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Abstract: After initial therapy and total resection of glioblastoma multiforme (GBM), 80-90% of recurrences occur 
at the surgical margins. Insufficient sensitivity and specificity of current imaging techniques based on non-specific 
vascular imaging agents lead to delay in diagnosis of residual and/or recurrent disease. A tumor-specific imaging 
agent for GBM may improve detection of small residual disease in the post-operative period, and improve ability to 
distinguish tumor recurrence from its imaging mimics that can delay diagnosis. To this end, we developed an EGFR-
targeted PET probe and assessed its ability to image EGFR WT (U87) and EGFRvIII (Gli36vIII) expressing GBMs in 
both murine intra-cranial xenografts and in a surgical-resection model. The developed imaging probe, 64Cu-DOTA-
cetuximab-F(ab´)2, binds with a Kd of 11.2 nM to EGFR expressing GBM. 64Cu-DOTA-cetuximab-F(ab´)2 specifically 
localized to intra-cranial tumor with a significant difference in SUVmean between tumor and contralateral brain for 
both Gli36vIII and U87 tumors (P<0.01 for both comparisons), with mean TBR of 22.5±0.7 for Gli36vIII tumors and 
28.9±2.1 for U87 tumors (TBR±SEM). Tracer uptake by tumor was significantly inhibited by pre-injection with cetux-
imab (P<0.01 for both), with SUVmean reduced by 68% and 58% for Gli36vIII and U87 tumors, respectively. Surgical 
resection model PET-CT imaging demonstrates residual tumor and low nonspecific uptake in the resection site. 
We conclude that 64Cu-DOTA-cetuximab-F(ab´)2 binds specifically to intracranial EGFR WT and EGFRvIII expressing 
GBM, demonstrates excellent TBR, and specifically images small residual tumor in a surgical model, suggesting 
future clinical utility in identifying true tumor recurrence.
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Introduction

Initial treatment for glioblastoma multiforme 
(GBM) is surgery followed by adjuvant treat-
ment with temozolomide and radiation [1]. 
Following initial therapy and complete resec-
tion as evaluated by MRI, 80-90% of tumor 
recurrences occur at the surgical margin [2-4]. 
Limitations of current imaging techniques may 
contribute to delayed detection of residual and 
recurrent disease, as contrast-enhanced MRI is 
limited in its ability to distinguish small residual 
tumor from the non-specific contrast-enhance-
ment of post-operative inflammation, as well 
the imaging mimics of pseudoprogression and 
radiation necrosis [5-7]. Significant effort has 
gone into the development of more sensitive 
intra-operative and post-operative imaging 
techniques to distinguish small foci of residual 

and recurrent tumor. Intra-operatively, the utili-
ty of fluorescent dyes such as 5-aminolevulinic 
acid has been investigated, with some success 
at distinguishing residual tumor in comparison 
to MRI [8]. Post-operatively, multiple PET and 
MRI imaging agents and techniques have been 
employed in an attempt to improve the sensitiv-
ity for residual and recurrent tumor detection, 
and also increase ability to distinguish true 
recurrence from pseudoprogression. MRI tech-
niques have focused on the use of relative cere-
bral blood volume (rCBV), with higher rCBV val-
ues being associated with the tumor neovascu-
larization [9-11]. PET techniques have included 
the use of 11C-methionine [12]. All of these 
strategies are based on indirect measures of 
tumor growth, and have demonstrated limited 
clinical diagnostic utility to date.
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An imaging agent that directly and specifically 
highlights GBM tumor cells may increase the 
ability to recognize residual and recurrent 
tumor in the surgical bed as well as distinguish 
tumor progression from its imaging mimics, 
with potential for improving post-operative  
outcomes. EGFR is highly over-expressed on 
40-60% of GBMs, and EGFR expression status 
for individual patients is known after initial 
resection as part of standard-of-care pathologi-
cal assessment [13-15]. We hypothesized that 
a specific EGFR-targeted imaging agent could 
image EGFR-expressing GBMs and, in the 
future, provide a novel mechanism for recogniz-
ing residual tumor in those GBM patients  
with confirmed baseline tumoral EGFR over- 
expression.

