the magnitude

FIG 2. Specific extravascular ferumoxytol accumulation is localized by SELFI1 values. T1-weighted ferumoxytol-enhanced image and automated
enhancement segmentation masks are shown on the left. Similarities are observed between early time point (leftmost map) and delayed time
point maps (second from left). The hump shown in the histogram of the delayed time point map (black closed arrow) represents the remaining
intravascular ferumoxytol; this signal is removed in the SELFI1 map (rightmost histogram, open arrow). The specific extravascular signal that
arises from ferumoxytol contrast accumulation in the delayed time point is only clearly visualized by the SELFI technique (red closed arrow,
rightmost map).
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of delayed ferumoxytol T1 enhancement differs from that of
GBCA T1 enhancement.

SELFI Association with Tumor Biology
Stereotactic image-guided tissue sampling in a patient with newly
diagnosed IDH wild-type glioblastoma allowed for the collection
of 6 specimens (4 enhancing, 2 nonenhancing) (Fig 4). Increasing
SELFI1 values demonstrated increasing TAMs infiltration (Fig
5A). Conversely, decreasing SELFI– values demonstrated increas-
ing microvascular density. We observed TAMs-specific intracel-
lular uptake of ferumoxytol 24 hours after administration in a
syngeneic glioblastoma rat model (Fig 5B and On-line Video).
Ferumoxytol contrast was not visualized within the extravascular
extracellular space.

Ferumoxytol MR Imaging Measurements and Overall
Survival
The overall cohort survival ranged from 5.83 to 91.0months (me-
dian, 16.6months). Cox regression survival analysis of the 19

patients with IDH wild-type disease progression (5 pseudoprog-
ressions, 14 disease recurrences) was nonsignificant for the
delayed time point metric (B¼ –0.13, Wald¼ 0.017, P. .8),
though it approached significance for the tumor-wide SELFI1
metric (B¼ 2.98, Wald¼ 2.57, P¼ .1). Higher KPS and age were
significantly associated with longer and shorter survival, respec-
tively, in the SELFI1 metric multivariate model (P¼ .02 and .05,
respectively) but not in the delayed time point model (P¼ .06
and .06), further demonstrating the clinical value of isolating
inflammation-specific signal with the SELFI1metric.

DISCUSSION
We investigated whether SELFI maps could be used to distin-
guish extravascular-from-intravascular ferumoxytol pools in 23
patients with CRT-treated glioblastoma at the time of presumed
disease progression. Our results suggest that SELFI1 values rep-
resent accumulated extravascular ferumoxytol after 24 hours and
that SELFI� values delineate the persistence of contaminating
intravascular ferumoxytol at the delayed imaging time point.
Preliminary biologic assessment using stereotactic image-guided
tissue sampling techniques suggests that increasing SELFI 1 val-
ues localize regions of increasing TAMs infiltration, while
decreasing SELFI� values localize regions of increasing micro-
vascular density. Higher aggregate SELFI1 values were found to
trend toward lower overall survival within this small cohort.
These observations suggest that both T1 and T2* MR imaging
signal changes in the delayed time point are partially a reflection
of persistent contamination by intravascular ferumoxytol, which
precludes an accurate assessment of the accumulation of extrava-
scular contrast. This retrospective study supports our hypothesis
that SELFI maps provide an approach to localize extravascular
ferumoxytol contrast accumulation in the delayed time point by
eliminating intrinsic tissue and intravascular signal. Our results
suggest that the SELFI technique may serve as a more specific
imaging metric for localizing TAMs within the glioblastoma
microenvironment compared with the currently used uncorrected
T1 and SWI sequences. Taken together, the SELFI technique pre-
sented here advances neuro-oncologic research and practice by
possibly providing a clinically feasible biomarker of accumulating
phagocytic immune cells in the central nervous system, including
TAMs, and may inform survival outcomes in patients with Stupp
protocol–treated IDH wild-type glioblastoma.

