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Imaging as a Tool for Normal Tissue Injury
Analysis in Glioma

Abstract

The ability to define and ultimately manage normal tissue injury in the brain
remains limited as neither pathologic nor radiographic features have a clear
correlation with clinical presentation. Normal tissue injury in the brain is often
defined clinically by the development of late neurocognitive dysfunction affecting
memory, executive function, learning ability and attention, not attributed to
tumor progression or other comorbidities. Meanwhile the clinical manifestations
of normal tissue injury affect a significant proportion of glioma patients at some
point in the course of their treatment and are especially relevant with increasing
life expectancy observed in both adult and pediatric patients. In addition,
normal tissue toxicity and its clinical implications have become an increasingly
important outcome measures in patients with glioma that merit both a better
definition (clinical, radiographic, molecular) and better management options as
they transition to a potential biomarkers for outcome. The use of imaging as a
tool to investigate normal tissue injury represents a noninvasive modality that
in conjunction with thorough neurocognitive and quality of life testing can help
define and guide management of normal tissue injury related treatment sequelae
in patients with glioma. This review discusses the imaging modalities currently
employed to investigate normal tissue toxicity incurred by patients with glioma as
a result of both tumor and treatment associated injury and future directions for
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Introduction

The ability to define and ultimately manage normal tissue injury in
the brain remains limited as neither pathologic nor radiographic
features have a clear correlation with clinical presentation (Figure
1). Normal tissue injury in the brain is often defined clinically by
the development of late neurocognitive dysfunction affecting
memory, executive function, learning ability and attention, not
attributed to tumor progression or other comorbidities. The
clinical manifestations of normal tissue injury affect 50-90% of
glioma patients at some point in the course of their treatment
[1,2]. Pathologic features of radiation injury include coagulative
necrosis, vascular alterations with fibrinoid necrosis, edema, and
demyelination [3] while radiologic features include increased
signal on proton-density and T2-weighted MR images [4]. With
increasing life expectancy in both adult and pediatric patients
[5,6] and the advanced understanding of the glioma tumor’s
molecular characteristics [7], which may define prognosis as well
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as treatment, the ability to address both is becoming increasingly
relevant. Witha prolonged period of time necessaryto elicit overall
survival benefit in low grade glioma patients [8] and the absence
of a change in overall survival with newer therapies in high grade
glioma [9-12], normal tissue toxicity and its clinical implications
will become an increasingly important outcome measure in
patients with glioma that merits both a better definition (clinical,
radiographic, molecular) and better management options as
normal tissue toxicity transitions from side effect to a potential
biomarker for outcome. The use of imaging as a tool to investigate
normal tissue injury represents a noninvasive modality that in
conjunction with thorough neurocognitive and quality of life
testing can help define and guide management of normal tissue
injury related treatment sequelae in patients with glioma. We will
discuss the imaging modalities currently employed to investigate
normal tissue toxicity incurred by patients with glioma as a result
of tumor-associated injury as well as treatment-associated injury
and future directions for research and treatment.



The Multifactorial Causes of Normal
Tissue Injury in Glioma

Prior to discussing available imaging modalities, a better
definition of the underlying principles of normal tissue injury
is in order. The etiology of brain dysfunction in patients with
glioma is multifactorial [13-16] with significant correlations to
patient related factors such as age, comorbidities, psychological
factors and genetics as well as characteristics of the underlying
malignancy, such as its natural history and infiltrative nature
and finally the treatment modalities involved in management.
Treatment for brain tumors is likewise multidisciplinary including
surgical resection, radiation therapy and the administration
of systemic targeted and non-targeted agents (Figure 2). With
respect to surgical resection, cognitive function has long been
studied in conjunction with epilepsy surgery [17] and also
more recently in the setting of brain tumor resection with the
identification of relationships of tumor location to neurocognitive
outcome postresection [16]. Evidence for pre-treatment cognitive
change [18] and the administration of multiple treatments have
prompted the term “cancer and cancer treatment associated
cognitive change” [19].

Radiation induced brain injury is described in the form of acute
(within days to weeks after irradiation), early -delayed (within 1-6
months post irradiation) and late (>6 months post irradiation)
[20]. With respect to radiation therapy induced normal tissue
toxicity imaging and animal models have been employed to study
this phenomenon [21].