We developed and pre-clinically tested a novel 
PET probe, 64Cu-DOTA-cetuximab F(ab´)2, for 
direct imaging of GBMs expressing either EGFR 
wild-type or the EGFRvIII mutant, a common 
variant to which cetuximab also binds with high 
affinity [16]. Our studies demonstrate that our 
imaging agent can specifically image EGFR 
wild-type and EGFRvIII-expressing intracranial 
GBMs. We also successfully image EGFR 
expressing GBMs in a surgical resection model 
that suggests future clinical applicability. Our 
imaging approach allows for direct GBM tumor 
cell imaging, which could improve the detection 
of residual and/or recurrent tumor in the surgi-
cal bed over current imaging technology.

Methods

Cell culture

U87, a GBM cell line that expresses wild-type 
EGFR, was used for cell binding studies. Animal 
studies were conducted with both U87 and 
Gli36vIII, a GBM cell line that has been  
engineered to express EGFRvIII [17]. Both of 
these cell lines have also been engineered to 
express either GFP-Fluc fusion protein (LV-GFP-
Fluc) (U87) or mCherry-Fluc fusion protein 
(LV-mCherry-Fluc) (Gli36vIII) [18, 19]. Cells were 
cultured in DMEM medium (ATCC), supplement-
ed by 10% (v/v) FBS, 100 U/mL penicillin, and 
100 µg/mL streptomycin. Cultures were main-
tained in a humidified incubator at 37°C, 5% 
CO2. Subculturing was performed employing a 
0.25% trypsin-0.1% EDTA solution.

Preparation of DOTA-cetuximab-F(ab´)2

FragIt Kits (Genovis, Lund, Sweden) were used 
per the manufacturer’s protocol with 1 mg of 

cetuximab (ImClone, New York, NY), a commer-
cially approved monoclonal antibody with high 
specificity for the external domain of EGFR [20], 
to generate and isolate F(ab´)2 fragments [21]. 
Generation and isolation of F(ab´)2 fragments 
was confirmed with gel-electrophoresis, and 
final concentration was determined by UV 
absorbance at 280 nm. For DOTA conjugation 
to F(ab´)2 1.5 mg of cetuximab-F(ab´)2 were 
added to SCN-DOTA (Macrocyclics, Dallas, TX) 
in 500 µL anhydrous-DMSO in a 1:10 molar 
ratio and incubated over night at 4°C. 
Purification of conjugated DOTA-cetuximab 
F(ab´)2 was achieved by addition of 12 ml of 0.1 
M ammonium acetate (pH 6) to the reaction 
solution and centrifugation at 4000 g × 15 min 
on a 10 κD MW Amicon-4 filtration devices 
(EMD Millipore, Billerica, MA), repeated six 
times [22]. The number of DOTA chelators per 
cetuximab F(ab´)2 was determined by labeling a 
10 µL aliquot of the unpurified conjugation 
reaction with 67Ga, and then determining the 
proportion of 67Ga-DOTA-cetuximab F(ab´)2 vs. 
free 67Ga-DOTA by ITLC with silica gel solid 
phase and 100 mM sodium citrate, pH 5 mobile 
phase, with Rf of 0 and 1, respectively, and 
then multiplying this fraction by the molar ratio 
of the conjugation reaction [23].