Prior investigations have explored the localization of TAMs
using T2*-weighted imaging based on the inverse linear relation-
ship with R2* signal relaxation rates, demonstrating that macro-
phage infiltration and microglia activation within injured central
nervous system tissue are responsible for the accumulation of
iron oxide nanoparticles.20 However, previous reports have not
accounted for intrinsic tissue (iron as a by-product of prior tissue
bleeding) or persistent intravascular ferumoxytol signal.18

Indeed, Iv et al18 have painstakingly revealed that glioblastoma
regions devoid of macrophage accumulation demonstrate T2*-
weighted signal changes in the delayed time point of ferumoxytol
imaging. Our results suggest that the observed SWI signal
changes include a combination of 2 spatially separate and func-
tionally distinct ferumoxytol pools: 1) residual intravascular feru-
moxytol, and 2) extravascular intercellular accumulation within

FIG 3. SELFI technique discriminates intravascular-from-extrava-
scular ferumoxytol contrast pools. A, Intravascular ferumoxytol
signal (SELFI�, solid circle) is observed in both the early time point
(left panel) and the delayed time point maps (right panel), contam-
inating the signal on the latter. Conversely, SELFI1 values (empty
circles) are correlated with only delayed time point map values
(right panel), suggesting that the metric is not present in the early
imaging time point. B, The relationship of GBCA (left panel) and
delayed ferumoxytol (right panel) T1 intensity to SELFI metrics.
SELFI1 values (solid squares) and delayed time point map mean
values (empty circles) demonstrate a significant correlation with
only delayed ferumoxytol (right panel) and not GBCA T1 enhancing
signal (left panel) intensity. SELFI� values (solid circles) are not cor-
related with enhancement signal intensity. Note that statistically
significant (P, .05) regressions are shown as solid lines and non-
significant regressions are represented by dashed lines. Each point
on the graph represents a patient’s mean imaging value. ET indi-
cates early time point; DT, delayed time point.
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TAMs. Therefore, the use of uncorrected delayed time point feru-
moxytol-enhanced MR imaging may lead to falsely positive
inflammatory “hotspots” due to persistent intravascular contrast.
If ferumoxytol-associated MR imaging signal changes are de-
pendent on transport across the blood-brain barrier in the con-
text of activated innate immunity, accurate quantification of
brain parenchymal TAMs requires an account of residual

intravascular signal. SELFI is a method
for the deconvolution of intra- and
extravascular signal contributions
observed within delayed time point
ferumoxytol-enhanced MR imaging.

SELFI MR imaging would be
extremely valuable in future in vivo
investigations of the immune micro-
environment within glioblastoma.
Glioblastoma cells have complex in-
hibitory mechanisms to suppress
and escape local immune surveil-
lance.4,21 The consequence is the
establishment of a protumoral im-
munosuppressive microenviron-
ment that promotes unchecked glio-
blastoma growth.22 Functionally,
the immunosuppressive microenvir-
onment serves as a biologic feature
thatcontributes to the development of
glioblastoma therapeutic resistance.23

Rigorous pioneering work by
Macdonald et al5 and Stupp et al2,3

has made GBCA-enhanced MR
imaging the standard of care for
monitoring glioblastoma response to
therapy. After therapy, neuroinflam-
mation (pseudoprogression) is char-
acterized by enlarging enhancement
that spontaneously resolves.6 Un-
fortunately, GBCA-enhanced MR
imaging lacks specificity in characteriz-
ing therapeutic failure because local re-
gional tumor regrowth cannot be
prospectively distinguished from ther-
apy-mediated neuroinflammation.24

Pseudoprogression has been consis-
tently observed in 30% of patients
undergoing therapy,4-7 with some
investigators reporting increased
survival.8-13 While not designed to
directly assess the added value of the
SELFI metric to gadolinium en-
hancement for the diagnosis and
prognosis of glioblastoma, our study
does further address the need for the
development of a biologically spe-
cific imaging metric capable of local-
izing neuroinflammation.25,26 The
noninvasive quantification of the tu-

mor immune response may provide additional diagnostic and
prognostic information beneficial to the planning and moni-
toring of therapy, and SELFI is a molecular imaging approach
by which the glioblastoma innate immune microenvironment
can be characterized.

