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The median survival from the time patients are
diagnosed with glioblastoma, the most common
malignant primary tumor, was improved to 15
months with the introduction of the Stupp protocol
in 2005 and has been improved to 23 months’ in
small retrospective series with the aggressive
use of more advanced therapeutic modalities at
the time of recurrence, like antiangiogenic therapy
with vascular endothelial growth factor (VEGF)
neutralizing antibody bevacizumab.?

The Stupp protocol was established in a phase
Il, randomized clinical trial by Stupp and col-
leagues® and involves administering a total of
60 Gy of radiation during 30 sessions spanning
a 6-week period while treating simultaneously
with 75 mg/m? of temozolomide on a daily basis.
Adjuvant temozolomide chemotherapy is then
administered in six 28-day cycles with a dose
of 150 mg/m? for the initial cycle followed by
200 mg/m? for the remaining 5 cycles. Despite
the improved survival rate established by the
Stupp protocol, most patients continue to ex-
perience tumor recurrence, which necessitates
close follow-up with magnetic resonance imaging
(MRI).34 Although many have reported that there is
no difference in the percentage of recurrence in
distal locations®~ after the Stupp protocol treat-
ment, others have suggested an increased propor-
tion of distal recurrence in patients being treated
with temozolomide as compared with radio-
therapy alone.*

Antiangiogenic therapy became a mainstay in
the treatment of recurrent glioblastoma since a
pair of phase Il clinical trials showed efficacy of
bevacizumab and irinotecan in treating recurrent
glioblastoma,®® leading to the 2009 accelerated

Food and Drug Administration approval of bevaci-
zumab for recurrent glioblastoma, with a pair of
large, randomized, phase lll clinical trials underway
evaluating the efficacy of bevacizumab in treating
newly diagnosed glioblastoma.

Clinicians have long noted common transient
impacts of radiation on MRI contrast enhance-
ment. When occurring in the first 3 months
after radiation, this effect imitates early tumor pro-
gression and has earned the term pseudoprogres-
sion. Another effect withessed after therapy is
lesion enhancement in patients undergoing cranial
radiation, which takes place in 3% to 24% of
patients 3 to 12 months after treatment and is
referred to as radiation necrosis.'%'2 Additionally,
the identification of nonenhancing fluid-attenuated
inversion recovery (FLAIR) bright infiltrative growth
representing glioblastoma recurrence after antian-
giogenic therapy has cofounded the ability of clini-
cians to recognize glioblastoma recurrence using
conventional MRI and the Macdonald criteria,®
which are based on gadolinium enhancement.
The goal of this article is to review the most recent
advancements made in radiology and cancer
biology that can be used to improve the ability of
physicians to distinguish true recurrence from
pseudoprogression or radiation-induced necrosis
in patients with glioblastoma receiving radiation,
temozolomide, or antiangiogenic therapy.

PSEUDOPROGRESSION: EARLY TRANSIENT
ENHANCING LESIONS

Pseudoprogression is defined as enhancing
changes seen on MRI within the first 3 months
after treatment of glioblastoma with fractionated
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radiotherapy. Pseudoprogression represents treat-
ment effects rather than treatment failure, which,
with time, either successively recovers or stabilizes
without being linked to subordinate outcomes.'*
Since postoperative radiotherapy and concomitant
temozolomide were established as the standard
treatment of glioblastoma, there has been an in-
crease in pseudoprogression from 10% in patients
with glioblastoma treated with radiotherapy alone
up to nearly 30% in patients treated with radio-
therapy and concomitant chemotherapy.3-12-14-16

Pseudoprogression is a transient process that
results from increased permeability and leakage of
gadolinium through both the dysfunctional blood-
brain barrier in the irradiated region as well as
the capillary bed of the tumor.'” Pseudoprogres-
sion reflects response to treatment rather than
treatment failure and with time it improves or
stabilizes and has not shown to have any correla-
tion with poorer outcomes'® and in some studies
has been shown to be associated with improved
outcomes.'® Based on postoperative MRI stud-
ies, pseudoprogression occurs within the first 2
months following treatment as opposed to radia-
tion necrosis, which can take an average of 3 to
12 months before it is witnessed on imaging.'22°
The increase in incidence of pseudoprogression
since the advent of simultaneous administration
of chemotherapy and radiotherapy has been sug-
gested to be a marker for improved response to
treatment, a hypothesis supported by a study in
which patients with glioblastoma with pseudo-
progression had greater overall survival than those
without pseudoprogression.’®