64Cu and 67Ga labeling of DOTA-cetuximab-
F(ab´)2

Approximately 5 mCi of 64CuCl2 (University of 
Wisconsin, Madison, Wisconsin) was diluted in 
400 µL of 0.25 M ammonium acetate buffer at 
pH 5.5, to which 6 µg of DOTA-cetuximab-
F(ab´)2 was added for a final reaction volume of 
500 µL. The reaction was incubated at 40°C for 
90 min, and then purified through centrifuga-
tion at 3500 RPM for 10 minutes ×4 using 
Amicon-4 filters and sterile saline as the mobile 
phase. Labeled compound purity was deter-
mined on a gamma counter (Wizard 2480, 
Perkin Elmer, MA) after size-exclusion chroma-
tography purification (PD-10, GE Healthcare 
Bio-Sciences AB, Björkgatan, Uppsala, 
Sweden). 67GaCl3 was obtained from Nordion 
(Ontario, Ottawa, CAN). Labeling with 67Ga was 
chosen for in vitro experiments due to improved 
ease of use, and proceeded under similar con-
ditions as to 64Cu, with reaction pH held 
between 4-4.5.

Direct radioligand binding

Binding affinity of 67Ga-DOTA-cetuximab-F(ab´)2 
was determined by direct (saturation) radioli-
gand binding assays in triplicate using a fixed 
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concentration of cetuximab and increasing con-
centration of 67Ga-DOTA-cetuximab-F(ab´)2 on 
U87 cells. Increasing concentrations (0 to 100 
nmol/L) of 67Ga-DOTA-cetuximab-F(ab´)2 were 
incubated with 1×105 cells in 24-well plates at 
4°C for 3 h. Unbound radioactivity was removed 
and the dishes were rinsed three times with 
ice-cold PBS and detached with trypsin. The 
number of cells in each well was counted using 
an automated cell counter (Countess®, 
Invitrogen, Carlsbad, CA) and the total cell-
bound radioactivity (TB) was measured in a 
gamma counter (Wizard 2480, Perkin Elmer, 
MA). The assay was repeated in the presence 
of 16 μmol/L of unlabeled cetuximab to mea-
sure non-specific binding (NSB) at 4°C for 2 h. 
Specific binding (SB) was calculated by sub-
tracting NSB from TB and was plotted vs. the 
concentration of 67Ga-DOTA-cetuximab-F(ab´)2 
added. The resulting curve was fitted by non-
linear regression to a one-site receptor-binding 
model by Prism Ver. 4.0 software (GraphPad, 
San Diego, CA). The dissociation constant (KD) 
and maximum number of receptors per cell 
(Bmax) was calculated.

Intracranial cell implantation and biolumines-
cence imaging in vivo

All experimental protocols were approved by 
the Animal Care and Use Committees at 
Massachusetts General Hospital. Orthotopic 
intracranial tumor models were developed  
first by harvesting U87 (4×105) and Gli36vIII 
(2×105) cells at 80% confluence, and implant-
ing them stereotactically into the right frontal 
lobe of adult nude mice brains (n=10 for each 
cell line), 2 mm lateral to the bregma and 0.5 
mm from the dura. Two weeks after implanta-
tion, mice were injected intra-peritoneally with 
4.5 mg of D-luciferin, and imaged on a 
Carestream multi-spectral imaging system 
(Rochester, NY, USA) to confirm tumor growth 
through bioluminescence imaging.

In vivo imaging studies

Two weeks after intracranial implantation, both 
U87 and Gli36vIII-implanted mice were ran-
domized to intravenous tail-vein injection with 
200 µCi 64Cu-DOTA-cetuximab-F(ab´)2 alone, or 
blocking with intravenous tail-vein injection of 
2.5 mg of cetuximab followed by injection of 
200 µCi 64Cu-DOTA-cetuximab-F(ab´)2 twenty-
four hours later (n=5 for each group). Twenty-
four hours following injection with 64Cu-DOTA-
cetuximab-F(ab´)2, mice underwent static PET-

CT imaging using a Sedecal SuperArgus PET/CT 
(Madrid, Spain). CT images were obtained at 
150 mA and 45 kV for a standard resolution of 
200 μM, 360°, and 16 shots with 1 bed posi-
tion. PET images were obtained for 15 min in 2 
bed positions. Images were reconstructed 
using 3D-OSEM (4 iterations, 16 subsets) and 
were corrected for scatter and randoms. The 
mean standard uptake value (SUVmean) for 
each tumor was calculated in a 3D region of 
interest auto-drawn around the tumor using a 
30% isocontour threshold. SUVmean in the 
contralateral brain was calculated by selecting 
a 1 mm circular region of interest in the contra-
lateral frontal lobe over three contiguous slices. 
Images were post-processed using VivoQuant 
(InviCRO, Boston, MA).