SELFI1 values could be a prognostic biomarker of overall sur-
vival in patients with CRT-treated IDH wild-type glioblastoma. The

FIG 4. SELFI technique characterizes the glioblastoma immune microenvironment. We per-
formed image-guided tissue sampling in a 64-year-old man with newly diagnosed IDH wild-type
glioblastoma to determine whether SELFI MR imaging could differentiate intravascular-from-
extravascular ferumoxytol signal. Preoperative T1-weighted gadolinium-enhanced images (Row 1)
were integrated into the intraoperative neuronavigational device, allowing sampling of enhancing
(orange ROI, n¼ 4) and nonenhancing (purple ROI, n¼ 2) regions. Regions with decreased SELFI–
values (Row 2 right) and elevated cerebral blood volume (Row 1 right) demonstrate elevated mi-
crovascular density (CD34) counts (Row 3 left). Conversely, regions with elevated SELFI1 values
(Row 2 left) demonstrate marked TAMs infiltration (CD68; Row 3 right). SELFI regions with values
near zero demonstrate neither marked microvascular density nor TAMs infiltration (Row 4). No
ferumoxytol staining was observed within the extravascular extracellular interstitial tumor space
(not shown). We note that CBV maps would not have been capable of specifically localizing
TAMs infiltration because regions of elevated CBV and decreased SELFI– values are not spatially
similar to regions of elevated SELFI 1 values. This biologic paradigm is well-demonstrated about
the medial enhancing wall. This case example provides preliminary data showing that the SELFI
imaging approach is a feasible method to discriminate intravascular-from-extravascular ferumox-
ytol contrast pools.
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lack of a clinically prognostic biomarker of the tumor immune
microenvironment is a critical gap in knowledge in the era of
immunotherapy. Novel therapeutic techniques aimed at immune
augmentation require an appropriate molecular imaging metric to

demonstrate changes in the targeted biologic mechanism. Immune
checkpoint blockade leads to an increased antitumor immune
response, which results in therapy-mediated inflammation.27 The
interaction between tumor and cytotoxic T-cells is considered a key
target for checkpoint inhibition, but emerging evidence suggests
that checkpoint blockade also influences therapeutic efficacy
through innate immunity.28 Preliminary reports suggest that check-
point efficacy is characterized by marked proinflammatory lympho-
histiocytic infiltration.28 Given the potential importance of TAMs
activation in glioblastoma therapy, the development of a biologi-
cally specific imaging metric of protumoral and proinflammatory
macrophage accumulation would be clinically indispensable. We
are prospectively evaluating the utility of delayed ferumoxytol MR
imaging in subjects receiving standard-of-care CRT with or without
concurrent checkpoint inhibitors in primary and metastatic brain
tumors (clinicaltrials.gov; NCT00103038, NCT03347617, and
NCT03325166). The SELFI approach may provide additional prog-
nostic value within this clinical context.

Small sample size and the retrospective nature of this study
are limitations that caution against overinterpretation of these
findings; future prospective investigations should verify these
imaging characteristics within a separate larger cohort of
patients. While ferumoxytol phagocytosis by TAMs is a pro-
posed mechanism for the observed signal characteristics, valida-
tion must include a larger cohort of image-guided tissue
sampling to verify the biologic correlate. Unfortunately, histo-
pathologic confirmation of differential TAMs accumulation
based on SELFI1 values is not available in all our patients.
Finally, the cohort sample size and characteristics provided
insufficient statistical power to assess the diagnostic value of
SELFI or the prognostic implications of SELFI in IDH wild-type
glioblastoma. Notably, ferumoxytol-enhanced MR imaging is a
clinically feasible tool for the study of brain tumors with a posi-
tive safety profile.29

CONCLUSIONS
This study describes the newly developed SELFI technique for
the differentiation of extravascular ferumoxytol contrast signal
from residual intravascular signal at a 24-hour delayed imaging
time point within CRT-treated glioblastoma. SELFI improves
on current techniques by eliminating contributions from intrin-
sic tissue and intravascular signal through voxelwise subtraction
of early and delayed time point ferumoxytol maps. Once pro-
spectively validated, this methodology may prove to be a spa-
tially specific biomarker for the accumulation of phagocytic
cells such as TAMs within the glioblastoma-immune microen-
vironment and may help inform treatment and clinical manage-
ment of glioblastoma.

