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Abstract Brain tumor patients undergo various combi-
nations therapies, leading to very complex and confusing
imaging appearances on follow up MR imaging and hence,
differentiating recurrent or progressing tumors from treat-
ment induced necrosis or effects has always been a chal-
lenge in neuro-oncologic imaging. This particular topic has
become more relevant these days because of the advent of
newer anti-angiogenic and anti-neoplastic chemothera-
peutic agents as well as use of salvage radiation therapy.
Various clinically available functional imaging modalities
can provide additional physiologic and metabolic infor-
mation about the tumors which could be useful in identi-
fying viable tumor from treatment induced necrosis and
hence, can guide treatment planning. In this review we will
discuss various functional neuro-imaging modalities, their
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Introduction

Treatment induced necrosis (TIN) is often an undesirable
but unavoidable effect, and to differentiate this from
recurrent or progressing tumors (RPT) on morphologic
imaging studies has always been a challenge. Recent
advances in brain tumor treatment have led to aggressive
management strategies with combinations of surgery,
chemotherapy, and radiation therapy based on the location
and the histologic type of tumor. Various forms of radiation
therapy including stereotactic radiosurgery, high-dose
external beam radiation, and brachytherapy have become
important therapeutic adjuncts. Recent use of various
cytotoxic and anti-angiogenic agents has also increased
patient survival and has added to the complexity of imag-
ing response and recurrence patterns seen in these patients.
Many of these patients undergoing adjuvant or concurrent
therapy regimens often show increase in size of the
enhancing lesion and/or edema which could be misinter-
preted as progression of the tumor, whereas in fact, some of
these changes could be attributed to ‘pseudo-progression’
[1]. This pseudo-progression could be a combination of
treatment-induced necrosis, post-ictal changes, post-oper-
ative infarcts, and increased vascular permeability due to
tapering of steroid dose as well as due to tumor growth [2].
Similarly, patients undergoing anti-angiogenic treatment
may show very quick and marked reduction in the
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enhancement of the tumor even though those changes may
not simply reflect treatment effects as non-enhancing
infiltrative tumor may continue to grow. This marked
reduction in the enhancement has been loosely referred to
as ‘pseudo-response’.

Conventional morphologic imaging features are usually
inadequate to differentiate RPT from TIN. In addition, the
problem is confounded by the fact that there is often a
mixture of viable tumor with necrosis. Hence, it becomes
particularly important to utilize many of the functional
imaging techniques available today to follow these patients
after treatment in order to characterize them correctly, as
management plans for patients with RPT might differ
significantly compared to those with TIN. Failure to rec-
ognize ‘pseudo-progression’ may result in premature dis-
continuation of effective adjuvant therapy, whereas
including patients with ‘pseudo-response’ may result in a
falsely high response rate to a therapy. The purpose of this
review is to discuss various functional imaging modalities/
techniques that can provide information about various
metabolic (MR spectroscopic imaging, PET imaging) and
physiologic (DWI, perfusion imaging) aspects of tumors
and to also discuss the limitations of each modality in
differentiating RPT from TIN.

Pathophysiology of treatment induced necrosis (TIN)

