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Abstract
Introduction—Magnetic resonance (MR) images following external beam radiotherapy for brain
tumors often display signal changes characteristic of either tumor progression and/or radiation
injury. No non-invasive diagnostic biomarkers have been identified that clearly distinguish
between these two disease processes. This study’s objective was to develop a murine model of
radiation necrosis using fractionated, sub-total cranial irradiation and to investigate the imaging
signature of radiation-induced tissue damage using advanced MR imaging techniques.

Methods—Twenty four mice each received 60 Gy of hemispheric (left) irradiation in ten equal
fractions. MR images at 4.7 T were subsequently collected using T1-, T2- and diffusion-sequences
at selected time points following irradiation or implantation. Following imaging, animals were
euthanized and their brains were fixed for correlative histology.

Results—Contrast-enhanced T1- and T2-weighted MR images at months 2, 3, and 4 showed
changes consistent with progressive radiation necrosis. Quantitatively, mean diffusivity was
significantly higher (mean = 0.86, 1.13, and 1.24 μm2/ms at 2, 3, and 4 months, respectively) in
radiated brain, compared with contralateral untreated brain tissue (mean = 0.78, 0.82, and 0.83
μm2/ms) (p<0.0001). Histology reflected changes typically seen in radiation necrosis.

Conclusions—This murine model of radiation necrosis will facilitate investigation of imaging
biomarkers that distinguish between radiation necrosis and tumor recurrence. In addition, this
preclinical study supports clinical data suggesting that DWI may be helpful in answering this
diagnostic question in clinical settings.
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Introduction
The management of malignant brain tumors remains a challenging clinical problem. Patients
with such tumors typically receive multimodal therapy, including surgical resection,
chemotherapy, and radiation. Over the past decade, patient outcomes have benefitted from
numerous advances, including novel chemotherapeutic agents, improved surgical resection
(including the use of surgical navigation systems and intra-operative imaging), conformal
radiation therapy, and more biologically relevant imaging modalities. Nonetheless, in
malignant primary brain tumors, patient outcomes remain poor. Patients with glioblastoma,
the most common primary malignant neoplasm of the adult brain {Davis FG, 1998 #11;
Tooth HH, 1912 #17}, have a median survival of only 12 to 15 months with 2-year survival
rates of less than 30% {Prados M, 2000 #15; Stupp R, 2005 #20}.

Patients with malignant brain tumors are typically treated with a combination of surgical
resection, chemotherapy, and external-beam radiotherapy. As no combination of treatments
has yet proven curative, the majority of patients eventually experience a recurrence of their
tumor. A significant subset of patients who undergo a combination of surgery,
chemotherapy and radiation develop MR imaging findings following these therapies that are
often difficult to interpret. Radiation necrosis is the most common and most significant of
these treatment-associated changes and it is particularly challenging because its anatomic
imaging characteristics are remarkably similar to those of recurrent tumor. For patients
whose post-radiation MR scans show contrast enhancement and T2-weighted image
hyperintensity, the clinical diagnosis is typically ‘recurrence vs. radiation necrosis’.
Distinguishing between these two clinical different entities is a significant challenge for
treating physicians.

The development of non-invasive imaging markers of diagnostic specificity is an important
goal for clinicians caring for patients with brain tumors. Recent advances in imaging,
specifically exploiting PET imaging tracers that measure cell proliferation {Jost SC, 2007
#32; Spaeth N, 2004 #24; Spaeth, 2006 #40} and advanced MR imaging techniques,
including perfusion and diffusion-weighted imaging (DWI), afford unique opportunities to
monitor tumor biology in vivo. Although researchers have suggested that advanced imaging
modalities more readily distinguish radiation necrosis from recurrent tumor {Hein PA, 2004
#8; Schlemmer HP, 2002 #5; Weybright P, 2005 #4; Zeng QS, 2007 #6}, no single imaging
modality with sufficient diagnostic sensitivity and specificity has yet been identified.

