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Abstract Discerning between primary brain tumor progres-
sion and treatment-related effect is a significant issue and a
major challenge in neuro-oncology. The difficulty in differen-
tiating tumor progression from treatment-related effects has
important implications for treatment decisions and prognosis,
as well as for clinical trial design and results. Conventional
MRI is widely used to assess disease status, but cannot reli-
ably distinguish between tumor progression and treatment-
related effects. Several advanced imaging techniques are
promising, but have yet to be prospectively validated for this
use. This review explores two treatment-related effects,
pseudoprogression and radiation necrosis, as well as the con-
cept of pseudoresponse, and highlights several advanced im-
aging modalities and the evidence supporting their use in
differentiating tumor progression from treatment-related
effect.
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Introduction

Patients with brain tumors often develop new or worsening
contrast-enhancing lesions on routine follow-up imaging,
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which may reflect tumor recurrence, treatment effect, or a
combination of both. Discerning between tumor recurrence
and treatment effect is a clinically significant issue and a major
challenge in neuro-oncology. Treatment-related effects likely
exist within a spectrum, with “pseudoprogression” reflecting
subacute and often transient injury, and “radiation necrosis”
reflecting later and more permanent damage. The difficulty in
differentiating tumor progression from treatment-related ef-
fects has implications for individual patient treatment deci-
sions and prognosis, as well as for clinical trial design and
interpretation of results. This issue has become more pro-
nounced since the incorporation of the concurrent use of
temozolomide (TMZ) chemotherapy with radiotherapy into
the standard of care for glioblastoma (GBM) [1, 2]. Although
a tissue sampling procedure is the gold standard for differen-
tiating tumor progression from treatment-related effects, it is
associated with surgical risk, significant cost, and may be
open to misinterpretation because of sampling error.
Conventional MRI is widely used to assess disease status,
but cannot reliably distinguish between tumor progression
and treatment-related effects. Several advanced non-invasive
imaging techniques are promising, but have yet to be prospec-
tively validated to discern tumor recurrence from treatment-
related effects [1], and are not incorporated into the current
response assessment criteria [3¢]. An opposing phenomenon,
“pseudoresponse,” may occur in the setting of anti-angiogenic
therapy, and mimics positive tumor response to treatment.

Management of Newly-Diagnosed Glioblastoma

The standard of care for patients with newly-diagnosed GBM
consists of safe, maximum tumor resection followed by radio-
therapy (RT) with concurrent and adjuvant TMZ chemother-
apy. This protocol was established by a relatively recent
landmark trial which demonstrated the superiority of
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chemoradiotherapy (chemoRT) compared to radiotherapy
alone, in patients with newly-diagnosed GBM [4]. Although
no strict guidelines exist [1, 5], it is common practice for
patients to undergo a “baseline” brain MRI within 48 h fol-
lowing surgery, and then a routine follow-up brain MRI scan
about 4 weeks following completion of chemoRT, just prior to
the anticipated initiation of adjuvant chemotherapy, to assess
for treatment response, and to establish a new “baseline.”
Subsequently, patients are scanned every 4 — 6 weeks to assess
tumor status.

Treatment Response Criteria

One of the more difficult tasks in neuro-oncology is the
interpretation of routine follow-up MRI scans, particularly
the initial post-chemoRT scan. Conventional MRI cannot
reliably differentiate tumor progression from treatment-
related effects [1], as both entities destabilize the blood—brain
barrier (BBB), resulting in nonspecific contrast enhancement
and/or pericavitary non-enhancing T2/fluid attenuated inver-
sion recovery (FLAIR) hyperintensity [6]. Further complicat-
ing the situation, lesions depicted on MRI often represent a
mixture of both tumor recurrence and treatment-related chang-
es. The gold standard for diagnosing glioma progression is
histopathologic confirmation of active tumor on biopsied
tissue samples [1]. However, biopsy is not always ideal, given
the risk of surgical morbidity, significant cost, and potential
for inaccurate diagnosis due to sampling error or presence of
both disease and treatment effect.