Fluorescence-guided resection model and PET 
imaging

Nude mice were used for the intracranial xeno-
graft GBM model. U87-GFP-Fluc were harvest-
ed at 80% confluency and implanted stereotac-
tically (4×105 cells) as above. Tumor resection 
protocol has been previously described in detail 
[24]. In brief, on the day of resection, tumor 
growth was confirmed with bioluminescence 
imaging (BLI). Following immobilization on a 
stereotactic frame mice were placed under an 
Olympus SZ10x microscope (Olympus, Center 
Valley, PA). Intraoperative microscopic white 
light and GFP images were captured through-
out the procedure using a DP-72 camera and 
CellSens software (Olympus). After incision of 
the skin, skull, and dura, the U87-GFP-Fluc 
tumor was either completely or partially surgi-
cally excised using a combination of surgical 
dissection and aspiration. Following tumor 
removal, the resulting resection cavity was 
copiously irrigated and the skin closed with 7-0 
Vicryl suture (JAJ, New Brunswick, NJ). Ten days 
following surgery, bioluminescence imaging 
was used to confirm absence of tumor or resid-
ual tumor in complete and partial resection 
mice, respectively. Both complete resection 
and partial resection mice were then injected 
with ~200 µCi 64Cu-DOTA-cetuximab-F(ab´)2, 
and PET-CT images obtained twenty-four hours 
later as described above.

Statistical analysis

Statistical analysis was performed using 
Graphpad Prism Version 4. Two-way paired 
t-test was used to compare SUVmean of tum- 
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ors to contra-lateral normal brain. Two-way un- 
paired t-test was used to compare SUVmean of 
blocked vs. non-blocked in vivo tumors. All PET 
uptake values are reported as SUVmean ± 
standard error of the mean. A P<0.05 was con-
sidered statistically significant.

Immunohistochemistry

Tumor bearing mice were euthanized and per-
fused with formalin and PBS. Brain tissue was 
fixed in 30% sucrose in PBS, frozen, and 10 
micron slices were sectioned. Immunohistoche- 
mistry was performed on brain sections using 
anti-EGF Receptor XP® Rabbit monoclonal anti-
body (Cell Signaling, Danvers, MA) primary anti-
body for U87 sections and anti-EGFRvIII rabbit 
polyclonal antibody (Bioss, Woburn, MA) for 
Gli36vIII sections. After primary antibody incu-
bation and washing, sections were incubated 
with anti-rabbit IgG-HRP. Sections were then 
developed with DAB (Dako, Carpinteria, CA), 
and then counterstained with hematoxylin. 
White-light visualization of staining, as well as 
GFP and mCherry expression, was visualized by 
confocal microscopy using an Olympus IX51 
upright microscope. Image processing was per-
formed using Image J (NIH, Bethesda, MD).

Results

Imaging agent development

Cetuximab-F(ab´)2 was generated with high-
specificity by digestion of the anti-EGFR anti-
body cetuximab using the Fragit Kit followed by 
incubation on a Protein A column to remove Fc 

portions. DOTA, a metal chelator specific for 2+ 
and 3+ cations, was conjugated to cetuximab-
F(ab´)2 through incubation with DOTA-SCN, with 
an average of 1.4 DOTA equivalents bound to 
each molecule of cetuximab-F(ab´)2. DOTA-
cetuximab-F(ab´)2 was labeled with the gam-
ma-emitting radiometal 67Ga for determination 
of Kd with U87 cells in vitro, and labeled with 
the positron-emitting radiometal 64Cu for in vivo 
studies. Radiolabelling proceeded with radio-
chemical purity of >95%, as assessed by size-
exclusion chromatography (Figure 1A).