Radiation induced injury in brain is known to potentially
target two cell populations, glial cells and vascular endo-
thelial cells [3]. Additional mechanisms implicated in
radiation injury include alteration of fibrinolytic enzyme
mechanisms, and immune mechanisms that can cause
autoimmune vasculitis. Direct injury to oligodendrocytes
and vascular endothelial cells independently leads to
demyelination and necrosis. Vascular injury causes vessel
wall necrosis, vascular ectasia, and vascular telangiecta-
sias, which may result in increased permeability and vas-
ogenic edema. However, progressive vascular changes lead
to vessel wall thickening, hyalinization of vessel wall,
fibrinoid necrosis with consequent thrombosis and infarc-
tion followed by coagulative necrosis of the perivascular
parenchyma. Radiation can also have direct cytotoxic
effect upon glial cells and their progenitors. Apoptosis of
mature oligodendrocytes, the cells that produce myelin,
may be responsible for the demyelination that probably
underlies early-delayed leucoencephalopathy. Radiation
also damages O-2A progenitor cells, the precursor of both
oligodendrocytes and type II astrocytes. Such damage, in
combination with vascular damage, may cause late radia-
tion necrosis. These radiation effects are often confounded
by adjuvant or concurrent chemotherapy.
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Various cytotoxic and anti-angiogenic agents are cur-
rently used for brain tumors and can lead to necrosis
probably more quickly and dramatically than radiation
therapy alone, hence further complicating the imaging
response patterns. Anti-angiogenic agents, especially those
targeting vascular endothelial growth factor (VEGF) such
as bevacizumab and the VEGF receptor (VEGFR) includ-
ing tyrosine kinase inhibitors such as cediranib, lead to
decreased microvascular density, vascular permeability,
and most importantly, inhibiting tumor growth in the pro-
cess [4-7]. However, when VEGF-mediated angiogenesis
is blocked, glioma cells may co-opt existing cerebral vas-
culature as an alternative to angiogenesis [4]. In a murine
model, treatment with VEGF receptor antibody DC101
promoted satellite tumor formation with invasion along
cerebral blood vessels [5] and similar findings were seen in
rat gliomas [8]. Similar findings showing alteration in
recurrence patterns of high-grade gliomas treated with
bevacizumab have been suggested by some of the recent
human studies [9]. These studies have suggested more
effective suppression of enhancing tumor as compared to
non-enhancing infiltrative tumor growth and more distant
spread. Histopathological confirmation of this in human
studies has been very limited as neurosurgical procedure
providing tissue after salvage therapy with anti-angiogenic
agents is usually not indicated due to the poor patient
prognosis, complications such as bleeding, and poor wound
healing related to another surgical procedure. However,
one recent study [10] where surgical specimens were
obtained from the patients treated with bevacizumab
showed a robust up regulation of smooth muscle actin,
CD34, fascin, and D2-40, suggesting progression towards a
more primitive phenotype. Distant tumor recurrence could
be explained by tumor cell migration to areas with robust
perfusion.

Morphologic MR imaging: limitations and pitfalls

Morphologic MR imaging characteristics of RPT include
contrast enhancement, mass effect, and vasogenic edema.
However, similar features are also seen with TIN/radiation
necrosis and/or ‘pseudo-progression’ (Fig. 1). Kumar et al.
[11] characterized radiation necrosis based on morphologic
imaging features and showed that (1) conversion from no
enhancement to enhancement, (2) remote new enhance-
ment, (3) new periventricular enhancement, and (4) soap-
bubble or swiss-cheese enhancement will favor radiation
necrosis over recurrent and/or progressing tumor. Mullins
et al. [12] demonstrated corpus callosum involvement, in
conjunction with multiple enhancing lesions with or with-
out crossing of the midline and sub-ependymal spread
favor predominat glioma progression thus contradicting
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Fig. 1 37-years old female with a recurrent right fronto-parietal
GBM was treated with radiation therapy showed progression in the
contrast enhancing lesion from (a) baseline study to (b) 6 months
follow up post-radiation therapy. CT perfusion study showed reduced
(c) blood volume suggesting treatment effects or radiation necrosis
which was proven with histopathology

some of the previously described morphologic features
described by Kumar et al. [11]. Mullins et al. [12] also
stressed that combinations of enhancement patterns were
more likely than individual patterns to distinguish necrosis
from tumor progression. In our experience, we have noted
a high percentage of cases with histopathology proven
radiation necrosis showed periventricular/sub-ependymal
spread (50%) and corpus callosum involvement (27%)

Fig. 2 Histopathology proven radiation necrosis in a patient previ-
ously irradiated grade III glioma showing heterogeneously enhancing
lesion with swiss-cheese pattern and ill-defined spreading wave front
like margins involving the corpus callosum and periventricular
regions

