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Abstract
The lack of relevant pre-clinical animal models incorporating the clinical scenario of GBM
resection and recurrence has contributed significantly to the inability to successfully treat the
devastating brain tumor Glioblastoma multiforme (GBM). A multi-modality imaging approach
that allows real-time assessment of tumor resection during surgery and non-invasive detection of
post-operative tumor volumes is urgently needed. In this study, we report the development and
implementation of an optical imaging and magnetic resonance imaging (MRI) approach to guide
GBM resection during surgery and track tumor recurrence at multiple resolutions in mice. Intra-
operative fluorescence-guided surgery allowed real-time monitoring of intracranial tumor removal
and led to greater than 90% removal of established intracranial human GBM. The fluorescent
signal clearly delineated tumor margins, residual tumor, and correlated closely with the clinically
utilized fluorescence surgical marker 5-aminolevulinic acid/porphyrin. Post-operative non-
invasive optical imaging and MRI confirmed near-complete tumor removal, which was further
validated by correlated immunohistochemistry (IHC). Longitudinal non-invasive imaging and IHC
showed rapid recurrence of multi-focal tumors that exhibited a faster growth rate and altered
blood-vessel density compared to non-resected tumors. Surgical tumor resection significantly
extended long-term survival, however mice ultimately succumbed to the recurrent GBM. This
multi-modality imaging approach to GBM resection and recurrence in mice should provide an
important platform for investigating multiple aspects of this deadly cancer and ultimately
evaluating novel therapeutics.
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Introduction
Glioblastoma multiforme (GBM) is the most common primary brain cancer in adults [1].
GBM is associated with extremely high morbidity and mortality due to the highly aggressive
and invasive nature of the tumor. Current treatments for GBM are not curative, but consist
of surgical tumor resection followed by radiation and/or chemotherapy [2]. The ultimate
goal of the surgical intervention is the complete removal of GBM tumor cells while
preserving neurological function, and the benefit to patients is closely tied to the extent of
surgical removal [3, 4]. However, despite the critical and central role surgical resection
plays in clinical GBM treatment, most in vivo animal models of GBM fail to incorporate
tumor resection [5, 6] and instead use only orthotopic human xenografts that develop into a
single solid aggressive lesion [6, 7].

Due to the value of complete GBM resection on patient survival, tools that allow intra-
operative image guided resection hold the potential to ensure the maximum achievable
percentage of tumor is resected in each patient and are continuing to be integrated into
clinical use [8, 9]. In a Phase III study, the use of the intra-operative 5-aminolevulinic acid
(5-ALA), an imaging agent that is rapidly taken up by GBM cells where it is converted into
highly fluorescent porphyrins increased the rate of complete GBM surgical resection by
50% and doubled 6-month progression-free survival[9]. In addition to use as a surgical aid,
imaging is extensively integrated into the clinical diagnosis and monitoring of patients
suffering from GBM pre- and post-surgery [10, 11]. In experimental models, the real-time
quantitative feedback on individual cells and tumor deposits afforded by molecular imaging
is critical for ensuring that mouse models faithfully reproduce the key aspects of clinical
GBM resection and recurrence. Therefore, both the extensive clinical incorporation of
molecular imaging, and the high-resolution quantitative spatial/temporal feedback provided
by molecular imaging demand the incorporation of imaging techniques to ensure
development of the most accurate pre-clinical GBM models. Previously, we and others have
reported the creation and utility of mouse models of GBM surgical resection [12–14], and
showed post-surgical tumor volumes could be quantified using bioluminescence imaging
(BLI). However, the use of molecular imaging techniques to guide GBM resection in mice
and to serially track post-operative tumor re-growth post-resection has not been investigated.

In the current study, we sought to utilize intra-operative and non-invasive molecular imaging
to develop and characterize a multi-modality imaging approach to GBM resection and re-
growth in mice. Our results showed intra-operative fluorescence allowed guided intracranial
GBM resection that could be validated by simultaneous 5-ALA imaging. The combination
of post-operative magnetic resonance imaging (MRI), BLI, and histology to non-invasively
assess tumor debulking and serial monitor re-growth at multiple resolutions revealed the
dynamics of tumor re-growth and differences between pre-and post-operative GBMs. These
studies begin to validate this new approach to preclinical modeling of GBM, and lay the
foundation for further development utilizing more challenging patient-derived cell lines with
greater clinical relevancy.