Accurate identification of progressive disease (PD) and
pseudoprogression (PsP) is crucial, as it determines important
clinical management decisions. Early discontinuation of adju-
vant (post-RT) TMZ chemotherapy due to PsP that is mistak-
en for PD may potentially negatively impact survival, as this
may result in discontinuation of therapy that is actually work-
ing [1, 14, 15]. In fact, those patients with PsP may have a
better prognosis. On the other hand, failure to recognize tumor
progression may result in the inappropriate continuation of
ineffective treatment. Further, the results of clinical trials may
be skewed if patients with PsP are erroneously enrolled in
protocols for tumor recurrence [1, 16]. As a consequence,
most clinical trials exclude patients worsening within
12 weeks of completing chemoRT [17]. For the majority of
cases of subacute imaging changes, cautious observation with
early follow-up MRI is recommended. Adjuvant TMZ is
typically continued, with consideration of a trial of dexameth-
asone if the patient is symptomatic [6]. Surgical resection can
be considered for diagnostic and/or therapeutic purposes, with
the additional caveat that early treatment-related effect symp-
toms are often transient.

The classic MacDonald response criteria define tumor pro-
gression as a greater than 25 % increase in enhancement on
T1-weighted post-contrast MRI. However, both PD and
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treatment-related effects may appear as an increase in T1
post-contrast enhancement and T2/FLAIR peritumoral/
pericavitary hyperintensity [3¢, 7, 8], and so are frequently
indistinguishable on structural MRI [9]. Therefore, post-
treatment post-contrast MRI enhancement is not a reliable
surrogate of treatment response [3¢, 10]. The intensification
of standard treatment to include chemotherapy concurrently
with RT further complicates the interpretation of MRI find-
ings, as treatment-related effects may occur more frequently
and earlier with concurrent chemoRT, versus RT alone
[11-13]. Conversely, the use of anti-angiogenic therapy, fre-
quently used in the recurrent setting, is associated with a
decrease in enhancement on T1 post-contrast MRI that does
not necessarily signify a treatment response.

The Response Assessment in Neuro-Oncology (RANO)
criteria provide updated - but not yet validated - guidelines
for assessing treatment response, and takes into account T2/
FLAIR MRI changes in the assessment of both progression
and response [14]. Additionally, in the 12-week period fol-
lowing completion of chemoRT, progression can only be
defined in the setting of new enhancement beyond the 80 %
isodose line or by unequivocal histopathologic confirmation
of active tumor.

Pseudo-Progression

Pseudo-progression (PsP) is a subacute treatment-related ef-
fect with MRI features mimicking tumor progression. PsP
typically develops within 3 months of completion of
chemoRT, and may persist up to 6 months after completion
of treatment [3+]. The presence or absence of symptoms does
not differentiate PD from PsP, although several authors report
PD to be more likely associated with symptoms than PsP [1].
For instance, Taal et al. found PD to be associated with
symptoms in 67 % of patients vs. 33 % of patients with PsP
(»=0.094) [13]. PsP is usually diagnosed retrospectively,
based on subsequent, spontaneous imaging improvement or
stabilization without intervention [9]. Advanced MRI se-
quences such as perfusion MRI and MR spectroscopy may
be helpful in differentiating treatment-related effect versus
true PD (Fig. | and Fig. 2); however, formal criteria with
these imaging techniques have not been established or vali-
dated. PsP may result from an inflammatory reaction [9], and
likely reflects transient changes in BBB permeability resulting
in edema and contrast enhancement without frank necrosis.
There is considerable variability in the incidence of PsP
reported in retrospective studies. This is due to inconsistent
definitions of PsP, the difficulty in differentiating PD from PsP
[3¢], the relatively recent widespread availability of MRI, and
the somewhat recent incorporation of TMZ into the standard-
of-care, which appears to have a radiosensitization effect [12].
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Fig. 1 Pseudoprogression. MRI of the brain obtained 4 weeks after the
completion of concurrent chemoradiation in a 56 year old male patient
with glioblastoma. a) Axial T1 post contrast image shows nodular en-
hancement along the medial border of the resection cavity in the left
temporal lobe. b) The corresponding ADC image demonstrates no

PsP has been reported in 14 — 31 % of patients with treated
malignant glioma [11, 12, 15-17]. In the largest retrospective
series to date, Young et al. noted 93 (29 %) of 321 patients to
have initial post-chemoRT MRI scans with new or increased
enhancing lesions [15]. Of these 93 patients, 67.7 % were
determined to have PD, and 32 % to have PsP.