(Fig. 2), hence, suggesting that dependence on only mor-
phologic imaging features could be misleading [13]. Sim-
ilarly, with the increasing use of anti-angiogenic agents, the
utility of only contrast enhancement as a feature of tumor
recurrence has also been questioned. Non-enhancing infil-
trative tumor recurrence or progression, which could occur
at or away from the primary tumor site in these patients,
has further unmasked the limitation of using only contrast
enhancement or conventional morphologic features as the
criteria for assessing treatment response [6, 9, 14, 15].
Because of the limitations of using only morphologic
imaging features such as RECIST (Response Evaluation
Criteria in Solid Tumors) or Macdonald criteria as a
measure of treatment response, there has also been an
international effort in neuro-oncology to improve imaging
response assessments for high-grade gliomas by adding
information about a patient’s clinical status to various
morphologic imaging features, and to especially allow the
interpretation of clinical trials involving anti-angiogenic
agents (Response assessment in neuro-oncology working
group, RANO). However, none of these criteria include
any functional imaging techniques as a treatment response
measure primarily because of lack of standardization of
image acquisition, post-processing, and image analysis.
Many of these functional imaging techniques, whether
evaluating tumor physiology (DWI and perfusion imaging)
or assessing tumor metabolism (MR spectroscopy, PET
based imaging techniques), have been used alone or in
various combinations to differentiate RPT from TIN [16—
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Fig. 3 Post treatment follow up
imaging algorithm
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20]. We propose following a flexible algorithm in post-
treatment patients, starting with conventional morphologic
imaging features using standard of care follow up MR
imaging and incorporating some of these functional
imaging tools as needed (Fig. 3).

Dynamic contrast enhanced imaging: perfusion imaging
techniques

Dynamic contrast-enhanced imaging techniques using MRI
or CT have been used to obtain measures of tumor vascular
physiology and hemodynamics. Many of the perfusion
parameters have been correlated with tumor grade,
aggressiveness, and prognosis [21-24]. Regional tumor
blood volume measurements reflect an assessment of tumor
vasculature and perfusion, and have been correlated with
glioma grading as well as prognosis. Hypoxia or hypo-
glycemia, occurring in rapidly growing tumors, increases
the expression of vascular endothelial growth factor
(VEGF) which is not only a potent angiogenic factor, but
also a potent permeability factor [7, 25]. VEGF leads to the
development of neoangiogenic vessels which are imma-
ture, tortuous [26], and also have increased permeability to
macromolecules. These abnormal tumor vessels and their
hemodynamic parameters can be used as potential markers
to detect RPT in previously treated patients.
Neo-angiogenesis and high density of tumor vessels
usually shows as regions of hyper perfusion and increased
blood volume. Chronic radiation injury causes vascular
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endothelial damage and progressive vascular changes like
vessel wall thickening caused by hyalinization with con-
sequent thrombosis, infarction, and coagulative necrosis
[27]. Radiation necrosis thus primarily consists of ischemic
changes caused by occlusive vasculopathy, leading to
infarction and regions of hypoperfusion showing reduced
blood volume. However, tumor vasculature and perfusion
also depends on a number of other variables and is usually
very heterogeneous. In a rapidly growing, high grade
tumor, tumor vasculature can be severely compromised due
to the rapid growth of the tumor cells, necrosis, and
increased permeability of the vessels causing interstitial
edema, which can also cause compression of the smaller
vessels leading to areas of hypoperfusion. MR perfusion
has particularly been used for evaluation of hemodynamic
characteristics of brain tumors [28], and has also been used
for differentiating recurrent tumor from radiation necrosis
successfully [29]. In one study, the authors concluded that
rCBV (relative cerebral blood volume) ratio >2.6 suggest
tumor recurrence and a ratio <0.6 may suggest non-neo-
plastic contrast enhancing lesion. However, they also
suggested that when the ratio is between 0.6 and 2.6, *°'TI
SPECT might be useful in differentiation of recurrent
tumor from radiation necrosis [30].