Three factors have been proposed in the literature
to increase the incidence of pseudoprogression in
patients with glioblastoma: methylated O6 —methyl
guanine-DNA methyl transferase (MGMT) status,
higher doses of radiation, and concomitant admin-
istration of chemotherapy and radiation.®

Temozolomide is an alkylating cytostatic pro-
drug that undergoes rapid conversion and is
hydrolyzed to its active metabolite, 3-methyl-(tria-
zen-1-ylJimidazole-4-carboximide (MTIC). MTIC
functions to methylate DNA at several positions,
the most important of which is the O6 position of
guanine, which leads to cell death.2! MGMT is an
enzyme that removes this methylation to prevent
the lethal DNA damage the cell would other-
wise sustain. Cells that have epigenetic silencing
of the MGMT gene, achieved through promoter
methylation, are unable to produce the enzyme
and are, therefore, more sensitive and responsive
to the temozolomide-induced cell death.??2® One
study was able to demonstrate that 66% of their
patients with pseudoprogression had methylated
MGMT promoters, whereas 89% of patients who

had true progression while on temozolomide
showed unmethylated MGMT promoters. This
study was able to establish pseudoprogression
to be more common with a ratio of 2:1 in pa-
tients whose tumors exhibited methylated MGMT
promoters, whereas disease progression is more
likely with a ratio of 3:1 in patients whose tumors
exhibited unmethylated MGMT promoters.'®

Since MGMT promoter methylation status has
been proven to serve as a marker for pseudoprog-
ression, there has been a wide search for a highly
sensitive and specific screening assay. Currently,
methylation-specific polymerase chain reaction
(MSP) is the standard method used to test for
MGMT promoter methylation status. The biggest
drawback for this method is its inability to provide
quantitative results, which leads to some inaccur-
acy predicting prognosis, and the likelihood of
pseudoporgression.?* Methylation-specific multi-
plex ligation probe amplification (MS-MLPA) has
been recently introduced as a semiquantitative
method for testing methylation status of multiples
genes in a simultaneous fashion while also proving
to be a consistent method for determining the
methylation status of MGMT promoter in tumor
tissue.2%:26 One recent study found that the combi-
nation of MSP and MS-MLPA can further augment
the diagnostic accuracy of pseudoprogression to
93%, which could have a significant impact on
clinical decisions.?*

RADIATION NECROSIS: DELAYED
ENHANCING LESIONS

Since the randomized clinical trials in the 1970s
demonstrating an improvement in overall survival,
postoperative whole-brain radiotherapy at a daily
dose of 2 Gy per fraction given over a 6-week
period for a total dose of 60 Gy has become part
of the standard treatment of glioblastoma.®?” Pa-
tients treated with radiation therapy in this manner
often exhibit enhancement in radiation within 3 to
12 months of completing radiation. This phen-
omenon is called radiation necrosis and is now
a common manifestation of radiotherapy seen in
3% to 24% of cases,’®'2 with an even higher
incidence noted in patients receiving temozolo-
mide treatment concurrent to radiotherapy.’?'
The enhancement seen on conventional MRI may
be secondary to the radiation-induced damage of
the blood-brain barrier, which causes gadolinium
leakage into the interstitium and produces a ring-
enhancing lesion that can be easily misread as
tumor recurrence.?82°

Radiation necrosis can be witnessed as early
as 3 months and its presence has been reported
as late as 5 years after the original treatment,



although most cases typically occur within the first
2 years after radiation.®° One study reports the
incidence of radiation necrosis in patients with
glioblastoma treated at 60 Gy with conventional
fractionated external beam radiotherapy to be
just at 1%,%" but as mentioned previously, there
has been an increase in its incidence since the
introduction of adjuvant chemotherapeutic agents,
such as temozolomide.'?'* Radiation-induced ne-
crosis most commonly occurs at the location that
has received the maximum dose of radiation,
which usually falls in the purlieu of the tumor site
and close to the margins of the surgical cavity of
the resected tumor.'*32 The periventricular white
matter is known to be a common location for the
occurrence of radionecrosis and is highly vulner-
able to ischemic effects of postradiation vasculop-
athy, a phenomenon which may be explained
by the poor blood supply this location receives
from long medullary arteries lacking collateral
vessels. 01482