Certain molecular markers may be associated with the
development of PsP. Brandes et al. found that 91 % (21 of
23) of patients with MGMT promoter methylated GBM and
early MRI changes had PsP [9]. Unfortunately, methylation
status seems to be unreliable in predicting PsP or PD in an
individual patient [15]. Nonetheless, PsP has been suggested
as an indicator of better prognosis, an observation that may be
explained by its association with MGMT promoter methyla-
tion, a known positive prognostic marker in GBM [1, 18] and
was independently associated with improved survival (p=
0.045) [1]. Other markers such as P53 and Ki67 show a
weaker association with PsP. Isocitrate dehydrogenase (IDH)
1 mutation is yet another potential factor [3e, 19].

Radiation Necrosis

Radiation necrosis is similar, but not synonymous with PsP
[15]. Radiation necrosis is defined as a severe, post-treatment
local tissue reaction with disruption of the BBB, with evi-
dence of edema, and necrosis (typically absent in PsP), with or
without mass effect on MRI. While PsP is a subacute effect,
classically, RT necrosis is a “late” effect, arising 3 — 12 months
after treatment, and has even been reported years later. The
clinical course of RT necrosis is quite variable, ranging from
an asymptomatic presentation to progressive focal deficits and
signs of increased intracranial pressure that in severe cases
may be fatal. Some cases may require medical management
with dexamethasone or surgery for symptom control, while

restricted diffusion. ¢) MR perfusion (DSC) shows no increased in rCBV.
d) MR spectroscopy shows a large lactate peak with marked decrease in
other metabolites. These changes typically reflect post-treatment changes,
in this case pseudoprogression, rather than true tumor progression

others may spontaneously recover [1]. In refractory cases, a
trial of bevacizumab, a monoclonal anti-vascular endothelial
growth factor (VEGF) antibody, may be helpful, and its use is
supported by class 1 data [20-23].

RT necrosis was reported to occur in 5 — 25 % of patients in
the pre-Stupp era [24]. As with PsP, these numbers may
underestimate the current incidence. Ruben et al., in the largest
series to date, described 426 glioma patients, with an inci-
dence of RT necrosis of 4.9 % [25]. The occurrence of RT
necrosis appears to be directly related to the RT field and RT
dose [11]. A threshold of 54 Gy has been suggested [26].
Other risk factors include high dose fractions (i.e., >2.5 Gy/
day), hyperfractionation (i.e., two fractions of 1 — 3 Gy/day),
interstitial brachytherapy, stereotactic radiosurgery,
reirradiation, and RT plus chemotherapy, including TMZ [11].

Pseudoprogression vs. Radiation Necrosis

There is no consensus regarding how these two entities are
related. PsP and RT necrosis may reflect loosely defined time
points along a pathologic continuum [3, 6] (Fig. 2) of radiation
damage. Differentiating the two entities by time from completion
of RT is somewhat arbitrary [1], and some authors consider them
to be discrete processes [6]. Although pseudoprogression has
been noted to progress to RT necrosis in some cases [11, 13],
there is evidence of a dichotomy between PsP and RT necrosis
[1]. This view is supported by evidence that PsP is the result of
injury to tumor, while RT necrosis is the result of injury to normal
tissue. Kruser asserts the defining difference between these enti-
ties is that PsP is clinically diagnosed retrospectively by its
transient features, while RT necrosis is histopathologically diag-
nosed and is typically permanent. Further, PsP is self-limited and
characterized by subacute enhancement [6] secondary to a com-
bination of treatment effect on residual tumor cells and transient
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Fig. 2 Tumor progression. MRI
of the brain obtained in a 62 year
old patient with temporal lobe
glioblastoma, status post-surgery,
concurrent chemoradiation, and
six cycles of adjuvant
temozolomide, reveals a new
lesion in the left thalamus. a)
T2/FLAIR image shows
hyperintensity in the left
thalamus, b) with slight
enhancement noted on
corresponding T1 post-contrast
image. ¢) There is a minimal
increase in perfusion
(permeability) as depicted by
DCE, and d) DSC demonstrates
an increase in perfusion (rCBV
>2). e and f) MR spectroscopy
reveals an increased choline-to-
creatinine ratio (Cho:Cr >2).
Together, these findings suggest
this lesion represents a high-grade
glioma such as glioblastoma

breakdown of the BBB [6]. RT necrosis, in contrast, is a later
occurrence with histologic findings of demyelination, vascular
abnormalities, and tissue necrosis [6].