With respect to chemotherapy the concept of “chemobrain”
is well described, though less so as applied to patients with
glioma where the administration of radiation therapy may make
distinguishing radiation toxicity from chemotherapy toxicity
more difficult. Nonetheless increasing evidence is becoming
available showing a neurocognitive detriment with the use of
chemotherapy such as with the use of dose-dense temozolomide
[22] and that of anti-angiogenic agents [23]. Most studies however
are inadequately powered to distinguish the independent effects
of multiple treatments and pretreatment neurocognitive testing
is often lacking. Specific nervous system toxicities associated
with emerging novel immunotherapies are now being discussed
and will further alter the understanding of normal tissue injury in
these patients.

The relationship between a patient’s clinical presentation and
normal tissue injury remains ill defined. Radiographic definitions
are lacking as conventional MRI typically employed to follow
these patients for tumor progression has limited ability to
distinguish normal tissue injury from treatment related changes
such radiation necrosis or vascular changes [24]. Structural
changes may be present on scans in previously radiated patients
[25] but may have no bearing on the patient’s function, while
conversely the patient’s function may be compromised in the
absence of structural changes. Surgical re-resection in previously
treated patients may help distinguish tumor recurrence from
treatment related changes however is subject to sampling error
and lack of clear pathological features distinguishing between
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the two. Since normal tissue injury may be more functional than
structural in nature there is a growing emphasis to combining
imaging modalities with extensive neurocognitive studies to
better examine its relationship to treatment [26,27].

Normal Tissue Injury and Anatomical
Relationships

The relationship between brain anatomy and the development
of normal tissue injury is complex and remains a growing area
of research. With this in mind a number of research efforts
have been undertaken to determine which areas of the brain
may be responsible for the sequelae we note in patients who
have undergone treatment. The next step however will require
a correlation between clinical manifestations and potential
damage to these areas to enable both potential sparing and the
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identification of a biomarker for normal tissue injury. Studies in
the literature have examined changes in whole brain, gray matter,
white matter, ventricles, and combinations thereof [21,25,28].

One of the areas often discussed, is the hippocampus. Study of
the hippocampus is prompted by the notion that creation of new
memories has been associated with neural stem cells located
in the subgranular zone of the hippocampal dentate gyrus and
hence radiation related injury to this area may be associated
with cognitive decline. A dose relationship has been elucidated
in conjunction with neurocognitive testing and has prompted
further studies involving hippocampal avoidance in the setting of
radiation therapy [29].

Broader changes in white matter and grey matter and their
relationship to neuro-cognition [30-32], have previously been
analyzed in breast cancer patients in the setting of chemotherapy
alone as well as in pediatric patients post chemotherapy and
radiation therapy. Since white matter makes up 50% of the brain
volume and contains an abundance of glial cells, oligodendrocytes
and astrocytes [33], disruption of central conduction pathways
by tumor or treatment can result in neurocognitive dysfunction.
Grey matter including basal ganglia, thalamus, and hippocampus
are responsible for attention, memory, and represent the primary
domains typically affected by treatment.

In addition to white and grey matter and specifically the
hippocampus as relevant anatomical areas structurally affected
by treatment, ventricular changes have also been described, with
ventricular dilation and progressive brain atrophy identified post
chemo-irradiation for CNS patients [25,30,34]. These may also be
related to clinical deficits, although the relationship is less clear.

Imaging Modalities to Detect Normal
Tissue Injury

While CT scans have been shown to document gross changes in
neuroanatomy post-radiation therapy, new advances in imaging
are being applied to assess, anatomically and temporally normal
tissue changes post-treatment. Advantages of non-invasive
imaging include 1) the ability to characterize normal tissue injury
potentially acting as a biomarker as well as 2) the possibility
of intervention prior to clinically significant decline and 3)
the ability to alter treatment with respect to both radiation
and chemotherapy to reduce toxicity. We will review imaging
methods employed to date (Figure 3).