The clinical presentation of radiation necrosis
often mimics that of tumor recurrence. Patients
can present with a broad set of symptoms, such
as headache, seizures, behavioral changes, focal
neurologic deficits, wheras some may be asymp-
tomatic.'*33 It is imperative to distinguish between
the recurrence and radiation necrosis because the
approach to treatment is fairly specific to each and
can lead to unnecessary morbidity and even
mortality if the incorrect treatment modality is
pursued. A common finding using conventional
MRI of radiation necrosis may be a mass of
enhancing lesions seen on T1-weighted imaging
with gadolinium contrast administration, but there
is no imaging correlation that can differenti-
ate radiation necrosis from true progression or
pseudoprogression, especially on the initial post-
radiotherapy temozolomide scan.'” The main
shortcoming of conventional MRI, which limits its
ability to distinguish viable tumor mass from radia-
tion necrosis, is that it only recognizes disruptions
made to the blood-brain barrier and edema.®*-36 In
a previous study looking for specific markers of
radiation necrosis on conventional MRI, individual
signs were not found to be valuable markers of
tumor recurrence, whereas the combination of 2
signs in addition to the involvement of the corpus
callosum and numerous enhancing lesions was
a statistically significant marker for recurrence.®”
A more recent study that used a larger sample size
was able to recognize subependymal enhance-
ment as an individual marker for the early progres-
sion of tumor on conventional MRI. Even though
this marker was statistically significant, the investi-
gators from the study recognize that radiation
necrosis at higher doses may lead to radiographic
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findings that can mimic subependymal enhance-
ment, hence, its less than perfect ability to serve
as a definitive marker for recurrence.'®

Several clinical factors have been associated with
an increase in the risk of radiation necrosis in
patients with glioma, which include the following:
older age, high fraction doses (<2.5 Gy/d), hyper-
fractionation, lower conformity index, shorter overall
treatment time, stereotactic radiosurgery, inter-
stitial brachytherapy, reirradiation, and radiation
combined with adjuvant chemotherapy.10:16:38-44
Radiation necrosis is directly related to the volume
ofirradiated brain in addition to the dose of radiation
that is delivered, with a precipitous increase with
doses exceeding 65 Gy in fractions of 1.8 to 2.0
Gy. 4383945 One study found the administration of
chemotherapy alongside radiation increases the
risk of cerebral necrosis fourfold.3® Furthermore,
the brain parenchyma surrounding a glioma has
been shown to be particularly sensitive to chemo-
therapy and radiation. Such risks must be taken
into account when making a distinction between
treatment effects versus tumor recurrence.

Tumor cells have been shown to be interspersed
in many histologic specimens of radiated necrotic
tissue, with one study showing that 55% of patho-
logically examined cases of radiation necrosis
demonstrated viable tumor coexistence within
areas of necrosis.® To determine whether chemo-
therapy should be continued or switched, the
percentage of viable tumor cells versus necrotic
tissue in the specimen is taken into account, with
the threshold for switching chemotherapy being
met typically if the specimen contains greater
than 50% viable tumor cells.®

Pathophysiology of Radiation Necrosis

The histopathologic features observed in radiation
necrosis are demonstrated in Fig. 1. Vascular
endothelial cells and oligodendrocytes have been
shown to serve as the direct targets of radiation
in the central nervous system.*® These 2 targets
are directly injured and independently lead to
necrosis (see Fig. 1A) and demyelination both
within the normal tissue and the tumor. The devel-
opment of acute and subacute radiation injury is
secondary to the clonogenic death of endothelial
cells, and vascular lesions also play a key role in
late radiation injury.*” The direct consequence of
endothelial cell death from radiation is thought
to induce the breakdown of the blood-brain
barrier leading to ischemia, vasogenic edema,
and hypoxia.'® The hypoxic tissue then upregu-
lates VEGF, which plays a major role in increasing
vascular permeability and is shortly followed by
tissue necrosis and demyelination (see Fig. 1B).
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Fig. 1. The histologic features with hematoxylin and eosin (H&E) staining seen in radiation necrosis in the brain.
(A) Necrosis is a defining feature and on occasion has dystrophic calcifications, shown here in blue. (B) Gliosis is
also a defining feature. (C) Inflammation is typically seen. (D) Vascular hyalinization is seen from time to time. (E)
Dystrophic calcification, shown here in blue, is occasionally present. (original magnification x20). (Courtesy of T.
Tihan, University of California at San Francisco, Department of Neuropathology.)