Imaging Features and Modalities
Conventional (Morphological/Structural) Imaging
Structural imaging in the form of conventional MRI is the

standard imaging modality for assessing treatment response.
Although associated with high sensitivity, its use is limited in
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discerning PsP from PD, as post-treatment contrast enhance-
ment is non-specific (Fig. 1a, 2a, b).

Kumar et al. described certain conventional MRI features
that favored the diagnosis of treatment-related effects, includ-
ing conversion of a lesion from non-enhancing to enhancing
following RT, a lesion distant from the primary tumor resec-
tion site, corpus callosum, or periventricular white matter
involvement, “Swiss cheese” and “soap bubble” contrast-
enhancement patterns [27]. However, other studies have either
failed to validate these findings or reported contradictory
results. Relatively small sample sizes may explain the incon-
sistencies, as may the confounding effects of additional treat-
ment such as immunotherapy and gene therapy, which may
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also produce PsP, as well as antiangiogenic therapy, which
may produce pseudoresponse (discussed below) [28¢]. Of the
11 conventional MRI signs evaluated by Young et al [15].
only subependymal enhancement was predictive of PD (p=
0.001). Unfortunately, this sign is of low utility in the majority
of patients, given factors including low sensitivity and low
negative predictive value.

A combination of MRI features may offer more statistical
power and thus better diagnostic accuracy in discerning
treatment-related effects from PD [28¢]. Mullins et al. evalu-
ated 27 patients, and found that combining two conventional
signs, involvement of the corpus callosum and multiple en-
hancing lesions, was useful (p=0.02), as was combining three
signs, corpus callosum involvement, multiple enhancing le-
sions, and crossing of the midline (p=0.04) or subependymal
spread (p=0.01). However, they noted a lack of significance
for subependymal spread alone (p=0.26).

Advanced Imaging Techniques and Functional Imaging

There is great interest in developing better non-invasive
methods to differentiate tumor from treatment-related effects,
and several advanced imaging techniques are under investi-
gation. Although some have shown promising results, none
have been validated in prospective clinical trials.

Functional imaging provides important physiologic infor-
mation that supplements the structural information gleaned
from conventional imaging.

Diffusion Imaging

Diffusion weighted imaging (DWI) measures the degree of
Brownian water diffusion within tissue, and allows calculation
of the apparent diffusion coefficient (ADC), which represents
the magnitude of water diffusion at the cellular level [1, 28¢].
Tumor recurrence is associated with areas of high cellularity,
restricting water mobility, and therefore decreased ADC,
while RT necrosis is associated with increased water mobility
and an increase in ADC [28e, 29] (Fig. 1).

Potential limitations to the usefulness of ADC include
variation in diffusion weighting (the b-value) and the effects
of processes such as gliosis. Edema, infiltration, and prolifer-
ation may also play a role in confounding the data. There
appear to be limitations to the use of ADC when evaluating
lesions containing both tumor and necrosis. ADC histogram
analysis may provide additional information to clarify these
mixed lesions [28¢]. The sensitivity and specificity of DWI
has not yet been fully determined, although limited evidence
suggests the specificity may be less than with MRS [30].

Diffusion tensor imaging (DTI), a sophisticated version of
DWI that measures the directionality of water diffusion in the

white matter [31] and within each voxel in terms of fractional
anisotrophy (FA), may also have potential. However, although
FA may help differentiate among tumor grades, it may incon-
sistently differentiate between recurrence and necrosis [28¢].