Disadvantages of MR perfusion include limited avail-
ability and more complex quantification of various perfu-
sion parameters because of a nonlinear relationship
between tissue signal intensity and contrast agent concen-
tration as well as difficulty in assessing an arterial input
function as compared to perfusion CT. Perfusion CT is
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Fig. 4 50 years old male previously treated with SRS (stereotactic
radiosurgery) for cerebral metastasis from lung cancer. Post contrast
T1-weighted axial images showing a recurrent heterogenously
enhancing lesion in the left temporo-occipital region. Perfusion CT

more readily available and has been recently employed for
assessment of brain tumors [24, 27], as well as differenti-
ating radiation necrosis from recurrent tumors with very
good success [31], and probably also has the advantage of
having very robust data (Figs. Ic, 4). Use of an arterial
input and a venous output function helps to generate
quantitative perfusion parametric maps. Jain et al. reported
a cutoff point of 1.65 for nCBV (normalized CBV) with a
sensitivity of 83.3% and specificity of 100% to diagnose
recurrent tumor from radiation necrosis using perfusion CT
[31]. However, radiation exposure and use of an iodinated
contrast agent limit the utility of perfusion CT in brain
tumor assessment where as MR perfusion can be obtained
as an additional sequence to standard of care contrast
enhanced MRI done for these patients.

Perfusion assessment of post-treatment patients is usu-
ally complicated by the fact that many of these patients
have a mixture of tumor recurrence and radiation necrosis.
Recurrent tumors may not always consist of only tumor
cells but probably also contain tumor necrosis as well as
hypovascular areas caused by radiation-induced occlusive
vasculopathy, thus reducing CBV in mixed tumor necrosis
as compared to predominant high-grade tumors. Depending
upon how much necrosis and tumor cell density a lesion
has, perfusion parameters such as CBV can show lower
values. Similarly, within irradiated brain tissue, in addition
to occlusive vasculopathy, a variety of other vascular
phenomena are noted, such as aneurysmal formation, tel-
angiectasia, vascular elongation, and a remarkable prolif-
eration of endothelial cells, especially in the capillary bed
[32] which can even increase CBV in radiation necrosis
and therefore inducing some overlap of the perfusion
parameters. Perfusion imaging could also have a limited
role, especially in patients who are on anti-angiogenic
agents and show ‘pseudo-response’ because of the ‘vas-
cular normalization’ effect of these agents [16, 33], even
though infiltrative tumor might continue to grow. In such a
scenario, other physiologic measures not completely based

blood volume map showing decreased blood volume consistent with a
diagnosis of radiation necrosis. Six months follow up post contrast
T1-weighted axial images (extreme right) showing resolution of the
enhancing lesion without any anti-neoplastic treatment

on tumor perfusion such as DWI [9], metabolic measures
such as MR spectroscopy, or PET imaging might be more
helpful in differentiating TIN from RPT.

Tumor vessel permeability estimates, another important
aspect of tumor physiology that has not been explored
much particularly to differentiate RPT from TIN, can also
be assessed using MR or CT perfusion techniques.
Kamiryo et al. [34] have also demonstrated that blood-
brain-barrier architecture of capillaries within previously
irradiated brain tissue remains intact despite a decrease in
the mean capillary density as well as increased capillary
diameter, thus suggesting that permeability measurements
may also help differentiate radiation necrosis from recur-
rent tumors. Barajas et al. [29] recently demonstrated sig-
nificantly lower percentage signal intensity recovery in
radiation necrosis as compared to recurrent metastatic
intra-axial tumors using DSC T2* MR perfusion, however,
also noting major limitation of susceptibility artifacts
resulting in image degradation making DSC measurements
difficult to obtain. DCE T1-weighted MR perfusion tech-
niques which are not affected by susceptibility artifacts can
help obtain a better estimation of vascular leakiness and
can show lower K., measurements in TIN as compared to
RPT (Fig. 5).