Unfortunately, radiotherapy has also been shown
to stimulate glioma cells to secrete an increased
amount of VEGF, causing a decrease in apoptosis
in both endothelial cells and tumor cells while
increasing angiogenesis in the tumor environment
(see Fig. 1C), which is a mechanism that may
account for the radiation-resistance that develops
in gliomas.*® The increase in VEGF production can
be counteracted by the addition of bevacizumab,
an antibody to VEGF that is now used frequently
in cases of glioblastoma recurrence. Therefore,
bevacizumab can function to decrease enhance-
ment and edema while substantially improving

the radiographic appearance of radiation necrosis,
which mimics tumor progression.'&4®

The mechanism by which radiation induces
endothelial cell apoptosis is largely caused by
damage to the cell membrane, although DNA
damage still plays a role. The incited damage to
the cellular membrane activates acid sphingomye-
linase, which is an enzyme involved in sphingolipid
metabolism and produces ceramide, a bioactive
lipid well known for its physiologic role in ap-
optosis.??%" Radiation-induced DNA damage
activates ceramide synthase, which serves as
an additional source of ceramide, which causes



additional endothelial cell apoptosis through the
P53-dependent stimulation of the mitochondrial
and death-receptor pathways.5?

The current understanding of the pathophysi-
ology of radiation-induced necrosis may be fur-
ther used for treatment and molecular prevention
of the radiologic and clinical effects of radiation
necrosis. In one study, protein kinase C (PKC)
was shown to prevent radiation damage because
the downregulation of acid sphingomyelinase is
a PKC-dependent mechanism, whereas PKC
also functions to inhibit ceramide-dependent ap-
optosis.>®*%* In a study conducted by Fuks and
colleagues, basic fibroblast growth factor was
used to stimulate PKC activity, allowing for the
inhibition of radiation-induced endothelial cells in
both in vivo and in vitro experiments.

ANTIANGIOGENIC THERAPY FOR
GLIOBLASTOMA: RADIOLOGIC AND
NONRADIOLOGIC BIOMARKERS OF EFFICACY

Bevacizumab, a monoclonal anti-VEGF antibody,
has been studied in phase Il trials of patients with
recurrent glioblastoma and demonstrated a 23-
week medial progression-free survival when admin-
istered in combination with irinotecan.®° A study of
patients with glioblastoma treated with bevacizu-
mab revealed decreased tumor hypoxia and in-
creased tumoral VEGF expression, which were
directly associated with radiographic response
and prolonged survival following treatment.5®
VEGF levels have been evaluated in the plas-
ma and tumor fluid samples from patients with
glioblastoma, which showed a relative elevation,
whereas levels within the tumor cavity were
elevated even higher in patients experiencing
recurrence of the disease as compared with those
with stable disease after resection.’®57 Further-
more, a direct correlation has been established

T1 gad

T1 gad
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between VEGF overexpression and poor prog-
nosis based on glioblastoma tumor histology.%®
Antiangiogenic therapy has been proposed to
normalize the vasculature within the tumor, allow-
ing for thinning of the superfluous perivascular and
endothelial cells and lessening the tortuosity of
blood vessels while reducing the interstitial pres-
sure. This decrease in pressure is suggested to
enhance the transport of chemotherapy to the
tumor cells while improving oxygenation.®® Using
bevacizumab as the agent for VEGF blockade,
another study demonstrated a reduction of the
microvascular density while improving the function
of intratumoral vessels, which enables the pene-
tration of chemotherapy.®°

Unfortunately, anti-VEGF treatment in animal
models has shown to increase the infiltrative
growth capability of the tumor,®! which allows for
bright recurrent lesions on FLAIR MRI sequencing
but is nonenhancing because of their decreased
vascular permeability.52-64