Perfusion Imaging

In brain tumors, magnetic resonance perfusion (MRP) can
measure relative cerebral blood volume (rCBV) and evaluate
vascularity and hemodynamics [6]. MRP rCBV findings dur-
ing chemoRT may be predictive of survival in glioma [9] and
post-chemoRT MRP rCBV findings may further help differ-
entiate PD from PsP. The two most widely used methods of
MRP, dynamic susceptibility contrast (DSC) MRI, and dy-
namic contrast enhanced (DCE) MRI, are discussed below.

DSC MRI DSC MRI utilizes the T2*-weighted MRI signal
drop caused by susceptibility effect of gadolinium-based con-
trast in brain tissue; the typical hemodynamic parameter in-
clude rCBYV, relative peak height (rPH), and percentage of
signal-intensity recovery (PSR) [28¢]. Typically, a higher
rCBV value [28¢] and hyperperfusion is found in recurrence,
due to increased metabolic activity and neo-angiogenesis from
increased (VEGF) expression [32-34]. A lower rCBV value
[28+], hypoperfusion, and ischemia-related changes from oc-
clusive vasculopathy are associated with treatment-induced
necrosis and pseudoprogression [35]. A caution to interpreting
rCBV values is that rapidly growing tumor may exceed its
blood supply and result in necrosis or hypoperfusion [6]
(Fig. 1c and Fig. 2d).

There are several other limitations to consider. Values have
differed between studies and optimal thresholds must be de-
termined and validated prospectively [1] and the difficulty of
interpreting mixed findings must be addressed [36, 37].
Another issue is the leaking of contrast into interstitial fluid,
which may lead to underestimation of rCBV [38].
Ferumoxytol [39, 40], an alternative to gadolinium contrast,
may distinguish between PD and PsP and be a useful prog-
nostic tool [40]. Other limitations include cost and the avail-
ability of MRP in the community [36, 37].

DCE MRI DCE MRI is a T1-based technique that reflects the
overall perfusion, vascular permeability, and extracellular vol-
ume in tumors. There are few reports describing the applica-
tion of the vascular permeability (K-trans) parameter, which is
higher in tumor progression than treatment related changes, to
differentiating PD from PsP; however, the quantification of
hemodynamic parameters in DCE MRI is complex and prone
to error. Further, DCE MRI is associated with poor temporal
resolution and a limited area of lesion coverage [28¢].
However, there are benefits to DCE MRI over DSC MRI,
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including better spatial resolution, which may provide an
advantage for differentiating mixed lesion cases (Fig. 2d)

Magnetic Resonance Spectroscopy

Magnetic resonance spectroscopy (MRS) detects different
metabolites in tissue [1], such as N-acetylaspartate (NAA),
choline (Cho), creatinine (Cr), lipid, and lactate. MRS has
been used to grade tumors (correlating with histologic out-
comes) [28+], and may help discriminate PD from treatment-
related effects based on the ratios of NAA, Cho and Cr [11,
28e]. High-grade gliomas demonstrate elevated Cho (due to
increased cell membrane phospholipids)-to-Cr (Cho:Cr ratio
>2) and decreased NAA; this is not seen in normal white
matter or lesions related to treatment [1]. RT necrosis is
associated with elevated lipid and lactate peaks [1], decreased
NAA, and variable changes to Cho and Cr over time [6, 28¢]
(Fig. 1d and Fig. 2e, )

Early studies utilizing single-voxel technique make find-
ings difficult to interpret unless the lesion consisted of pure
tumor or pure radiation necrosis. Multi-voxel techniques may
improve sensitivity, specificity, and diagnostic accuracy [1].
Further, these multi-voxel techniques may capture abnormal
spectra beyond the area of enhancement and may help delin-
eate extent of infiltration, information which may be helpful in
planning RT. Limitations for standard clinical practice include
various technical factors making interpretation difficult, long
scan time, cost and limited insurance coverage [28¢].

Nuclear Medicine Imaging

Nuclear medicine utilizes radiopharmaceuticals — weakly ra-
dioactive compounds — to ascertain physiological properties
of tissues. The rationale for using nuclear medicine technolo-
gy to differentiate treatment-related effect from PD is that the
increased metabolism of active tumor progression will result
in higher uptake of tracer compared to uptake in treatment
necrosis [28¢]. The two types of nuclear medicine studies used
for imaging brain lesions are positron emission tomography
(PET) and single photon emission CT (SPECT), discussed
below.