ACKNOWLEDGMENTS
The first author thanks Bethany Barajas, MSN, for her helpful
comments regarding this article; the many clinical collaborators,
including Joseph Anderson-Bussiere and Shannon Spruell, for
their helpfulness; and the many wonderful patients included in
this study who selflessly contributed their time to undergo
research medical imaging while confronting a deadly disease. The

FIG 5. Relationship between SELFI values and glioblastoma tumor biol-
ogy. A, Boxplots of macrophage (top) and microvascular density (mid-
dle) qualitative assessment using a 0 (no immunoreactivity) to 3 (intense
immunoreactivity) ordinal scale are plotted against continuous SELFI val-
ues for 6 tissue specimens (4 enhancing [orange circles], 2 nonenhancing
[purple circles]). A positive association was observed between increasing
SELFI and macrophage values. Conversely, a negative association was
observed between decreasing SELFI values and increasing microvascular
density within the tissue specimen. Central x indicates mean; dashed
line, median. B, Immunofluorescence (bottom) from a syngeneic glio-
blastoma rat model demonstrates intracellular localization of ferumoxy-
tol (red, Dx1) within macrophages/microglia (green, Iba-1; white arrows)
and tumor vasculature (yellow arrow) 24 hours following administration.
No Dx1 immunofluorescence is observed within the extravascular
extracellular space.

AJNR Am J Neuroradiol 41:1193–1200 Jul 2020 www.ajnr.org 1199



first author dedicates this research to the memory of Rachel
Dawn Gabani.

Disclosures: Ramon F. Barajas, Jr—RELATED: Grant: National Institutes of Health.*
Daniel Schwartz—RELATED: Grant: National Institutes of Health, Walter S. and
Lucienne Driskill Foundation, Veterans Administration Merit Review.* Bronwyn E.
Hamilton—UNRELATED: Royalties: Elsevier, Comments: book editor/author royal-
ties. David R. Pettersson—UNRELATED: Employment: Oregon Health & Science
University. Edward A. Neuwelt—RELATED: Grant: National Institutes of Health
grants CA199111, CA137488-15S1, 1 L30 CA220897-01, the Walter S. and Lucienne
Driskill Foundation, and by a Veterans Administration Merit Review grant,
Comments: This work was supported, in part, by National Institutes of Health
grants CA199111, CA137488-15S1, 1 L30 CA220897-0; the Walter S. and Lucienne
Driskill Foundation; and a Veterans Administration Merit Review grant, all to E.A.
N. Jeremy Ciporen—UNRELATED: Patents (Planned, Pending or Issued): consultant
SPIWAY. *Money paid to the institution.

REFERENCES
1. Ostrom QT, Gittleman H, Xu J, et al. CBTRUS Statistical Report:

Primary Brain and Other Central Nervous System Tumors
Diagnosed in the United States in 2009–2013. Neuro Oncol 2016;18:
v1–75 CrossRef Medline

2. Stupp R, Mason WP, van den Bent MJ, et al; European Organisation
for Research and Treatment of Cancer Brain Tumor and Radiotherapy
Groups; National Cancer Institute of Canada Clinical Trials Group.
Radiotherapy plus concomitant and adjuvant temozolomide for
glioblastoma.N Engl J Med 2005;352:987–96 CrossRef Medline