EGFR binding affinity

Using a saturation radio-ligand binding assay 
we demonstrated that 67Ga-DOTA-cetuximab-
F(ab´)2 binds specifically to EGFR expressed on 
the surface of U87 cells (Figure 1B). The Kd 
value for 67Ga-DOTA-cetuximab-F(ab´)2 binding 
to EGFR was 11.2 nM.

In vitro imaging

Confocal microscopy of resected GFP-
expressing U87 gliomas and mCherry-express-
ing Gli36vIII gliomas confirmed cell-type. 
Immunohistochemistry with antibodies specific 
for EGFR WT and EGFRvIII for U87 and Gli36vIII 
cells, respectively, confirmed tumoral EGFR 
expression, and lack of expression in adjacent 
normal brain parenchyma (Figure 2).

In vivo imaging of tumor detection

PET-CT imaging of intracranial U87 tumors 24 
hours after injection of 64Cu-DOTA-cetuximab-

Figure 1. Generation and characterization of the developed PET probe. A. Size-exclusion chromatography demon-
strates DOTA-cetuximab-F(ab´)2 is labeled with 64Cu with >95% radiochemical purity. B. The developed PET imaging 
agent has a high affinity for the target, evidenced by a Kd of 11.2 nM for EGFR assessed using U87 cells.
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F(ab´)2 demonstrated a SUVmean of 0.83 
(±0.13) compared to SUVmean of 0.03 (±0.003) 

in contra-lateral brain (P<0.01), with a tumor-
to-background ratio (TBR) of 28.9 (±2.1) (Figure 

Figure 2. EGFR immunohistochemistry demonstrates EGFRvIII and EGFR wild-type expression on (A) GIi36vIII and 
(B) U87 cells. Fluorescent micrographs demonstrate mCherry expression of (C) Gli36vIII and GFP expression of (D) 
U87 cells that correlate with areas of EGFR expression.

Figure 3. In vivo assessment of EGFR targeted PET probe. Comparison of SUVmean of tumor versus contralateral 
brain 24 hours after injection of 64Cu-DOTA-cetuximab-F(ab´)2 demonstrates TBR of 27.7 for U87 tumors and 22.5 
for Gli36vIII, P<0.01 for both tumor types compared to contralateral normal brain (A). Mice bearing intracranial U87 
or Gli36vIII tumors were injected were intravenously injected with 2.5 mg cetuximab 24 h prior to tracer injection. 
Blocking resulted in a 58% and 68% reduction in SUV for U87 and Gli36vIII tumors, respectively, P<0.05 for both 
tumor types (B).
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3). PET-CT imaging of intracranial Gli36vIII 
tumors 24 hours after injection of 200 µCi 
64Cu-DOTA-cetuximab-F(ab´)2 demonstrated a 
SUVmean of 0.90 (±0.07) compared to a 
SUVmean of 0.04 (±0.003) in contra-lateral 
brain (P<0.01), resulting in a TBR of 22.5 (±0.7) 
(Figure 3A).

In vivo imaging with target blocking

PET-CT imaging of intracranial U87 tumors 48 
hours after tail-vein injection of cetuximab 
demonstrated a SUVmean of 0.35 (±0.03), a 
decrease of 58% relative to unblocked tumor 
SUVmean (P<0.05). PET-CT imaging of intracra-

Figure 4. Representative PET-CT images of the EGFR targeted probe with and without target block. 64Cu-DOTA-ce-
tuximab-F(ab´)2 was injected 24 hours before imaging of mice bearing intracranial U87 or Gli36vIII tumors. Imaging 
demonstrates high tumor uptake in both U87 (EGFR wild type) and Gli36vIII (EGFRvIII mutant) tumors (left panels), 
which is abrogated with pretreatment with cetuximab 24 h prior to tracer injection tracer (right panels). All PET im-
ages normalized to 1.25 SUV.
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nial Gli36vIII tumors 48 hours after tail-vein 
injection of cetuximab demonstrated a tumor 
SUVmean of 0.29 (±0.02), a decrease of 68% 