Diffusion-weighted MR imaging (DWI) provides a method for the in vivo measurement of
the diffusivity of water in tissue. Diffusion imaging is sensitive to the microstructure of
biological tissue on a distance scale of 1–10 microns and, as such, may reflect changes in
tumor-cell density. Water diffusion in tissues is restricted by interactions with organelles,
cell membranes, and other cellular barriers. Ross and colleagues have demonstrated that
malignant tumors have a high cellular density and corresponding low diffusivity, and that
changes in ADC correlate with tumor response to cytotoxic therapy in malignant gliomas,
both in rat models {Chenevert TL, 1997 #9; Chenevert TL, 2000 #10; Hall DE, 2004 #12}
and in humans {Moffat BA, 2005 #13; Moffat BA, 2006 #14}. In clinical research studies,
both MR spectroscopy and DWI have also been used to distinguish recurrent glioma from
radiation necrosis {Hein PA, 2004 #8; Schlemmer HP, 2002 #5; Weybright P, 2005 #4;
Zeng QS, 2007 #6}. In these preliminary studies, the apparent diffusion coefficient (ADC)
change following radiation was higher than that due to recurrent tumor. However, these
studies, in isolation, lack the sensitivity and specificity to unambiguously distinguish
necrosis from tumor and have often been limited by inadequate statistical power and a lack
of histological correlation.
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Until recently, few small-animal models of radiation necrosis in brain tissue have been
reported {Ernst-Stecken A, 2007 #27; Ishikawa S, 1999 #28; Rabinov JD, 2006 #30; Sun X,
2004 #31}. Previous models were developed primarily in rats and employed only a small
number of radiation fractions. Herein we describe the development of a radiation necrosis
model in mice that employs focal, multi-fraction radiation to more accurately reflect the
clinical situation encountered by patients treated for malignant brain tumors.

The recent development of a conformal pre-clinical irradiation system {Kiehl EL, 2008
#21} demonstrated that high dose, focal, fractionated brain irradiation in small animals is
feasible and can generate relevant pre-clinical models of brain tumors {Goldhoff P, 2008
#37}. We hypothesized that this new technology could be used to create a murine model of
radiation necrosis, using hemispheric irradiation in a dose and fractionation scheme
patterned after therapeutic doses of radiation used to treat human patients with glioma. We
also hypothesized that longitudinal small-animal imaging and, in particular, diffusion-
weighted MRI, may demonstrate a distinctive imaging signature for radiation necrosis,
relative to signals seen normal brain tissue.

Building upon our experience in conformal irradiation {Kiehl EL, 2008 #21; Goldhoff P,
2008 #37} and MR imaging of murine models of brain tumors {Banerjee, 2007 #33; Jost
SC, 2007 #32}, the goals of this work were to develop a murine model of radiation necrosis,
to characterize the imaging signature of radiation-induced tissue damage using DWI, and to
compare these imaging characteristics with the signals seen in un-irradiated brain.

Materials Methods
Small Animal Models

All studies were performed in accordance with the guidelines of the Washington University
Animal Studies Committee (ASC) and in accordance with protocols approved by the
Washington University Division of Comparative Medicine that met or exceeded American
Association for the Accreditation of Laboratory Animal Care standards. A total of thirty-two
subject animals were included in this study. Twenty-four female Balb/c mice were irradiated
with a total of 60 Gy of radiation (10 × 6 Gy), as described below, and the resulting brain
parenchymal changes were characterized by both MRI and histology. Mice were 12–16
weeks old upon initiation of either radiation therapy. All animals were observed daily and
weighed twice weekly to ensure that interventions were well tolerated.

Small-Animal Irradiation
The components of the microRT system have been described previously {Kiehl EL, 2008
#21; Stojadinovic S, 2007 #23; Stojadinovic S, 2006 #22}. For the hemispheric irradiation,
all animals were treated with one vertex beam at the 0° microRT treatment position,
prescribed to midline, for a total of 6 Gy per fraction per animal, dosed daily Monday
through Friday for two weeks. The animals were treated according to the generated
radiotherapy plans using a clinical Ir-192 HDR remote after-loading system (Nucletron;
Columbia, Maryland) collimated via the microRT collimator system. Given the inputted
couch coordinates and the targeted fraction dose, treatment times were calculated using the
modified parametric beam and dose models described previously {Stojadinovic S, 2007 #23;
Stojadinovic S, 2006 #22}.

Small Animal Imaging
Mice treated with fractionated radiation were observed clinically, weighed twice weekly,
and followed for two months to ensure that they did not exhibit systemic symptoms of
radiation toxicity. Initiation of in vivo small-animal imaging was deferred in these animals
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until two months after radiation because previous studies at lower dose and longer
fractionation schemes had shown no MR-detectable radiation-induced brain injury at up to
ten months post radiation therapy (data not shown). Cohorts of eight animals were imaged at
two, three and four months following the completion of fractionated irradiation.