Positron Emission Tomography (PET)

PET imaging allows for evaluation of regional metabolic
activity based on the degree of radiotracer uptake [28].
Initial studies of 18F-labeled fluoro-deoxy-glucose (FDG)-
PET, the most commonly used PET tracer, reported sensitivity
and specificity in the range of 80 — 100 % for the
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differentiation of treatment-related changes and PD, but did
not correlate with a histopathologic diagnosis [6]. More recent
studies, correlating FDG-PET findings with histopathology,
have been disappointing, with sensitivity and specificity as
low as 40 % and 22 %, respectively [6]. FDG-PET likely has
limited use in the brain due in part to the high glucose
utilization of normal brain that results in high background
activity [1], making interpretation difficult. Further, both
high-grade glioma and inflammatory lesions such as
treatment-related necrosis can demonstrate increased FDG-
PET activity [1].

Such limitations led to the search for novel PET tracers with
lower background brain activity [1], that may more accurately
discern PD from PsP [28e, 41, 42]. One such tracer, 11C-MET,
an amino acid tracer, may discriminate PD with better accuracy
than FDG-PET, and may reliably determine tumor infiltration
into normal tissue [43—45]. However, 11C-MET may be lim-
ited by its increased accumulation in necrotic tissue [28¢], and
by a relatively short half-life [6]. Other amino acid tracers
under investigation include O-2-18F-fluoroethyl-L-tyrosine
(18F-FET-PET), 3,4-dihydroxy-6-18F-fluoro-L-phenylalanine
(18F-FDOPA), and 3-deoxy-3-18F-fluorothymidine (18F-
FLT-PET) [6]. FLT-PET is DNA-based and appears to be a
more specific marker of proliferation [6].

Other limitations of PET include confounding processes such
as status epilepticus, which can increase glucose metabolism in
the brain, relatively low spatial resolution that limits sensitivity,
and the clinical risks of gamma radiation exposure [28¢]. The
combination of PET with CT may help to localize lesions better,
discern normal brain from tumor better, and reduce scan time,
although it does expose the patient to ionizing radiation and does
not have adequate resolution for tissue discrimination. PET/MR
is promising and is being developed [28¢].

Multi-Modality Imaging

Single functional imaging modalities may not provide the
diagnostic power necessary to differentiate between PsP and
PD. In the scenario of mixed lesions of recurrence and treat-
ment necrosis, relative abundances of tumor and necrosis may
skew data and lead to erroneous interpretations.
Multi-modality functional imaging protocols have proven
more successful in the quest to differentiate PD from PsP. One
study reported that the ability to detect brain tumors increased
from 68 % to 97 % when structural MRI was used along with
FET-PET and MRS [46]. Another study reported strong dis-
criminatory power with the use of MRS plus DWI [47]. Prat
et al. suggested MRS and MRP as the most promising com-
bination [48] for detecting recurrence, and discouraged the use
of a single modality. Matsusue implemented a multiparametric
protocol of diffusion imaging, perfusion imaging and MRS,
and reported accuracy for differentiating PsP from PD
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significantly better than any single modality [49] (Figs. 1 and
2) This approach may be potentially limited by the low avail-
ability of scanners, high operative costs, and lack of coverage
by insurance providers [28¢].

Quantitative Approaches — Morphometric/Morphological
Analysis

Radiographic images are typically interpreted through 2D
quantitative and subjective visual inspection, which may
lend to inter-observer variability and concern that granular
differences between PD and treatment-related effects will
be missed [28¢]. Quantitative MRI research can extend
from 3D-volumetric assessments to the sampling of image
intensities in different tumor regions [50, 51]. Advanced
approaches using morphologic analyses of features noted
on structural and functional imaging is largely new terri-
tory in regards to differentiating treatment-related effects
from PD, although it has been applied to noninvasive
brain tumor grading and prognostication [52-56] (and
Joshi, ABS Classification of Brain Cancer Using
Artificial Neural Network, 2010, Verma, 135* [28¢]). A
quantitative approach could address many of the limita-
tions of earlier studies attempting to distinguish treatment-
related effects and PD, and provide additional useful in-
formation [28].