PET

Positron emission tomography (PET) imaging has been used as
a non-invasive technique to quantify metabolic changes in the
body due to physiologic processes, pathology, and treatment
interventions. Using radioactive nuclides attached to various
metabolic markers, PET scanning can localize areas of altered
cellular metabolism, hypoxia, and proliferation [35-37]. The most
common radiotracer, 18F-FDG, an analogue of glucose, localizes
cellular energy metabolism. 18F-FDG-PET has been used to
analyze normal tissue injury. Despite its lack of specificity, it can
highlight areas of inflammation, apoptosis, or delineates areas of
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non-functional necrosis [37]. PET provides an interesting avenue
of normal tissue investigation for three important reasons: 1)
long term cognitive deficits post-radiation have been found to
coincide with altered glucose metabolism in the brain. Studies
of rhesus monkeys demonstrated a decline in cognitive function
post-whole brain irradiation [21] which was associated with
altered glucose uptake during neurocognitive tasks 9 months
after radiation; 2). It has been shown to have a relationship
to radiation dose level. In a trial comparing 38 adult survivors
of acute lymphocytic leukemia, Krull et al. [38] compared the
18F-FDG-PET images of patients who had received 18Gy versus
24Gy of prophylactic cranial irradiation. They found an increase
in metabolic activity in the basal ganglia of patients who had
received the higher 24Gy dose, with both groups demonstrating
higher activity in the cerebral cortex, basal ganglia, and thalamic
regions. Increased metabolic activity was associated with oral
naming speed in the frontal lobes, and negatively correlated
with cognitive flexibility in the basal ganglia. More importantly
sub-acute changes in neurocognitive function have been linked
to uptake on PET scans. In a small group of 11 patients receiving
3D conformal radiation therapy, reductions in PET uptake were
noted in regions of the brain receiving greater than 40Gy and were
associated with worsening performance on neurophysiological
tests [39]; 3) 18F-FDG-PET post-treatment can be employed to
distinguish tumor progression from radiation necrosis [37].

Novel radiotracers are also increasingly available and may
improve the specificity of PET imaging in these situations.
11C-methionine, 11C-choline, and 18F-FDOPA, are examples
of radiotracers that are showing potential clinical use in CNS
imaging [37,39,40].

While PET can in theory allow for the quantification of normal
tissue changes its use remains limited by its lack of spatial
resolution. Recent advancements in molecular imaging have
allowed for the creation of combined PET-MRI scanners, which
have allowed for improved anatomic and spatial resolution of
PET signaling in the brain. With the use of these scanners, the
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metabolic information gained from PET can be co-registered with
the anatomic and spatial information gained in MRI in a single
scan. Thus merging the potential benefits of the two imaging
modalities, and increasing the applicability of PET scanning in the
anatomic localization of normal tissue injury in the brain.

MRI

Magnetic resonance imaging (MRI) is on the forefront of imaging
techniques to delineate the anatomical and functional changes
that occur as a result of treatment in glioma patients. Benefits of
MRI imaging include improved soft tissue resolution, functional
and perfusion sequences, and novel techniques that are able
to image endogenous contrast agents. The post-operative
syndrome of cerebellar mutism is currently under investigation
with MRI in an effort to elucidate the etiology. In a series of
patients followed for one year post-operatively with sequential
MRI, at one year, increased brainstem and cerebellar atrophy
was noted when compared to patient without symptoms [41].
Depending on the endpoint measured, the broad spectrum of
available MRI techniques and sequences may be useful to build
an overall picture of the changes that occur in normal tissue
post-radiation therapy [42,43]. Correlations between imaging
changes, pathologic tissue injury, and neurocognitive deficits
have been reported [44]. However, limitations of this technique
still remain, including variations in imaging protocols, contrast
agents, magnet strength, operator dependence, data post-
processing and analysis which preclude effective comparison
between studies [42,45,46]. Additional uses of MRI technique
for the investigation of normal tissue injury that bear in depth
discussion include perfusion and diffusion MRI and diffusion
tensor imaging (DTI).

MR perfusion has been used to characterize vascularity within
the brain, and alterations resulting from tissue damage and
pathology. MR perfusion quantifies changes in cerebral blood
volume, cerebral blood flow, and vascular permeability. The
method of assessing MRI perfusion varies, and is dependent on
the characteristic of interest.