Anatomic MRI
Images were collected in an Oxford Instruments 4.7-T magnet (33 cm, clear bore) equipped
with 15-cm inner diameter, actively shielded gradient coils (maximum gradient, 18 G/cm;
rise time ~ 200 μs). The magnet/gradients are interfaced with a Varian (Palo Alto, CA)
INOVA console, and data were collected using a 1.5-cm OD surface coil (receive) and a 9-
cm ID Helmholtz coil (transmit). Before the imaging experiments, mice were anesthetized
with isoflurane/O2 [3% (v/v)], and maintained on isoflurane/O2 [1.25% (v/v)] throughout
the experiments.

Mice were injected intraperitoneally with 500 μl Omniscan (Gadodiamide, GE Healthcare)
contrast agent, diluted 1:10 in sterile saline, 15 minutes prior to being placed in the magnet.
T1-weighted, gradient-echo multi-slice transaxial images were collected (TR = .125 s, TE
= .0025 s, FOV = 1.5 × 1.5 cm2, slice thickness = 0.5 mm). In addition, T2-weighted, multi-
slice spin-echo coronal images were collected for each animal (TR = 1.5 s; TE = .05 s; FOV
= 1.5 × 1.5 cm2; thickness = 0.5 mm). Regions of interest were identified post hoc with the
public domain program ImageJ, available at http://rsb.info.nih.gov/imagej.

Diffusion-Weighted Imaging
Diffusion-weighted MR images were collected using a standard spin-echo pulse sequence
with the addition of diffusion-sensitizing gradients with multiple b values ranging from 0 to
2300 s/mm2. Diffusion imaging parameters include: TR = 1.5 s, TE = 0.05 s, time between
diffusion gradient pulses (Δ) = 25 ms, diffusion gradient duration (δ) = 10 ms, and signal
averages (NEX) = 8.

DWI processing and data analysis
Diffusion data were modeled on a pixel-by-pixel basis as a monoexponential decay using
Bayesian Probability Theory (BPT) software developed in our laboratory {Bretthorst, 2005
#34; Bretthorst, 2005 #35}. For each pixel, intensity vs. b-value data were fit with a single
exponential function decaying to a non-zero constant, from which maps of apparent
diffusion coefficient (ADC) were derived. Data analysis was performed on a slice-by-slice
basis by placing regions of interest (ROIs) around areas of anomalous, hyperintense signal
on b=0 (non-diffusion weighted, T2-weighted, spin-echo) images. ROIs of similar size and
shape were also placed in the contralateral hemisphere in each slice. ROIs selected on the
anatomic images were saved and then overlaid onto the corresponding ADC maps, and ADC
data for each voxel within each ROI were extracted.

Histology
Irradiated mice whose MR images were suggestive of radiation necrosis were euthanized for
histological analysis at two (4 mice), three (4 mice) and four (6 mice) months post-
irradiation, immediately following imaging. A total of fourteen animals were euthanized and
their brains were formalin fixed and stained with H&E using standard protocols.

Statistical Analysis
For each animal, ADC values for all selected ROIs (irradiated and contralateral) were
calculated. The mean, median, variance and standard deviation were calculated on a per
animal basis at each time point. Mean ADC values were then compared across time points
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and between tissue types using the student’s t-test. The raw data from each of these analyses
were also compiled into box-and-whisker plots so that the range and variance of the data
could be readily displayed.

Results
A total of 24 mice were irradiated with 60 Gy of irradiation each, fractionated over 2 weeks,
followed by serial MR imaging. The radiation plan is shown in Figure 1 as a color map
overlaid onto a representative MR image of mouse brain. It is clear from this plan that the
irradiation is limited effectively to the left hemisphere of the brain, with the highest dose
delivered at the brain’s surface. Three cohorts of eight mice each were imaged at 2, 3, and 4
months following completion of hemispheric irradiation. After the completion of each
month’s MR experiments, a subset of these mice was euthanized for histological analysis.
Both contrast-enhanced gradient-echo and spin-echo sequences showed changes consistent
with tissue damage and breakdown of the blood-brain barrier. Figure 2 shows this contrast
enhancement and T2-weighted image hyper-intensity, with progressive signal and
heterogeneity, for representative animals at 2, 3, and 4 months post irradiation.

Mice consistently showed left hemispheric anatomic signal changes consistent with those
seen in human patients with post-treatment radiation necrosis. Histology also reflected
changes typically observed in radiation necrosis (Figure 3), with fibrinoid vascular necrosis,
coagulative parenchymal necrosis with macrophage infiltration, and vascular telangiectasia
seen increasingly over the three-month time course of the study. Other features included
cerebral edema, tissue rarefaction with decreased cellularity, and reactive astrocytosis.