Materials and Methods
Cell lines and viral vectors

U87 human glioma cells (American Type Culture Collection, Manassas, VA) were cultured
in DMEM (Invitrogen) supplemented with 10% heat-inactivated fetal bovine serum, 100 µg/
mL penicillin, 100 µg/mL streptomycin. Lentiviral vector engineered to express GFP-Fluc
fusion protein (LV-GFP-FLuc) [15], was packaged in 293T/17 cells using a helper virus-free
packaging system as described previously [15]. GBM cells were transduced with LV-GFP-
FLuc at varying multiplicity of infection (MOI) by incubating virions in a culture medium
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containing 4 µg/ml protamine sulfate (Sigma) and cells were visualized for GFP expression
by fluorescence microscopy.

Fluorescence-guided Tumor Resection
Nude mice (6–8 weeks of age; Charles River Laboratories, Wilmington, Massachusetts) 25–
30 g in weight were used for the intracranial xenograft GBM model. U87-GFP-FLuc were
harvested at 80% confluency and implanted stereotactically (5×105 cells) in the right frontal
lobe 2 mM lateral to the bregma and 0.5 mM from the dura (n=48). On the day of tumor
resection, mice received intravenous injection of 5-ALA (6 mg/kg) to allow validation with
5-ALA imaging (n=5). Following immobilization on a stereotactic frame mice were placed
under an Olympus SZX10 microscope. Intraoperative microscopic white light, GFP, and 5-
ALA images were captured throughout the procedure using with a DP-72 camera and
CellSens software (Olympus). A midline incision was made in the skin above the skull
exposing the cranium of the mouse. The intracranial xenograft was identified using GFP
fluorescence. A small portion of the skull covering the tumor was surgically removed using
a bone drill and foreceps and the overlying dura was gently peeled back from the cortical
surface to expose the tumor. Under GFP fluorescence, the U87-GFP-FLuc tumor was
surgically excised using a combination of surgical dissection and aspiration, and images of
GFP were continuously captured to assess accuracy of GFP-guided surgical resection
(n=26). Pre- and post-operative images of 5-ALA accumulation were captured to assess
accuracy of GFP imaging. GFP and 5-ALA areas were defined and quantified using Image J
analysis software. The RGB intraoperative images were loaded into the program and
converted to 8-bit gray-scale before subtracting background fluorescence equivalently for all
images (setting the threshold to 50% maximum intensity). The integrated density of the
mean fluorescence was then quantified for both GFP and 5-ALA images. For comparison of
image-guided and standard non-guided tumor volumes, a subset of mice (n=7) underwent
GBM resection without intra-operative GFP imaging and tumor resection was performed
until the walls of the normal brain were visible in the resection cavity by white light
illumination. Following tumor removal, the resulting resection cavity was copiously
irrigated and the skin closed with 7-0 Vicryl suture. No procedure-related mortality was
observed. All experimental protocols were approved by the Animal Care and Use
Committees at Harvard University and Massachusetts General Hospital, and care of the mice
was in accordance with the standards set forth by the National Institutes of Health Guide for
the Care and Use of Laboratory Animals, USDA regulations, and the American Veterinary
Medical Association.

In vitro bioluminescence and fluorescence
To determine the correlation between the number of the transduced cells and the
bioluminescence signal, U87-GFP-FLuc were seeded in different concentrations and
substrates for luciferase (1.5 µg/mL) were added to the medium. Luciferase activity was
measured using a luminometer (Bio-Rad, Hercules, CA). To visualize GFP fluorescence,
U87-GFP-FLuc cells (1×105) were seeded in 12-well culture plates. GFP fluorescence was
detected using an Olympus IX51 microscope (Olympus, Center Valley, PA). Images were
captured using a DP-72 Olympus camera and CellSens software (Olympus).