A PET imaging agent that specifically binds 
tumor may, when used in conjunction with con-
trast enhanced MRI, improve post-operative 

Figure 5. Complete and partial resection of intracranial GBM. White-light (left 
panels) and GFP (right panels) pre and post complete or partial resection of 
intracranial U87 tumors demonstrate surgical technique and visual confirma-
tion of technical success with both complete and partial resection.

relative to non-block tumor 
SUVmean (P<0.01) (Figure 
3B). Representative axial 
PET-CT images of intracrani-
al U87 and Gli36vIII (Figure 
4, left panel) tumors clearly 
demonstrate tumor distinct 
from brain parenchyma. Re- 
presentative images after 
blocking with cetuximab 
demonstrate reduction in 
tumor SUV post-blocking 
(Figure 4, right panel).

In vivo imaging of glioblas-
toma multiforme resection 
model

Orthotopically implanted in- 
tracranial U87 tumors were 
either completely or partially 
resected, with GFP-imaging 
demonstrating complete re- 
moval of tumor in complete 
resection mouse, and residu-
al tumor in partial resection 
mouse (Figure 5). BLI ten 
days post-resection con-
firmed absence of tumor in 
complete resection mouse 
and presence of tumor in 
partial resection mouse mo- 
del. PET-CT images of mice 
obtained 24 h after injection 
with 200 µCi EGFR PET 
Probe demonstrated tracer 
uptake in partial-resection 
tumor, and no tracer uptake 
above background in surgi-
cal cavity of complete resec-
tion model (Figure 6).

Discussion

Current imaging techniques 
for GBM rely on non-specific 
contrast-enhancement or in- 
direct measures of tumor 
growth that are insufficiently 
sensitive and do not provide 
the necessary diagnostic 
certitude to guide treatment. 
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discrimination of residual tumor, and be able to 
distinguish true progression from its imaging 
mimics, potentially reducing recurrence rates 
as well as sparing patients unnecessary diag-
nostic interventions.

We have developed an EGFR-specific antibody-
based PET imaging agent, and demonstrated in 
an intracranial mouse model that we can spe-
cifically image EGFR wild-type and EGFRvIII 
expressing GBMs. In both of the GBM models 
we investigated, we demonstrate excellent 
tumor to background SUV ratios of 28.9 and 
22.5 for U87 and Gli36vIII, respectively. We 
note that ex-vivo activity measurements of 
tumor and contralateral brain that could have 
corroborated our SUV measurement were not 
performed. These measured tumors to back-
ground ratios provide more than sufficient con-
trast for ready clinical interpretation. Our imag-
ing agent takes advantage of the fact that while 
EGFR is overexpressed on many GBMS, EGFR 
is not highly expressed in most normal brain tis-
sue [25, 26]. The high-degree of disparity in 
EGFR expression between normal brain tissue 

and malignant tissue allows for generation of 
high tumor to background ratios. With a 
reduced molecular weight relative to whole 
antibodies that allows for more rapid systemic 
clearance, our imaging agent has a favorable 
pharmacokinetic profile for human translation. 
Finally, as the developed imaging agent is 
based on a clinically approved therapeutic 
agent, with the injected dose for imaging less 
than 1/1000 of the clinical dose, a high safety 
profile is expected for future clinical trans- 
lation.