Impact of Antiangiogenic Therapy on Imaging

Typically, the abnormal vasculature along with the
highly permeable blood-brain barrier of glioblas-
toma permits leakage of contrast material from
the tumor capillaries, which leads to an amplified
enhancement of T1-weighted imaging (Fig. 2).5°
Antiangiogenic agents, such as bevacizumab,
decrease the leak of contrast agent into the inter-
stitium, which markedly decreases contrast en-
hancement. Therefore, a decrease in contrast
enhancement of the tumor does not reflect a true
cytostatic or cytotoxic tumor, and the depen-
dence on contrast enhancement alone can cause
an overestimation of the response to treatment,
which has earned the term pseudoresponse,®6-68
representing in effect the converse of the pseudo-
progression described earlier. The occurrence
of radiation necrosis further takes away from

FLAIR

Fig. 2. Radiographic changes associated with bevacizumab treatment following surgical resection. Following
complete resection of an enhancing right frontal glioblastoma in this 63-year-old woman, treatment with beva-
cizumab and irinotecan for 6 months led to increased FLAIR-bright nonenhancing infiltrative signal abnormality
close to the location of the original tumor, with resection of the FLAIR-bright nonenhancing tissue seen at the

right above, revealing infiltrating recurrent glioblastoma.
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determining the true response of glioblastoma to
antiangiogenic therapy because it is speculated
that at least part of the radiologic response wit-
nessed following bevacizumab therapy is caused
by the palliation of radiation necrosis as opposed
to a true tumor response.®® These barriers have
necessitated new imaging modalities that can
better assess tumor response in patients receiving
antiangiogenic therapy. To make this task a reality,
such techniques will need the ability to distinguish
true tumor progression from pseudoprogression
while unraveling nonenhancing tumor from gliosis.
Some of these novel techniques will be introduced
and discussed later.

RESPONSE ASSESSMENT IN NEURO-
ONCOLOGY CRITERIA FOR HIGH-GRADE
GLIOMAS

Until recently, the MacDonald Criteria,’® first
published in 1990, served as the standard for
determining response assessment in high-grade
gliomas. It provided an objective radiologic as-
sessment of the tumor response based primarily
on 2-dimensional enhancing tumor area deriving
from contrast-enhanced computed tomography.”®
The use of corticosteroids and fluctuations in
patients’ neurologic status were also taken into
consideration. The Macdonald criteria were also
further applied to MRI, which is now the standard
modality used for assessing treatment response
in glioblastoma. These criteria had several limita-
tions, some of which include the difficult task of
measuring unevenly shaped tumors, the lack of
evaluating the nonenhancing tumor parts, and
interobserver variability, among many others.

The response assessment in neuro-oncology
criteria’”! were established in 2010 by an inter-
national working group in recognition of the
intrinsic drawbacks of conventional criteria for
enhancing tumors. These drawbacks include
radiochemotherapy-induced pseudoprogression,
nonenhancing tumor following antiangiogenic
treatment, and the absence of steroid factoring
into the response.”"”2 The criteria for response
assessment incorporating MRI and clinical fac-
tors were divided into categories: complete re-
sponse, partial response, stable disease, and
progression.”"

To be placed into the complete response cate-
gory all of the following conditions must be met: dis-
appearance of all enhancing and nonmeasurable
disease for no less than 4 weeks, absence of new
lesions, stable or improved nonenhancing lesions
on T2/FLAIR, steroid therapy must be stopped or
maintained at physiologic replacement doses, and
patients must be stable or improved clinically.”

The partial response category requires a 50%
or greater decrease of enhancing tumor in diam-
eter as compared with baseline for no less than 4
weeks, absence of new lesions, stable or im-
proved nonenhancing lesions on T2/FLAIR with
the cessation of steroid therapy, or maintenance
at physiologic replacement doses.””

If patients do not meet the criteria for complete
response, partial response, or progression but
have stable or improved nonenhancing lesions
on T2/FLAIR with the cessation of steroid therapy
or maintenance at physiologic replacement doses,
they fall in the stable disease category.”’