Proton magnetic resonance spectroscopy (‘H-MRS)

Proton magnetic resonance spectroscopic imaging has been
particularly promising given the heterogeneity of these
lesions. Data can be obtained using single-voxel or multi-
voxel techniques with either 2D or 3D CSI (chemical shift
imaging) sequences. Comparing multi-voxel MRS with
single-voxel MRS and FDG-PET, Chong et al. [35]
showed a sensitivity and specificity of 100% for multi-
voxel MRS as compared to 50% sensitivity for both single-
voxel MRS and FDG-PET. However, there are technical
challenges and despite having good success in multiple
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Fig. 5 a Post-contrast T1-weighted axial image in a patient with left
frontal recurrent enhancing lesion showing (b) higher vascular
leakiness on DCE TI1-MR perfusion Ki.,,s maps suggesting recur-
rent/progressive tumor. ¢ Another patient with recurrent enhancing
lesion in right frontoparietal region showed (d) lower permeability on
DCE TI-MR perfusion K., maps suggesting radiation necrosis
which was confirmed with stereotactic biopsy and histopathology
from the enhancing part

studies [36-38], MRS has also shown some limitations,
particularly due to its limited spatial resolution. Recently,
improvements in spatial resolution and chemical specificity
available at 3 Tesla have increased the ability of MRS to
differentiate recurrent tumor from radiation effects [39].
Spectral patterns in radiation necrosis have been shown
to have decreased NAA and variable changes in Cho and
Cr [17, 35, 38-42]. Increases in Cho have been observed in
normal appearing contralateral white matter within the first
few months after radiation [43, 44], while significant
decreases in Cho relative to pretreatment levels have been
observed in later stages of radiation necrosis [38]. In
addition, radiation necrosis may also show a broad peak
corresponding to cellular debris containing fatty acids,
lactate (Lac), and amino acids [45]. Weybright et al. [36]
reported a cutoff value of >1.8 for either Cho/NAA or Cho/
Cr for diagnosis of tumor recurrence, but there were cases
classified as tumor recurrence that did not have a voxel
with Cho/NAA or Cho/Cr >1.8. In these patients the NAA/
Cr ratios were elevated compared to the group with Cho/
NAA >1.8, consistent with partial volume contamination
of non tumor tissue in the measured voxels. Smith et al.
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[37] suggested a prediction model for probability of
recurrent tumors using Cho/NAA ratio with sensitivity of
85% and specificity of <70%. Many of these studies have
the major drawback of having limited correlation with
histopathology. Rock et al. [38] compared MRS measures
directly with histopathology of image guided biopsy
specimens where the biopsy and MRS voxel locations were
registered to the same coordinate system. Their results
suggested that metabolite ratios allow reliable differentia-
tion between pure tumor and pure necrosis, but the spectral
patterns were less definitive when tissues composed of
varying degree of mixed tumor and necrosis. These authors
demonstrated a sevenfold-increased odds of being pure
tumor compared with pure necrosis with a Cho/Cr ratio of
>1.79 or lipid (lip) and lactate/Cho ratio of <0.75 in all
histopathology proven image-guided specimens. These
three studies demonstrate the limitations of current meth-
odology. Where MRS samples pure tissue it can reliably
differentiate recurrent tumor from radiation necrosis, for
example, with Cho/Cr or Cho/NAA >1.79, but where there
are heterogeneities below the current spatial resolution
limits, ~1 cc, admixtures of normal brain, recurrent
tumor, and/or radiation necrosis cannot be reliably char-
acterized. Despite this limitation, MRS can provide valu-
able information in the assessment of recurrent tumor
(Fig. 6) versus radiation necrosis (Fig. 7), particularly in
conjunction with other imaging and clinical data. The
timing of MRS measurements relative to treatment must be
taken into consideration, given potential increase in Cho/Cr
in apparently normal brain tissue in the short term (Fig. 8).
Longer scan times required to obtain reproducible data is
another hindrance to the widespread use of MRS. However,
parallel imaging strategies may allow an increase in spatial
resolution in conjunction with decreases in examination
time and should increase the utility of MRS for this
application.