Significant changes in diffusion signal were also seen in the left hemisphere of irradiated
mice. Figure 4 shows ADC maps for representative mice at 2, 3, and 4 months post
irradiation. Qualitatively, one can identify asymmetry and increased diffusivity in the left
hemisphere, particularly in the third and fourth months following irradiation. From our ROI
analysis, mean diffusivity was significantly higher (mean = 0.86, 1.13, and 1.24 μm2/ms at
2, 3, and 4 months) in radiated brain, compared with contralateral, untreated brain tissue
(mean = 0.78, 0.82, and 0.83 μm2/ms) (p<0.0001). The mean, median, and range of
diffusion data from all voxels in regions of interest in each radiated animal are shown
graphically in box-and-whisker plots in Figure 5. Note that if small ROIs are drawn around
the most hyperintense regions in the anatomic images of the irradiated hemisphere, mean
diffusivities at 3 and 4 months postirradiation are approximately 10% higher than the values
reported above. These data clearly demonstrate the time progression of the diffusion signal
following irradiation and allow direct comparison with data for brain tissue in the untreated,
contralateral hemisphere.

Discussion
Serial/longitudinal MR imaging in small-animal models of tumor and/or radiation necrosis
provides a significant opportunity to investigate novel imaging methods for distinguishing
radiation necrosis from growing tumor, with imaging findings directly supported by
correlative histology. This allows positive results to be readily translated to clinical research
investigations. Small-animal models of brain tumors have been extensively reported in the
literature {Fomchenko, 2006 #36}. These models cover a wide range of paradigms for
tumor development, including direct implantation of orthotopic tumor cell lines {Jost SC,
2007 #32}, genetic models of spontaneous tumor development {McConville P, 2007 #38},
implantation of human tumor cell lines (such as the U87 cell line) into nude mice {Goldhoff
P, 2008 #37; Kiehl EL, 2008 #21}, and generation of tumors from stem cell lines.
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Characterization of the imaging signature using advanced imaging biomarkers is ongoing in
our laboratory and other laboratories worldwide.

The lack of animal models for radiation necrosis has significantly limited the development
of methods for distinguishing necrosis from tumor re-growth. Until recently, irradiation of
small animals, particularly mice, was performed by irradiating a large portion of the
animal’s body rather than directing radiation doses to focal targets. Prior pre-clinical brain
irradiations have been predominated by non-targeted dose delivery produced by single, high
dose, full-body radiation fields with selective shielding to allow whole brain irradiation
{Akiyama K, 2001 #26; Mizumatsu S, 2003 #2; Monje ML, 2003 #1; Panagiotakos G, 2007
#29; Yuan H, 2007 #3}. Without shielding, the normal tissue effects of radiation limit the
dose of radiation that can be given to a small animal. Even with shielding, traditional
approaches limit the ability to specifically target a small focal region of the brain.
Researchers have, however, shown histological evidence of tissue damage with whole brain
irradiation. More recently, the advance of stereotactic radiosurgery (SRS) has prompted
researchers to consider SRS as a method for inducing damage to normal tissue {Jirak, 2007
#39}. Studies have separately considered both the imaging and histological characteristics of
focal tissue damage in this setting {Ishikawa S, 1999 #28; Jirak, 2007 #39; Rabinov JD,
2006 #30} as well as in select hypofractionated settings {Ernst-Stecken A, 2007 #27; Sun X,
2004 #31}.

To date, however, investigations have not thoroughly characterized tissue changes resulting
from focal fractionated radiation at clinically relevant doses with advanced small-animal
imaging methods such as diffusion, perfusion, molecular imaging, or spectroscopy.
Combining conformal irradiation of a single hemisphere of the brain with advanced MR
sequences and correlative histology creates a system well-suited for prospective studies
comparing the tissue effects of fractionated radiation with small animal models of tumor
growth. This study demonstrates a novel, mouse model of radiation necrosis, characterized
with anatomic MR imaging, DWI, and histology.