Lastly, patients who meet any of the following
are considered to be in the progression category:
an increase of 25% or greater in the sum of diam-
eters of enhancing lesions at replacement physio-
logic steroid doses or less, a substantial increase
in T2/FLAIR nonenhancing lesions, presence of
any new lesions, or any neurologic deterioration.

DISTINGUISHING TREATMENT EFFECT OR
PSEUDOPROGRESSION FROM TRUE
PROGRESSION

Conventional MRI with gadolinium contrast en-
hancement fails to differentiate between true tu-
mor recurrence, pseudoprogression, or radiation
necrosis.'*2937.73 This form of imaging is also
unable to distinguish true treatment response
from the anti-VEGF treatment’s impact at palliating
radiation necrosis, a distinction that is important
because anti-VEGF is used more commonly with
drugs, such as bevacizumab.®® Although new
studies have suggested findings on conventional
MRI, such as subependymal enhancement to
distinguish early tumor progression from pseudo-
progression with a high specificity, its low sensi-
tivity along with a low negative predictive value
demonstrate limited usage in most patients sus-
pected of pseudoprogression.'®

Several clinical concerns have increased the
demand for novel imaging techniques to dis-
tinguish recurrence from radiation necrosis or
pseudoprogression. Unfortunately, the morbidity
associated with surgical resection of radiation
necrosis, otherwise indistinguishable from tumor
recurrence is quite high,” as is the administration
of ineffective treatment for these enhancing pseu-
doprogression lesions which otherwise would
resolve over time. Novel radiographic modalities,
such as diffusion-weighted imaging (DWI)
sequencing on MRI, positron emission tomog-
raphy (PET), and magnetic resonance spectros-
copy (MRS), have demonstrated encouraging
results for differentiating treatment effects from
tumor recurrence, although large prospective



trials are needed to prove their sensitivity and
specificity.

Radiographic Modalities

DWI MRI sequences detect the displacement of
water molecules and can report the quantitative
values in the form of apparent diffusion coeffi-
cient (ADC). The extent of restriction to water
diffusion in brain tissue is inversely related to
the integrity of cell membranes and cellularity of
tissue.”® 77 Highly cellular areas with restricted
diffusion will display low ADC value as compared
with areas with less cellularity that will have high
ADC levels.”® DWI has been used to help deter-
mine if enhancing lesions in treated glioblastoma
represent true progression, with the hypothesis
being that recurrent tumor would have a lower
ADC values (caused by increased cellularity),
which has now been confirmed by several
studies.”®®2 In a retrospective study by Hein
and colleagues,”® DWI MRI obtained 1 month
after radiation therapy with or without chemo-
therapy were reviewed, and 18 patients having
areas with atypical enhancement were selected.
ADC values and ratios were averaged for patients
with recurrent disease compared with those with
treatment effect. The mean ADC ratio in those
with recurrence was calculated at 1.43, which
was significantly lower than the 1.82 in those
without recurrence (P<.001). The mean of the
ADC values was also significantly lower in
patients with tumor recurrence, calculated at
1.18 x 1072 mm/s? versus 1.40 x 10~3 mm/s?
in the nonrecurrent group (P<.006).”°® Larger
studies will need to be conducted to determine
the sensitivity and specificity of DWI MRI for dis-
tinguishing recurrent glioblastoma from treatment
effect.