3. Stupp R, Hegi ME, Mason WP, et al; European Organisation for
Research and Treatment of Cancer Brain Tumour and Radiation
Oncology Groups; National Cancer Institute of Canada Clinical Trials
Group. Effects of radiotherapy with concomitant and adjuvant temo-
zolomide versus radiotherapy alone on survival in glioblastoma in a
randomised phase III study: 5-year analysis of the EORTC-NCIC
trial. Lancet Oncol 2009;10:459–66 CrossRef Medline

4. Domingues P, Gonzalez-Tablas M, Otero A, et al. Tumor infiltrating
immune cells in gliomas and meningiomas. Brain Behav Immun
2016;53:1–15 CrossRef Medline

5. Macdonald DR, Cascino TL, Schold SC Jr, et al. Response criteria
for phase II studies of supratentorial malignant glioma. J Clin
Oncol 1990;8:1277–80 CrossRef Medline

6. Wen PY, Macdonald DR, Reardon DA, et al. Updated response assess-
ment criteria for high-grade gliomas: Response Assessment in
Neuro-Oncology working group. J Clin Oncol 2010;28:1963–72
CrossRef Medline

7. Okada H, Weller M, Huang R, et al. Immunotherapy response
assessment in neuro-oncology: a report of the RANO working
group. Lancet Oncol 2015;16:e534–42 CrossRef Medline

8. Li H, Li J, Cheng G, et al. IDHmutation andMGMT promoter meth-
ylation are associated with the pseudoprogression and improved
prognosis of glioblastoma multiforme patients who have undergone
concurrent and adjuvant temozolomide-based chemoradiotherapy.
Clin Neurol Neurosurg 2016;151:31–36 CrossRef Medline

9. Gunjur A, Lau E, Taouk Y, et al. Early post-treatment pseudo-pro-
gression amongst glioblastoma multiforme patients treated with
radiotherapy and temozolomide: a retrospective analysis. J Med
Imaging Radiat Oncol 2011;55:603–10 CrossRef Medline

10. Nasseri M, Gahramanov S, Netto JP, et al. Evaluation of pseudoprog-
ression in patients with glioblastoma multiforme using dynamic
magnetic resonance imaging with ferumoxytol calls RANO criteria
into question. Neuro Oncol 2014;16:1146–54 CrossRef Medline

11. van Dijken BR, van Laar PJ, Holtman GA, et al. Diagnostic accuracy
of magnetic resonance imaging techniques for treatment response
evaluation in patients with high-grade glioma; a systematic review
and meta-analysis. Eur Radiol 2017;27:4129–44 CrossRef Medline

12. Grossman R, Shimony N, Hadelsberg U, et al. Impact of resecting
radiation necrosis and pseudoprogression on survival of patients
with glioblastoma.World Neurosurg 2016;89:37–41 CrossRef Medline

13. Melguizo-Gavilanes I, Bruner JM, Guha-Thakurta N, et al.
Characterization of pseudoprogression in patients with glioblas-
toma: is histology the gold standard? J Neurooncol 2015;123:141–
50 CrossRef Medline

14. Nairz M, Theurl I, Swirski FK, et al. “Pumping iron”—how macro-
phages handle iron at the systemic, microenvironmental, and cel-
lular levels. Pflugers Arch 2017;469:397–418 CrossRef Medline

15. McConnell HL, Schwartz DL, Richardson BE, et al. Ferumoxytol
nanoparticle uptake in brain during acute neuroinflammation is
cell-specific.Nanomedicine 2016;12:1535–42 CrossRef Medline

16. Toth GB, Varallyay CG, Horvath A, et al. Current and potential
imaging applications of ferumoxytol for magnetic resonance imag-
ing. Kidney Int 2017;92:47–66 CrossRef Medline

17. Varallyay CG, Nesbit E, Fu R, et al.High-resolution steady-state cer-
ebral blood volume maps in patients with central nervous system
neoplasms using ferumoxytol, a superparamagnetic iron oxide
nanoparticle. J Cereb Blood Flow Metab 2013;33:780–86 CrossRef
Medline