Dynamic contrast-enhanced (DCE) perfusion MRI obtains serial
T1-weighted images as intravenous gadolinium is injected,
which derives a parametric map of the microvasculature,
often quantified as a vascular leakage constant, K (trans). In a
prospective study of patients receiving partial brain radiation
therapy were assessed during treatment using the acute and sub-
acute phase for temporal and dose-volume changes on DCE-MRI
imaging, while also undergoing neurocognitive assessment [47].
Cerebral vascular volume and permeability significantly increased
during radiation and acutely afterwards, then decreased in the sub-
acute phase, with the most significant changes associated with high
dose (>40Gy) regions. The intra-radiation changes in cerebral blood
volumes of left temporal and frontal lobes and vascular permeability
of left frontal lobes were significantly associated with changes in
verbal memory and learning scores at 6 months post-RT. In addition,
a dose-volume effect was noted. Future studies may help link
overall prognosis and late neurocognitive changes to the changes
in perfusion seen on imaging.
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Additional methods of assessing altered vasculature include
Dynamic susceptibility-contrast (DSC) MRI and arterial spin
labeling (ASL). DSC perfusion uses T2-weighted images during
an initial bolus of gadolinium contrast to assess relative cerebral
blood volume, which quantifies the vessel density in a region of
interest [48] Reductions in vascular density have been correlated
with late cognitive impairment post-radiation therapy in animal
models, and therefore may be a biomarker of future deficits
[49]. A significant benefit of ASL is that it relies on endogenous
magnetically labeled arterial blood, not exogenous contrast
agents, and therefore allows for repeat imaging of during the
same MRI session [50]. A dose-response reduction in cerebral
blood flow has also been found after radiation therapy using
ASL [42,51]. Additionally, ASL [52] demonstrated decreased
cerebral blood flow in recurrent GBM treated with bevacizumab
chemotherapy, not only in primary tumor, but also in the
contralateral normal hemisphere. While human models have
also shown changes in cerebral blood volume and blood flow
after radiation therapy using this technique, further correlation
with neurocognitive effects is required [53].

Diffusion weightedimaging (DWI) measures the random Brownian
motion of water molecules in 3 dimensions within tissue, and
based on this information apparent diffusion coefficient (ADC)
maps can be created [54]. DWI and ADC maps delineate areas of
increased cellularity and altered viscosity on brain MRI, and ADC
values have been correlated with prognosis in low and high grade
gliomas [55-58]. Due to the altered diffusion between unaffected
brain parenchyma, necrosis, and highly cellular areas, DWI and
ADC maps have been helpful in differentiating tumor recurrence
in the CNS from radiation necrosis [59].

Diffusion tensor imaging (DTI) creates parametric maps
measuring the direction and magnitude of water diffusion. The
fractional anisotropy (FA) of DTl allows for directionality as well as
diffusivity to be outlined. DTI has been suggested as a biomarker
for radiation induced normal tissue injury, it has been shown to be
more sensitive than T1 and T2 images for white matter changes
[60,61], can be used to outline neuroplasticity and altered brain
function [62], and directionality allows for characterization
of myelinated tracts within the brain [63]. Subacute changes
in DTl have been detected in the temporal lobed of patients
treated with radiation for nasopharyngeal carcinoma [64], with
associated alteration in MRS signals. Co-registration of prior
radiation therapy plans with DTI and ADC maps, demonstrate
late white matter changes in patients with primary brain tumors,
that appear at dose levels as low as 5 to 15 Gy [65]. Irradiation
of the spinal cord in children shows altered DTI signal changes
non-uniformly throughout the brainstem, independent of dose,
suggesting non-uniform radiation sensitivity of white matter
tracts [66].

The pathologic correlations of DTI images in various animal
models include demyelination, edema, persistent axonal injury,
and cognitive impairment, [67-69]. In a prospective study of
partial brain radiation for low-grade and benign tumors wherein
the neurocognitive effects and DTI-MRI images post radiation
were analyzed (61), altered diffusivity was noted within 3 weeks
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of beginning radiation, and remaining until week 78, with the
percent change in the cingula signal at the end of radiation,
predicting percent change 24 weeks later. Signal changes in the
cingula 30 weeks after starting radiation were associated with
both altered neurocognitive function, and changes during the
course of RT and were predictors of later neurocognitive decline.
DTI has also been used to follow pediatric survivors of acute
lymphocytic leukemia treated with systemic chemotherapy, as
they show lower grey matter volumes in the neocortical and
subcortical structures as adults [70]. Lower hippocampal volumes
in these patients correlated with lower adult neurocognitive
performance.

To elucidate the clinical applicability of DTI as a biomarker for
normal tissue toxicity, additional studies are required to correlate
imaging changes with specific neurocognitive effects. DTI has
been used to quantify in vivo radiation induced changes in the
structural integrity of white matter in the CNS over time, with
respect to permanence and reversibility; however, continued
advances in DTI acquisition, distortion correction, and improved
fiber tractography will improve its clinical applicability.