In Vivo Multi-modality Imaging
To determine the volumes of pre-resection, post-resection, and recurrent GBM, mice were
imaged by FLuc bioluminescence imaging (n=48, pre; n=38 post, recurrent n=8) and MRI
(n=5 pre, post, and recurrent). To image Fluc, mice were given an intraperitoneal injection
of D-luciferin (1 mg/animal in 100 µl of saline), and photon counts were recorded 10
minutes after administration over 7 minutes of image acquisition using a cryogenically
cooled high-efficiency CCD camera (Roper Scientific, Trenton, NJ). Mice were imaged on
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days 14, 11, and 2 day before resection, and days 2, 8, and 13 post-resection. Images were
processed as previously described [15]. MRI: Magnetic Resonance Images were acquired on
days 10 and 1 before resection, and days 1, 8, and 15 post-resection. All experiments were
performed on a 9.4 Tesla magnet (Magnex Scientific Ltd, Oxford, UK) equipped with a 60
mm inner diameter gradient coil (Resonance Research, Billerica, MA) and interfaced with a
Bruker MRI console (Bruker Biospin, Billerica, MA). The gradient coil has a maximum
strength of 1500 mT/m and a rise time of 100 µs. Images were acquired using a home built
mouse head bird-cage coil. Mice were positioned on a custom made mouse cradle and
anesthetized with 1.5% isoflurane in 50/50 O2/medical air mixture with total flow rate of
1200 ml/min. Contrast agent injections were performed using an intravenous tail vein
catheter. The imaging protocol consisted of: localizer image, T2-weighted RARE (Rapid
Acquisition with Refocused Echoes) image, multi-echo spin-echo image (T2 map), echo-
planar imaging (EPI) diffusion weighted image (DWI), and T1- weighted RARE images
acquired before and after injection of 50 µl of 100 mM Gd-DTPA (~0.2 mmoles Gd/kg
bodyweight). Tumor volumes were determined from the T2 hyperintense tumor region of
the brain in T2-weighted RARE images. The RARE acquisition parameters were: TE = 10
ms, RARE factor = 8, TR = 2500 ms, NA = 4, FOV = 1.92 cm, matrix = 128×128 (in-plane
resolution = 150 µm), 0.5 mm slice thickness, 11 image slices. The tumor apparent diffusion
coefficient (ADC) was determined from diffusion-weighted echo-planar images (EPI). Spin-
echo EPI images were acquired with 7 different diffusion gradient b-values: 0, 100, 300,
600, 900, 1200, 1500 s/mm2. EPI acquisition parameters were: TE = 24 ms, TR = 3000 ms,
NA = 1, FOV = 1.92 cm, matrix = 128×128 (in-plane resolution = 150 µm), 0.5 mm slice
thickness, 11 image slices. The apparent diffusion coefficient (ADC) maps were generated
using an in-house written MATLAB program for fitting the natural log of the signal
intensity as a function of gradient b-value. The vascular permeability to Gd-DTPA was
qualitatively assessed using T1-weighted RARE images acquired after the injection of Gd-
DTPA. The RARE acquisition parameters were: TE = 8.5 ms, RARE factor = 4, TR = 600
ms, NA = 4, FOV = 2.0 cm, matrix = 256×256 (in-plane resolution = 78 µm), 0.5 mm slice
thickness, 11 image slices. Ex Vivo: Ex-vivo analysis on resected tumors was performed by
1) GFP-fluorescence imaging under the dissection scope, and 2) incubating tumors with 1.5
µg/ml D-luciferin in PBS and by bioluminescence imaging. Fluorescence tumor volumes
were determined by Image J analysis software (National Institutes of Health, Bethesda,
MD).

Tissue processing
Mice bearing tumors in the cranial window (n=5), mice with resected tumors (n=5), or mice
with recurrent tumors (n=8) were perfused with formalin and brains were removed and
sectioned. The tissue sections were dehydrated in xylene and ethanol, immersed in PBS, and
stained with hematoxylin and Eosin (H&E). Floating brain sections were immunostained
with antibodies against human Ki67 (DAKO, Carpinteria, CA) or CD31 (AbCam,
Cambridge, MA), followed by incubation with Alexa dye 555 nm secondary antibodies.
GFP-expressing tumor cells and Ki67 or CD31 immunostaining was visualized by confocal
microscopy as described previously[15]. Photomicrographs of both fluorescence and H&E
slides were taken using the Olympus IX51 upright microscope attached to the DP-72
camera, and Ki67 and CD31 staining was quantified using Image J.