18. Iv M, Samghabadi P, Holdsworth S, et al. Quantification of macro-
phages in high-grade gliomas by using ferumoxytol-enhanced
MRI: a pilot study. Radiology 2019;290:198–206 CrossRef Medline

19. Horvath A, Varallyay CG, Schwartz D, et al. Quantitative compari-
son of delayed ferumoxytol T1 enhancement with immediate
gadoteridol enhancement in high grade gliomas. Magn Reson Med
2018;80:224–30 CrossRef Medline

20. Bendszus M, Stoll G. Caught in the act: in vivo mapping of macro-
phage infiltration in nerve injury by magnetic resonance imaging.
J Neurosci 2003;23:10892–96 Medline

21. Jackson C, Ruzevick J, Phallen J, et al. Challenges in immunotherapy
presented by the glioblastoma multiforme microenvironment. Clin
Dev Immunol 2011;2011:732413 CrossRef Medline

22. Wei B, Wang L, Zhao X, et al. The upregulation of programmed
death 1 on peripheral blood T cells of glioma is correlated with dis-
ease progression. Tumor Biol 2014;35:2923–29 CrossRef Medline

23. Heddleston JM, Li Z, McLendon RE, et al. The hypoxic microenviron-
ment maintains glioblastoma stem cells and promotes reprogram-
ming towards a cancer stem cell phenotype. Cell Cycle 2009;8:3274–
84 CrossRef Medline

24. Barajas RF Jr, Chang JS, Segal MR, et al. Differentiation of recurrent
glioblastoma multiforme from radiation necrosis after external
beam radiation therapy with dynamic susceptibility-weighted con-
trast-enhanced perfusion MRI. Radiology 2009;253:486–96 CrossRef
Medline

25. Barajas RF Jr, Hamilton BE, Schwartz D, et al. Combined iron oxide
nanoparticle ferumoxytol and gadolinium contrast enhanced MRI
defines glioblastoma pseudo-progression. Neuro Oncol 2019;21:517–
26 CrossRef Medline

26. Barajas RF Jr, Hodgson JG, Chang JS, et al. Glioblastoma multi-
forme regional genetic and cellular expression patterns: influence
on anatomic and physiologic MR imaging. Radiology 2010;254:564–
76 CrossRef Medline

27. Ranjan S, Quezado M, Garren N, et al. Clinical decision making in
the era of immunotherapy for high grade-glioma: report of four
cases. BMC Cancer 2018;18:239 CrossRef Medline

28. Gordon SR, Maute RL, Dulken BW, et al. PD-1 expression by
tumour-associated macrophages inhibits phagocytosis and tumour
immunity. Nature 2017;545:495–99 CrossRef Medline

29. Nguyen KL, Yoshida T, Kathuria-Prakash N, et al.Multicenter safety
and practice for off-label diagnostic use of ferumoxytol in MRI.
Radiology 2019;293:554–64 CrossRef Medline