We demonstrate that 64Cu-DOTA-cetuximab-
F(ab´)2 binds to EGFR-expressing GBM, with 
tracer uptake reduced by approximately two 
thirds with pre-injection of cetuximab 24 hours 
prior to tracer injection. The non-specific acti- 
vity that remains in the region of the tumor 
after blocking with whole antibody may be sec-
ondary to a well-documented phenomenon of 
enhanced permeability and retention (EPR), 
whereby macromolecules preferentially accu-
mulate in tumor tissue in part due to the 
increased permeability of the tumor neovascu-

Figure 6. PET-CT and bioluminescence imaging of resection model mice post-surgery. 10 days post surgery both 
complete (upper panel) and partial resection (lower panel) mice were imaged with bioluminescence imaging dem-
onstrating absence of tumor in complete resection model and residual tumor in partial resection model. PET-CT 
imaging of resection model mice demonstrates no tracer uptake above background in complete resection mouse 
and residual tumor in partial resection mouse. All PET images normalized to 1.25 SUV.
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lature [27]. We further note that determination 
of non-specific probe binding may have been 
improved with the used of an EGFR-negative 
tumor line rather than blocking studies, by elim-
inating the possibility of on-target binding and 
without raising the question of vascular normal-
ization after treatment with angiogenic inhibi-
tors. To our knowledge there is no evidence of 
significant vascular normalization in glioblasto-
ma models secondary to cetuximab over the 
relevant time frame (24-48 h), but other pure 
angiogenic inhibitors have demonstrated early 
tumor vasculature normalization as early as 48 
h post-treatment, and those same effects could 
be active in our model [28]. Given the high 
degree of specific uptake relative to non-specif-
ic uptake, utilization of thresholding techniques 
commonly applied throughout imaging interpre-
tation should be sufficient to distinguish EGFR-
expressing tumor from non-specific permeabil-
ity effects. By means of comparison, in studies 
of the recently FDA approved beta-amyloid 
imaging agent florbetapir, a SUV ratio between 
cortex and cerebellum of >1.1 was determined 
the appropriate threshold for a positive study 
[29].

In a surgical resection model of GBM we dem-
onstrate both that our probe can identify resid-
ual tumor after partial resection and that there 
is no uptake of tracer above background in the 
remainder of the surgical bed. These results 
suggest the utility of the developed agent in a 
surgical setting, where it could be used shortly 
after surgery to detect residual unresected 
tumor with greater sensitivity and specificity 
than current imaging techniques, and could 
potentially help to reduce the high rate of recur-
rence within the surgical bed. For imaging mon-
itoring of patients over the medium-term, it has 
been shown in one retrospective study of 
EGFRvIII-expressing GBM that EGFRvIII mRNA 
levels can decrease by as much as 50% in 
recurrent tumors relative to initial resection 
[30]. The impact of this reduction in EGFRvIII 
mRNA on the ability of the designed EGFR PET 
probe to detect recurrent EGFRvIII expressing 
tumors would need to be further evaluated in 
future studies.

Due to the lack of pseudoprogression mouse 
models, we are unable to specifically demon-
strate the utility of our imaging agent in distin-
guishing tumor recurrence from pseudopro-
gression. However, as our imaging agent spe-

cifically binds EGFR-expressing tumor, it may 
have a role in distinguishing tumor recurrence 
from its non-specific imaging mimics that are 
secondary to blood-brain barrier breakdown. 
This could have significant clinical benefit, as it 
is believed that up to 64% of patients with 
apparent progression of disease on imaging 
have pseudoprogression only [31]. Currently, 
the inability to accurately and consistently dis-
tinguish between GBM true progression and 
pseudoprogression causes confusion in clinical 
decision-making, which leads to marked delays 
in treatment, and frequently necessitates 
repeat brain biopsy with its attendant risks.

Finally, in patients whose tumors do not signifi-
cantly over-express EGFR, other surface recep-
tors such as c-MET, which is over-expressed in 
approximately 30% of GBMs, could represent 
targets for alternative imaging agents [32]. 
With the development of only a few receptor 
specific imaging agents, used singly for individ-
ual patients, the vast majority of GBMs could 
potentially be imaged after front-line therapy 
with sufficient diagnostic accuracy to guide 
subsequent treatment.
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