Statistical analysis
Data were analyzed by Student t test when comparing 2 groups and by ANOVA, followed
by Dunnetts post-test when comparing greater than 2 groups. Data were expressed as mean
±SEM and differences were considered significant at P<0.05. Survival times of mice groups
(n=5/group) were compared using logrank test.
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Results
To allow simultaneous high-resolution fluorescence imaging for guided resection and non-
invasive BLI to quantify the extent of resection, we first engineered human U87 GBM cells
to express a GFP-FLuc fusion protein (U87-GFP-FLuc) and validated their GFP expression
and light emission to cell number correlation in vitro (Supplementary Fig. 1). In vivo serial
BLI confirmed efficient tumor engraftment and showed steady tumor growth of intracranial
U87-GFP-FLuc GBMs through two weeks (Fig. 1a). Following surgical opening of the skin,
the fluorescence through the intact cranium was sufficient to allow clear visualization of the
tumor border and creation of a cranial window exposing the underlying U87-GFP-FLuc
tumor (Fig. 1b). To validate the accuracy of the GFP positive tumor, we injected mice with
5-ALA, which has been previously shown to accurately define tumor margins and clinically
guide surgery [8, 9]. 5-ALA-derived porphyrin fluorescence extensively co-localized with
GFP and defined similar tumor borders in the pre-operative tumor deposit (Fig. 1c). A
combination of epi-fluorescence microscopy, intra-operative GFP-excitation and surgical
dissection allowed near total resection of the intracranial GBM (Supplementary Movie 1 and
Movie 2) with only a small residual GFP-positive tumor deposits remaining at the border of
the resection cavity (Fig. 1d). The co-localization of 5-ALAderived fluorescence and GFP
signal confirmed the small GBM micro-deposits were malignant tissue (Fig. 1d).
Quantitative analysis of pre- and post-operative GFP images revealed the GFP-guided
surgical resection lead to greater than 95% tumor removal (Fig. 1e), while ex vivo BL
imaging of excised tumor tissue showed only small variations in the total quantity of tumor
tissue removed between mice (Fig. 1f).

To quantitatively assess the extent of surgical tumor resection MR and BL imaging showed
greater than 96% and 92% resection respectively of the initial GBM mass with only multiple
small remaining residual tumor deposits (Fig. 2a-d). Post-operative BLI further showed
image-guided resection increased the extent of tumor resection (image-guided resection:
92% of tumor removed; standard non-guided: 76% of tumor removed) and decreased the
variability compared to non-guided surgical debulking (Fig. 2e). Histology on brains of mice
following resection confirmed near gross total resection, with few visible tumor cells
remaining at the periphery of the resection cavity (Fig. 2f-g). These results demonstrate the
intra-operative fluorescent imaging allows highly accurate surgical resection of intracranial
GBM in mice, and post-operative non-invasive imaging can provide quantitative data on the
extent of resection and location of residual tumor deposits.

Clinical evidence has shown GBM recurrence is typically rapid and occurs within 2 cm of
the resection border [16, 17]. MR imaging 8 days post-surgery showed the small residual
post-operative GBM deposits had grown markedly in size leading to multi-focal recurrence
that developed into a large single tumor by day 15 post-resection (Fig. 3a). Quantitative
serial BLI of mice post-resection showed similar results revealing a 7-fold increase in tumor
volumes during the first 5 days post-resection, that increased to 26-fold by day 13 (Fig. 3b).
Survival analysis revealed the surgical resection significantly extended animal survival,
however the benefit was modest (32.5 days resected vs. 22.5 days no resection) before the
animals succumbed to recurrent tumors (Fig. 3c). Both H&E staining and fluorescence
microscopy performed on post-mortem cryo-sectioned tissue validated the imaging results
showing the presence of a large recurrent tumor that was anatomically distinct from the
preresection neoplasm (Fig. 3d-i; Supplementary Fig. 2). These results show residual post-
resection GBM deposits lead to rapid multi-focal tumor recurrence that can be tracked in
real-time using noninvasive imaging.

To assess the growth of resected and non-resected tumors, we followed tumor growth in
mice that underwent surgical resection or were left untreated. Longitudinal BLI analysis
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showed tumor volumes were greater in recurrent tumors as compared to non-resected tumors
(Fig. 4a), and regression analysis of growth curves revealed the slope of recurrent GBM was
markedly greater than the slope of non-resected tumor growth (15.093-recurrent; 6.081-non-
resected, Fig. 4a). IHC staining supported this finding, showing the levels of the
proliferation marker Ki67 was 2-fold greater in recurrent tumors than non-resected tumor
(Fig. 4b). Despite the increased proliferation rate detected in recurrent tumors, CD31
staining showed a 46% reduction in blood vessel density in recurrent tumors compared to
non-resected tumors (Fig. 4c). Together, these results demonstrate tumor recurrence post-
surgical resection occurs rapidly and tumors are distinct from the pre-resection tumor.

Discussion
In this study we present a molecular imaging approach to allow highly accurate surgical
GBM resection and quantitative real-time tracking of multiple steps in GBM progression,
resection, and recurrence. We show real-time intra-operative fluorescent imaging allows
precise resection of GBM through cranial windows and quantification of tumor removal.
Multi-modality non-invasive imaging and post-mortem IHC allowed tracking of tumor
volumes post-resection and revealed differences in tumor growth of resected versus non-
resected tumors.