Bevacizumab and Other Antiangiogenic Agents

Several antiangiogenic agents are in use or under investigation
for the treatment of GBM, a highly vascularized tumor. VEGF
has a role in endothelial cell survival, proliferation, invasion
and migration, which affect tumor progression and angiogen-
esis [57¢, 58]. Bevacizumab, the prototypical anti-angiogenic
agent, is a recombinant monoclonal antibody that prevents the
proliferation of endothelial cells and the formation of new
blood vessels by inhibiting vascular endothelial growth factor
(VEGF) [59].

Although bevacizumab is FDA-approved for the treatment
of recurrent GBM, there are several concerns associated with
its use. Bevacizumab has been shown to increase progression-
free survival, but not overall survival. Further, GBM may
respond to antiangiogenic agents with increased tumor inva-
siveness and vessel cooption, potentially resulting in a more
aggressive tumor phenotype [60—62]. Moreover, only a por-
tion of patients respond to antiangiogenic therapy, and “re-
sponse” is not clearly defined [59]. It has been suggested that
the responses seen in bevacizumab-treated patients may be
due to improvement of vessel permeability rather than to true
tumor response [20].

Bevacizumab and other anti-angiogenics add a layer of
complexity to the interpretation of MRIs, given the concept
of “pseudoresponse” [59]. Pseudoresponse is an improvement
of contrast-enhancing lesions on MRI, despite a lack of actual
tumor response. Bevacizumab may normalize tumor vascula-
ture and stabilize the BBB, rapidly decreasing TI contrast
enhancement and peritumoral edema, without necessarily de-
creasing tumor size or providing an anti-tumor effect [57¢].
With bevacizumab treatment, GBM appears more likely to
progress as non-enhancing tumor [57¢], reflected as an in-
crease in T2/FLAIR abnormality, without a concomitant in-
crease in contrast enhancement.

While the importance of T2/FLAIR changes is increasingly
recognized, the identification of other imaging techniques is
under investigation. Recent research has shown DWI MRI
and perfusion MRI CBYV to be predictive MRI biomarkers for
tumor recurrence and response to therapy in the setting of anti-
angiogenesis modulators [63]. ADC values may be helpful as
an early predictor of treatment failure by suggesting an in-
crease of non-enhancing infiltrative tumor growth. For in-
stance, decreased ADC in non-enhancing areas of the lesion
suggests progressive disease, despite a decreased volume of
contrast enhancing lesions (pseudoresponse). Hyperperfusion
volume (HPV) can predict treatment response independent of
contrast enhancement changes. FLT-PET may also be a pre-
dictive marker for recurrent tumor in patients treated with anti-
VEGF therapies [64].

Conclusion

Distinguishing post-treatment effects from PD on routine
follow-up MRI scan for patients with glioma is a key issue
and a major challenge in neuro-oncology. Clinical awareness
of this predicament is imperative, as it affects the implemen-
tation or discontinuation of treatments. Further, the possibility
of PsP mimicking PD must be considered in clinical trial
design, as the spontaneous improvement would otherwise be
interpreted at treatment response, leading to falsely positive
clinical trials. A second issue is uniformly defining PsP versus
RT necrosis. A third area of investigation is the prognostic
significance of PsP and the association with MGMT and
possibly other markers. While biopsy is the gold standard
for diagnosing PD from treatment-related effects, there is
associated surgical risk and monetary cost. Although structur-
al imaging is widely used to assess treatment response, it is
unsatisfactory in determining the diagnosis in a timely man-
ner. The presence or absence of symptoms is also not partic-
ularly helpful, as symptoms may be present in both PsP and
PD. Novel, non-invasive, advanced imaging biomarkers are
promising, but prospective evaluations are needed. Multiple
modalities are suggested to improve accuracy of predictions.
Anti-angiogenic therapies such as bevacizumab, and other
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treatment regimens such as immunotherapy and gene therapy,
may further confound MRI response evaluation as they may
result in “pseudoresponse” or PsP, respectively. Continued
research exploring imaging biomarkers is necessary to reliably
differentiate tumor progression from treatment-related
changes.
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