1200 Barajas Jul 2020 www.ajnr.org

http://dx.doi.org/10.1093/neuonc/now207
https://www.ncbi.nlm.nih.gov/pubmed/28475809
http://dx.doi.org/10.1056/NEJMoa043330
https://www.ncbi.nlm.nih.gov/pubmed/15758009
http://dx.doi.org/10.1016/S1470-2045(09)70025-7
https://www.ncbi.nlm.nih.gov/pubmed/19269895
http://dx.doi.org/10.1016/j.bbi.2015.07.019
https://www.ncbi.nlm.nih.gov/pubmed/26216710
http://dx.doi.org/10.1200/JCO.1990.8.7.1277
https://www.ncbi.nlm.nih.gov/pubmed/2358840
http://dx.doi.org/10.1200/JCO.2009.26.3541
https://www.ncbi.nlm.nih.gov/pubmed/20231676
http://dx.doi.org/10.1016/S1470-2045(15)00088-1
https://www.ncbi.nlm.nih.gov/pubmed/26545842
http://dx.doi.org/10.1016/j.clineuro.2016.10.004
https://www.ncbi.nlm.nih.gov/pubmed/27764705
http://dx.doi.org/10.1111/j.1754-9485.2011.02319.x
https://www.ncbi.nlm.nih.gov/pubmed/22141608
http://dx.doi.org/10.1093/neuonc/not328
https://www.ncbi.nlm.nih.gov/pubmed/24523362
http://dx.doi.org/10.1007/s00330-017-4789-9
https://www.ncbi.nlm.nih.gov/pubmed/28332014
http://dx.doi.org/10.1016/j.wneu.2016.01.020
https://www.ncbi.nlm.nih.gov/pubmed/26805684
http://dx.doi.org/10.1007/s11060-015-1774-5
https://www.ncbi.nlm.nih.gov/pubmed/25894594
http://dx.doi.org/10.1007/s00424-017-1944-8
https://www.ncbi.nlm.nih.gov/pubmed/28251312
http://dx.doi.org/10.1016/j.nano.2016.03.009
https://www.ncbi.nlm.nih.gov/pubmed/27071335
http://dx.doi.org/10.1016/j.kint.2016.12.037
https://www.ncbi.nlm.nih.gov/pubmed/28434822
http://dx.doi.org/10.1038/jcbfm.2013.36
https://www.ncbi.nlm.nih.gov/pubmed/23486297
http://dx.doi.org/10.1148/radiol.2018181204
https://www.ncbi.nlm.nih.gov/pubmed/30398435
http://dx.doi.org/10.1002/mrm.27028
https://www.ncbi.nlm.nih.gov/pubmed/29205477
https://www.ncbi.nlm.nih.gov/pubmed/14645484
http://dx.doi.org/10.1155/2011/732413
https://www.ncbi.nlm.nih.gov/pubmed/22190972
http://dx.doi.org/10.1007/s13277-013-1376-9
https://www.ncbi.nlm.nih.gov/pubmed/24375192
http://dx.doi.org/10.4161/cc.8.20.9701
https://www.ncbi.nlm.nih.gov/pubmed/19770585
http://dx.doi.org/10.1148/radiol.2532090007
https://www.ncbi.nlm.nih.gov/pubmed/9789240
http://dx.doi.org/10.1093/neuonc/noy160
https://www.ncbi.nlm.nih.gov/pubmed/30277536
http://dx.doi.org/10.1148/radiol.09090663
https://www.ncbi.nlm.nih.gov/pubmed/20093527
http://dx.doi.org/10.1186/s12885-018-4131-1
https://www.ncbi.nlm.nih.gov/pubmed/29490632
http://dx.doi.org/10.1038/nature22396
https://www.ncbi.nlm.nih.gov/pubmed/28514441
http://dx.doi.org/10.1148/radiol.2019190477
https://www.ncbi.nlm.nih.gov/pubmed/31638489

	Distinguishing Extravascular from Intravascular Ferumoxytol Pools within the Brain: Proof of Concept in Patients with Treated Glioblastoma
	MATERIALS AND METHODS
	PATIENT POPULATION
	IMAGE ACQUISITION
	Outline placeholder
	Contrast-Enhancement Segmentation


	GENERATION OF SELFI MAPS
	IMAGE-GUIDED TISSUE SAMPLING AND SPECIMEN PROCESSING
	STATISTICAL ANALYSIS
	RESULTS
	COMPARISON OF ENHANCING GBCA AND FERUMOXYTOL VOLUME AND SIGNAL INTENSITY
	COMPARISON OF FERUMOXYTOL-ENHANCED EARLY TIME POINT, DELAYED TIME POINT, AND SELFI MAP MEASUREMENTS
	COMPARISON OF SELFI MEASUREMENTS AND INTENSITY OF T1 ENHANCEMENT
	SELFI ASSOCIATION WITH TUMOR BIOLOGY
	FERUMOXYTOL MR IMAGING MEASUREMENTS AND OVERALL SURVIVAL
	DISCUSSION
	CONCLUSIONS
	REFERENCES