Despite the best efforts of neurosurgeons, curing GBM remains and elusive goal. The
challenge of treating this aggressive and infiltrative tumor is highlighted by the fact that
even surgical removal of a hemisphere is unable to extend patient survival beyond two
years[18]. Even today, although there is clear benefit from GBM surgery[4, 19], it remains
unclear whether surgical debulking is able to extend long-term patient survival[20–23].
However, surgery remains a central component of the standard-of-care for GBM patients.
Yet, most in vivo animal models of GBM fail to incorporate surgical resection, instead using
only orthotopic human xenograft that develop into a solid aggressive lesion [6, 7]. Although
limited, several previous studies have reported small animal models of GBM resection [12–
14]. However, these models lacked tumor-specific removal by relying only on white light
imaging. In the current study, we show pre-operative fluorescent imaging was able to define
the borders of the tumor through the intact cranium and allowed precise placement of cranial
windows. During surgery, intra-operative GFP fluorescence imaging clearly identified tumor
deposits and permitted highly accurate surgical removal of greater than 90% of the GBM,
compared to only 80% removal in previous studies lacking intra-operative imaging [13].
Further, we observed a close correlation between 5-ALA signal and GFP expression from
engrafted U87-GFP-FLuc cells at all stages of surgery. Importantly, 5-ALA is one of the
most common fluorescent labeling compounds used for GBM surgery in clinics as it leads to
accumulation of fluorescing protoporphyrin IX in tumor tissue [24]. This suggests the
incorporation of intra-operative fluorescence can increase the accuracy of surgical resection
and that our model mimics the surgical resection in patients suggesting it can be used to
further develop pre-clinical surgical resection models. Although intra-operative fluorescent
imaging allows highly accurate definition of tumor location and subsequent resection, these
parameters were challenging when performed using standard surgical methods. This
underscores the benefit of intra-operative fluorescence during surgery in small animal
models for improving accuracy and reproducibility.

The real-time quantitative feedback of individual cells and tumor deposits afforded by
molecular imaging is an extremely powerful tool to faithfully reproduce many key aspects of
GBM resection and recurrence in small animal models. This is vital for evaluating novel
anti-GBM therapeutics, drug delivery modalities, and investigating aspects of GBM
progression [15, 25–27]. In our study, post-operative MR and BL imaging revealed 96% and
92% GBM removal respectively immediately following surgery. Serial MR imaging
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revealed multiple small tumor deposits post-surgery, and showed greater than a 50-fold
increase in tumor volumes 8 days post-surgery and nearly 200-fold increase 2 weeks post-
surgery. BLI confirmed the MR results, showing multiple tumors deposits following
resection that lead to 10-fold increases in tumor volumes by day 8 and 25-fold increase by
day 25. In addition to the clinical relevance of MR, the increased resolution of MR can
provide important structural information as well as quantitation of tumor volumes in three
dimensions. Although not utilized clinically, serial BLI is ideal for pre-clinical studies
allowing rapid serial imaging that is fully quantifiable and significantly cheaper. When
combined with high-resolution fluorescence imaging, the results of these studies reveal a
highly complimentary multi-modality imaging approach that could allow numerous
questions to be answered simultaneously. Having validated the accuracy and efficiency of
this approach in the current study, we are now performing studies aimed at increasing the
clinical relevance by addressing the challenges of using optical imaging to resect GBMs
implanted deeper into the parenchyma in the region of the basal ganglia.

In this study, we utilized U87-GFP-FLuc human GBM that allowed the generation of a solid
tumor that was necessary for efficient surgical resection, and lead to residual post-operative
tumor deposits that were vital for studying GBM recurrence. Using this model, we observed
recurrent U87-GFP-FLuc tumors showed a higher growth rate and Ki-67 staining. Although
the mechanism underlying the increased growth of recurrent GBM is unclear, the open
cranium following resection that was absent in mice that did not undergo surgery may play a
role. Therefore, growth rates of resected and non-resected GBM should be investigated in
future studies where all animals receive craniotomies. In addition, inclusion of additional
GBM cell lines and novel imaging modalities has the potential to increase the translatability
of this model. Evidence has demonstrated that primary patient-derived GBM cell lines more
faithfully recapitulate the clinical scenario of GBM [28, 29]. Furthermore, new MR and PET
imaging techniques have the ability to improve accuracy of diagnosis and provide insights
into the molecular signature of the GBM by allowing visualization of tumor metabolism,
hypoxia, distribution of chemotherapies, and cerebral blood flow [30]. Studies such as these
should ease the clinical translation of findings using small animal models of GBM resection.