MRS

Magnetic resonance spectroscopy (MRS) has been used in CNS
imaging to quantify metabolite distribution in the brain, as
each molecule yields a characteristic resonance frequency [71-
73]. Metabolites examined include, N-acetylaspartate (NAA),
myoinositol, creatine, glutamate, lactate, taurine, and choline.
MRS has been used to characterize malignant tumors [73-76] and
differentiate necrosis from recurrent tumor [77]. New evidence
suggests that neurochemical changes in the surrounding
normal brain may correlate with post-radiation neurocognitive
effects. MRS has shown changes, not detected on standard MRI
sequences, in the metabolic profile of normal brain parenchyma
during, and after, a course of radiation therapy [78-82]. In
a recent study investigating hippocampal neuron density, a
cohort of patients undergoing whole brain radiation for cerebral
metastases were found to have a decrease in neuronal marker,
NAA, in the subacute phase after radiation. While not statistically
significant, a simultaneous decline in scores for Auditory Verbal
Learning Test, and Brief Visuospatial Memory Test - Revised was
observed between hippocampal NAA concentrations and test
scores [83]. Further research is needed in MRS to delineate the
anatomic, temporal, and neurochemical changes that coincide
with progressive clinical effects.

Data translation

The fundamental scientific challenges of translating normal
tissue injury findings in glioma patients involve understanding
what exactly particular imaging changes represent on biological
and cellular levels. Comparing these imaging findings to normal
brain injury in other pathologic states such as traumatic brain
injury, neurodegenerative disorders such as Alzheimer’s, and
discoveries in normal brain injury from other tumors such as
brain metastases, as well as developing de novo hypotheses
specific to glioma patients are currently the main conduits for
bringing novel discoveries to use in glioma patients. Previously,
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most attempts at clinical trials into normal tissue injury in glioma
patients have focused on clinical endpoints defined by short-
term changes as a consequence the limited lifespan of patients.
Instead of laboratory bench findings directing bedside studies,
previous and current trials have mainly focused on the bedside as
dictator of research goals [27,84]. As a result, limited successes
have been realized. However, in the past decade, with increases
in expected survival times, a newer focus on late effects and early
intervention, as well as prevention have moved to the forefront.

The fundamental questions to translate our current pool of
data to the clinic involve understanding the effect of glioma
and its treatments on normal brain injury, and subsequently,
how to reverse or prevent adverse effects most efficiently.
These questions include: How do changes in current imaging
parameters (typically MRI-based), translate to neurocognitive
outcomes, prognostic outcomes, quality of life outcomes, and
biomarker fluctuations? How can we use this information to
successfully define and target the individual contributions of
adverse effects from tumor, chemotherapy, and/or radiation?
What pharmacologic and non-pharmacologic strategies are
effective?

However, several recent studies have reported data that could
have implications for management of normal brain structure
and function in glioma patients. Polymorphisms in inflammation,
DNA repair, and metabolism pathways have been found to be
associated with neurocognitive function in glioma patients
and may affect clinical outcomes [85]. These data suggest that
neurocognitive outcomes are not merely defined by tumor or
interventions for treatment, but are determined by the genetic
background on which those changes occur. Surgical studies using
intraoperative mapping with direct electrical stimulation (DES)
has been used to identify cortical and subcortical white matter
pathways critical for language, motor, and sensory function.
Overall, 33.3% of patients exhibited loss of function at one or
more motor or language sites between surgeries for recurrent
glioma. Loss of function at these sites was not associated
with neurological impairment at the time of a repeat surgery,
suggesting that neurological function is preserved through neural
circuit reorganization or activation of latent functional pathways
[86]. These investigations have demonstrated that the adult
central nervous system reorganizes motor and language areas in
patients with glioma. Determining how and being able to predict
where the brain reorganizes these functions will be the goal of
future investigations.

Differentiation of recurrent glioma from radiation necrosis is
one of the most vexing normal tissue considerations in glioma
patients. A recent meta-analysis of imaging studies attempting
to differentiate between the two has demonstrated that
magnetic resonance spectroscopy alone has moderate diagnostic
performance in differentiating glioma recurrence from radiation
necrosis using metabolite ratios like Cho/Cr and Cho/NAA ratios
[77]. However, future studies will determine how magnetic
resonance spectroscopy should be combined with other
advanced imaging technologies to improve diagnostic accuracy.