To consistently induce radiation necrosis and simplify the model, an aggressive radiation
dose fractionation (6 Gy × 10) and schedule (2 weeks) were selected. While the resulting
dose is substantially higher than a clinical-dose schedule, this schedule was chosen because
Phase I studies of dose escalation have consistently shown a relatively low risk of radiation
necrosis, even with high doses of conventionally fractionated radiation (66–84 Gy) {Tsien,
2009 #41}. The resulting radiation necrosis was histologically similar to that induced in
patients (Figure 3), suggesting that this model of necrosis may be translatable.

Administration of 60 Gy of fractionated hemispheric conformal irradiation reliably induces
damage to the brain parenchyma which is progressive, visible on MR imaging, and shows
histologically the classic tissue changes associated with radiation necrosis, including tissue
edema, necrosis, decreased cellularity, extravasation of blood around telangiectatic blood
vessels, and fibrinoid vascular necrosis. Anatomic MR images show signal changes within
radiated tissue that are similar to those seen in growing tumors (e.g., uptake of gadolinium
contrast and T2-weighted image hyperintensity).

Previous human studies have failed to identify an imaging paradigm with the sensitivity and
specificity to consistently distinguish between recurrent tumor and radiation necrosis. The
heterogeneity of different tumor types, the co-existence of tumor within the setting of
radiation change, and the lack of confirmatory histology combine to create confounding
factors that make these human studies particularly challenging. This small-animal model of
radiation necrosis will provide a platform for the development of non-invasive imaging
methods for distinguishing radiation change from growing tumor. Particularly challenging is
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the characterization of brain that contains both regions of radiation necrosis and tumors as is
often the case in glioma patients biopsied post-therapy. Our murine model of necrosis
provides an excellent paradigm for probing this heterogeneous condition, which can be
created by orthotopic implantation of tumor cells into radiation-induced necrotic tissue.
While data in this work were analyzed on a region-of-interest basis, MRI’s high resolution
allows pixel-by-pixel analysis of images and parametric ADC maps to be performed. Such
analysis is a key to the detailed correlation of imaging data, radiation dose, and histology
needed to develop a robust strategy for distinguishing necrosis and tumor. Experiments to
probe heterogeneous, ‘mixed-case’ tumor/necrosis conditions in animals and to develop
pixel-by-pixel analysis strategies are ongoing in our laboratory. It is anticipated that, once
properly validated, this imaging methodology will translate readily to humans, providing an
important tool in the diagnosis and treatment of brain-tumor patients.
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Figure 1.
Radiation plan, shown as a color map overlaid onto a representative MR image of mouse
brain. The scale bar on the right indicates the radiation dose delivered to the brain.
Irradiation is limited effectively to the left hemisphere of the brain, with the highest dose
delivered at the brain’s surface.
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Figure 2.
Representative trans-axial MR images of mice at two (left), three (middle) and four months
(right) following fractionated hemispheric irradiation. The upper half of this panel are
contrast-enhanced, T1-weighted, gradient-echo images; the lower half of the panel are T2-
weighted spin-echo images. Consistent with other animal studies, the left side in each of
these images corresponds with the left hemisphere of the mouse’s brain, which is the
opposite of the convention used when displaying human images. Note the progressive
increases in contrast enhancement and T2 signal hyper-intensity with increasing time
following irradiation.
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Figure 3.
Representative histological images from (left) a mouse three months after fractionated
hemispheric irradiation and (right) a human subject with radiation necrosis. The histology
illustrates changes typically observed in radiation necrosis, including (top) fibrinoid vascular
necrosis and (bottom) vascular telangiectasia. The similarities between the mouse and
human histology are evident by comparing the left and right panels of this figure.
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Figure 4.
Apparent diffusion constant (ADC) maps, derived from diffusion-weighted sequences, for
animals at two (left), three (center), and four (right) months (from left to right respectively
across the panel) following fractionated hemispheric irradiation. The ADC maps correspond
precisely with the anatomic images shown in Figure 2. Note the asymmetry in signal
intensity and the high diffusivity (characteristically bright signal) in the region of radiation
damage corresponding to the anatomic changes seen in Figure 2.
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Figure 5.
Box and whisker plot of the ADC values in regions of interest drawn around areas of
abnormal signal on b=0 anatomic images and corresponding contralateral untreated brain
tissue for all irradiated animals studied. The 25th–75th percentiles are blocked by the box,
and the whiskers identify the 99th percentile of the range of diffusivity (ADC) values for
each tissue type. A progressive increase in diffusivity is seen that correlates with the
progressive tissue damage identified with MR imaging and histology at each time point.
There is a statistically significant difference in ADC values between radiated brain tissue
and normal brain (p<0.001) at each time point.
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