In conclusion, our studies demonstrate a new approach to developing pre-clinical mouse
models of GBM surgical resection and recurrence that utilizes optical and MRI to assess
multiple parameters before, during, and after surgery. Using this study as a template, we
anticipate more accurate studies can be performed to evaluate potential new clinical
therapeutics and drug delivery technologies that can be easily translated for treatment of
patients following GBM resection.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Fluorescence-guided GBM resection and validation by 5-ALA
(a) Representative images and summary data showing the progression of orthotopic U87
human GBM in mice by BLI. (b) Representative image revealing the location of the U87-
GFP-FLuc tumor visualized through the cranium. The borders of the cranial window were
determined based on the fluorescent signature of the established tumor (depicted by dashed
line). The craniotomy was then created to expose the underlying tumor. (c-d) Representative
intra-operative fluorescent images of GFP-Fluc-expressing intracranial human GBM and
validation by 5-ALA pre- (c) and post- (d) tumor resection. Insets depict GFP fluorescence,
5-ALA, or merged signal from excised tissue. Summary graphs demonstrating relative
intracranial pre- and post- resection tumor volumes determined by GFP or 5-ALA imaging
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are shown. Dashed line shows area of co-localization between GFP and 5-ALA. (e)
Summary graph demonstrating the extent of surgical resection determined by GFP
fluorescence imaging. (f) Summary data showing the relative size of tumor tissue removed
during surgical resection determined by GFP fluorescence imaging. Data are mean±SD,
*P<0.05 determined by Students T test. Scale bars, 200 µm.
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Figure 2. Quantitative non-invasive imaging of GBM volumes pre- and post-resection
Representative images and summary data of quantitative imaging showing the extent of
surgical resection by MRI (a-b) and BLI (c-d). MRI: one day before resection and one day
post-resection, mice underwent MRI imaging following intravenous injection of Gd-DTPA.
Tumor volumes were determined using Image J analysis software. Arrows indicate tumor
deposits. BLI: one day before resection and one day post-resection, tumor volumes were
assessed by injecting mice with D-luciferin and photon emission was determine over 7
minutes. (e) Scatter plot showing residual tumor volumes determined by BLI following
image-guided resection or standard non-guided surgery. Horizontal bar shows mean of each
surgery type. (f-g) Representative white light H&E images (f) and fluorescent
photomicrographs (g) of corresponding brain sections post-resection (day 1). Arrows in f
and g indicate extent of resection of the tumor. Data are mean±SD, *P<0.05 determined by
Students T test. Scale bars, 100 µm (f,g).
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Figure 3. Multi-modality tracking of post-operative GBM recurrence
(a-b) Representative images and summary graphs showing the recurrence of GBMs
following surgical resection by noninvasive imaging. Following surgical debulking, mice
were subjected to MRI on days 1, 8, and 15 post-resection (a) or BLI on day 2, 8, and 13
post-resection (b). Arrows indicate tumor deposits in panel (a). (c) Kaplan-meier curves
depicting the survival of control without surgical resection or mice that underwent tumor
debulking. (d-i) Representative white light H&E images (d,e) and fluorescent
photomicrographs (f-i) of brain sections from primary tumor bearing mice (d,f,h) and from
mice with recurrent tumors 2 weeks post-resection (e,g,i). Following intracranial xenograft,
mice were sacrificed 2 weeks post-implantation, or underwent surgical debulking and
sacrificed 2 week post-surgery to visualize tumor recurrence. 2× magnification-d,e,f,g; 10×
magnification-h,i. Data are mean±SD, *P<0.05 determined by ANOVA (panel a,b), and log
rank test (panel c). Scale bars, 100 µm (d,e,f,g) and 400 µm (h,i).
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Figure 4. Resected GBMs show higher growth rates than non-resected GBMs
(a) Summary graph showing the growth rates of primary or recurrent intracranial GBM
determined by BLI. Dotted line shows the slope of the GBM growth curves for each group
determined by regression analysis. (b-c) Representative images and summary data showing
the relative expression levels of the proliferation marker Ki67 (b) and blood vessel marker
CD-31 (c) in tissue sections from primary or recurrent GBM. Data are mean±SD, *P<0.05
determined by Students T test (panel b,c). Scale bars, 100 µm.
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