Attempts at sparing brain sub compartments from injury are
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borrowed from whole brain radiation studies. RTOG 0933 used
advanced radiation planning techniques to spare the neural stem-
cell population in the adult hippocampus in patients receiving
whole brain radiation with brain metastases with limited benefit
at short time intervals [29]. Likewise, the INTRAGO Trial is utilizing
intraoperative radiotherapy for newly diagnosed glioblastoma in
a phase I/Il dose escalation trial to minimize extraneous normal
tissue damage from radiotherapy [87].

Pharmacological interventions under consideration for prevention
of neurological dysfunction in glioma patients include
memantine, an NMDA receptor antagonist used in the treatment
of Alzheimer’s patients and patients with obsessive-compulsive
disorder [84]. In RTOG 0614, patients receiving whole brain
radiation treatment and concurrently treated with memantine
had better cognitive function over time; specifically, memantine
delayed time to cognitive decline and reduced the rate of
decline in memory, executive function, and processing speed
in patients receiving. Although there was decreased decline in
the primary endpoint of delayed recall at 24 weeks, the study
may be criticized for a lack of statistical significance, possibly due
to significant patient loss. The benefit of non-pharmacological
strategies using exercise-induced stimulation of hippocampal
neurogenesis, cognitive therapies and mesenchymal stem cell
replacement to prevent or delay onset of normal tissue injury in
patients are currently under investigation [88,89].

Overwhelmingly, what these data demonstrate is there is a dire
need for improved understanding of the biology related to the
effects of tumor, chemotherapies, and radiation on the short term
and late changes in brain microenvironment, neuroimmunity,
neural circuitry and pathways, blood-brain barrier regulation,
and subcellular mechanisms of neurological dysfunction and
neurodegeneration. Imaging-related biomarker identification
for normal tissue injury and response in glioma patients is one
avenue that may show potential promise in identifying patients
in whom interventional strategies are needed. A MRI-based
vascular hippocampal marker parameter related to blood-brain
barrier permeability, K(trans), and the fraction of blood plasma
volume, Vp, have recently been investigated [90], correlating
significantly with changes in memory function at 6 and 18-months
after treatment, suggesting that K(trans) could serve as one
predictor of late neurocognitive dysfunction for glioma patients.

Future Directions and Recommendations

We have identified as ongoing areas of improvement the lack
of reasonable comparison between retrospective studies aimed
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at the analysis of imaging data in conjunction with normal
tissue toxicity in glioma patients. This extends from the wide
heterogeneity with respect to designation of region of interest,
post-processing of images and the general approaches to data
analysis and is compounded by selection bias with respect to both
patients and anatomical areas of the brain. There is an ongoing
lack of correlation of imaging to clinical presentation, quality of
life and neurocognitive testing as well as tissue obtained from
resection and re-resection. Conclusions are further limited by data
drawn from small studies of 10 to 50 patients which represent
a great proportion of literature on the subject. This reflects
one of the fundamental barriers to increased understanding of
normal tissue injury in glioma patients which stems from a lack of
support of research funding in normal tissue research proposals
from leading cancer funding agencies. Currently, most major
funding mechanisms have a requirement for a research focus on
tumor as opposed to normal tissue toxicities. This is in contrast to
other malignancies such as breast cancer where a growing body
of literature exists on neurocognition in relationship to systemic
treatment. A task force such as the Brain Tumor Clinical Trial
Endpoints Workshop on at NCI have been established to gather
consensus and build a more robust basis for improving clinical
outcome assessments as study endpoints and advance their
inclusion into adult primary brain tumor clinical trials.

As a scientific community, collaborative research is needed
into exceptional responders to better distinguish the biological
mechanisms operating in those patients who experience severe
changes from tumor and its associated treatments in comparison
to those patients with minimal to no damage from glioma. As
suggested by current data, the underlying difference may be due
in part to possible differences in genetic polymorphisms.

Finally, more research is needed into differentiation of tumor-
associated injury versus therapy-associated injuries in glioma
patients. Development of novel imaging techniques to
demonstrate additional functional and metabolic differences as
well as structural variations may assist in answering this question.
Ultimately further understanding of normal tissue toxicities in
glioma patients will benefit the advancement of research and
ultimately improve the outcome of other malignancies where
the underlying disease process may involve the central nervous
system.
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