Diffusion tensor imaging (DTIl) is a more
complete and intricate version of DWI. DTl applies
diffusion-sensitization gradients in multiple di-
rections determining the directionality of water
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diffusion. This information is reported within a
parameter called fractional anisotropy (FA), which
can detect peritumoral swelling, radiation ne-
crosis, and infiltrating tumor cells.® In a recent
study of 35 patients with new contrast-enhancing
lesions located in areas of postoperative radiated
tumor, DWI and DTI were used to examine
whether a distinction between true recurrence as
opposed to radiation necrosis could be made.
Patients with a recurrent tumor were found to
have considerably higher FA ratios with a mean
of 0.45 compared with those with radiation
necrosis with a value of just 0.32 (P<.01).8* Based
on this study, the sensitivity and specificity were
calculated at 85.0% and 86.7%, respectively.
This finding shows that DTl could have a promising
role in differentiating postoperative radiation injury
from recurrent disease, and larger studies should
be conducted to validate its value and potential.
Proton MRS ('H-MRS) provides information on
the metabolic composition of brain tissue and
can play a major role in distinguishing recurrence
from radiation necrosis. Choline and choline-
containing compounds (Cho) are shown to be de-
tected at higher levels and represent radiation
necrosis (Fig. 3).8% In a study of 33 patients with
postoperative enhancing lesions, patients with
recurrent tumor had an elevation in Cho to creatine
and Cho/N-acetylaspartate (NAA) ratios com-
pared with those with radiation necrosis. The
Cho/NAA had a specificity of 69% and a sensitivity
of 85% in detecting true recurrence.®® Other
studies have shown that MRS can be as useful
as pathologic testing in distinguishing tumor recur-
rence from radiation necrosis with 100.0% speci-
ficity, 94.0% sensitivity, and a 96.1% diagnostic
accuracy.'>87-8 With such promising results,
further studies are needed in which pathologic
samples are compared with the results of 'H-
MRS to compare the efficacy of each method.
Dynamic susceptibility contrast-enhanced per-
fusion imaging (DSC) can determine relative cere-
bral blood volume (rCBV), which may be useful

Fig. 3. Pseudoprogression on MRS imaging. A 48-year-old man with glioblastoma presented with enhancement
consistent with possible recurrence, MRS showed evidence of elevated choline and depressed NAA in the area of
FLAIR signal hyperintensity within the left frontal and parietal lobes thought to be consistent with recurrence;
however, en bloc resection of enhancing tissue for pathologist revealed no signs of recurrent tumor. NAA,

N-acetylaspartate.
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because it is a reflection of the underlying angio-
genesis and the microvasculature.®%°© DSC has
recently been used with reports of decreased
rCBV in radiation necrosis as opposed to in-
creased values in tumor recurrence.®%®" A recent
study of 13 patients with postoperative contrast-
enhancing lesions found that those with tumor
recurrence had higher rCBV compared with those
with radiation necrosis.®? These findings were
correlated to the patients’ histopathologic findings
with 100.0% specificity and 91.7% sensitivity. One
other study used ferumoxytol as the contrast
agent as opposed to gadolinium, and found there
to be an increase in the accuracy noted for the
differentiation of pseudoprogression from true
progression.®®

PET scanning is a form of functional imag-
ing capable of localization of anatomic regions
based on the distribution of certain biochemical
or metabolic products, which has shown prom-
ising results in distinguishing treatment effects
from tumor recurrence.’®%4 Although initial results
of fluorine-18 fluorodeoxyglucose (*®F-FDG) PET
were encouraging, with almost 100% accuracy re-
ported in various studies,®®% more recent studies
have found the sensitivity and specificity for '8F-
FDG to be much lower, 86% and 22%, respec-
tively.%” A recent study used thymidine analogue
3’-deoxy-3'-18F-fluorothymidine ('8FLT), which
has longer-lived label with increased specificity for
thymidine kinase 1 within the cytosol and several
labeled metabolites.®® When compared with 8F-
FDG, '8FLT was shown to be much more sensitive
in imaging recurrent tumors and better at predict-
ing tumor progression and survival.®® Further
studies are demanded to establish the character-
istics of this new radiotracer.

SUMMARY

The postoperative administration of adjuvant te-
mozolomide and radiation is the new standard of
care in patients with newly diagnosed glioblas-
toma. Pseudoprogression and radiation necrosis
are common treatment effects that add much
confusion in the detection of tumor recurrence
using conventional MRI with gadolinium enhance-
ment. These challenges are confounded with the
recent increasing use of antiangiogenic therapy
to treat newly diagnosed and recurrent glioblas-
toma. Until randomized trials prove the efficacy
of existing advanced imaging modalities or until
newer, more effective modalities are developed,
advanced radiographic techniques, such as DWI,
PET, MRS, and DSC, can be used in conjunction
with the clinical judgment of the neurosurgeon,
neuro-oncologist, and radiation oncologist

working together to make an informed estimation
of the chances that an imaging finding represents
true progression. Such decision making must
balance the morbidity of delayed diagnosis of
tumor progression with the morbidity caused by
unnecessary surgical intervention or changes in
chemotherapy for lack of progression.
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