Diffusion weighted and diffusion tensor imaging

Diffusion weighted imaging (DWI) is sensitive to micro-
scopic displacement of water molecules which is impeded
by the presence of structures on the cellular scale. DWI has
been used in the assessment of tumor cellularity and
treatment response [46—52]. A more complex and complete
form of diffusion imaging, diffusion tensor imaging (DTI)
has, for example, been able to demonstrate white matter
tract altered by tumor [53], information that can be valu-
able in pre-surgical planning, differentiating high-grade
gliomas, and to evaluate the extent of cellular infiltration
[19, 54]. In DTI, the directionality of water is probed by
application of diffusion-sensitization gradients in multiple
directions [55]. Studies using more sophisticated methods
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Fig. 6 Postcontrast Reference (19, 18)

T1-weighted MR image (inser)

showing a recurrent enhancing 0.0218
lesion in a patient with

previously treated high grade 0.0174
glioma. MR spectroscopy from

the lesion (blue) showing 0.0131
increased Cho (arrow) with

decrease in the NAA suggestive 0.0087
of recurrent tumor. Spectrum

from the contralateral normal 0.0044
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normal levels of the metabolites 143e-05

(red). Corresponding metabolite
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Fig. 7 Bottom right, T1-weighted post contrast image showing the
location of recurrent enhancing lesion (1) and normal-appearing white
matter (2) used for reference. Top right, spectrum from the voxel
corresponding to the biopsy (1) showing reduced levels of Cho, Cr
and NAA and a Lac/Lip peak (arrow) suggestive of radiation
necrosis. Spectrum from the normal appearing white matter (2)

showing normal levels of Cho, Cr and NAA and absence of Lac/Lip.
The corresponding metabolite maps are also shown (extreme left)
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for evaluation of tumors, such as analysis of the role of the
different eigenvectors, have demonstrated that the value of
the major eigenvector of the diffusion reflecting the dif-
fusivity in the longitudinal direction was significantly
lower in white matter surrounding glioma than in white
matter surrounding metastases even when the anisotropy
showed no difference [56].

There is some disagreement in the literature regarding
which lesion type, recurrent tumor or radiation necrosis,
has higher ADC values [18, 57-61]. In a previous study
evaluating new contrast enhancing lesions in patients pre-
viously treated for brain neoplasm, the authors utilized
quantitative values of ADC, FA, and the Eigen values and
ratios derived from the diffusion tensor in the white matter
tracks in and surrounding the lesion [57]. That study found
significantly higher ADC values in the contrast-enhancing
lesion in patients with recurrent tumor compared to those

(b)
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Fig. 8 a Postcontrast T1-weighted MR image (inset) showing a
recurrent enhancing lesion in a patient with previously treated high
grade glioma. MR spectroscopy from the enhancing lesion (red)
showing increased Cho/Cr with decrease in the NAA suggestive of
recurrent tumor. Spectrum from the contralateral normal appearing
white matter showing normal levels of the metabolites (blue).
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b However, perfusion CT blood volume map showed reduced blood
volume in the lesion suggesting predominant treatment effects.
Histopathology revealed pure radiation necrosis with no viable tumor
cells confirming that Cho/Cr ratio was probably increased due to
active demyelination rather than due to tumor
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values seen in patients with radiation injury. They also
found both A (prinicipal eigenvalue parallel to the pre-
dominant orientation of axonal fibers, axial diffusivity) and
Ay values (mean of second and third eigenvalues perpen-
dicular to axonal fibers, radial diffusivity) to be signifi-
cantly higher in the contrast enhancing lesion in patients
with recurrent tumor compared to those with radiation
injury. In contradiction to these findings a previous study
found both ADC and ADC ratios to be significantly lower
in the recurrent group compared to non-recurrent group
[18]. Similar findings with the maximal ADC values being
significantly smaller for recurrent tumor than for radiation
necrosis was also seen in recent study by Asao [62]. The
addition of ADC values to the metabolic ratios NAA/Cho
and NAA/normal Cr seems to have added value as it
increases the odds of correct differentiation between pure
tumor and pure radiation necrosis [38].

The relationship between the FA value and different
histological types and grade of astrocytic tumors has pre-
viously been reported [19, 63], and also changes in FA
values due to radiation induced effect on normal white
matter in patients with cerebral gliomas [64], but few
reports on use of FA values to differentiate recurrent
tumors from radiation injury exists. In a recent case report
of three cases of new enhancement after radiotherapy lower
FA values was found in the enhancing portion of the lesion
in the case of radiation necrosis than the values found in the
two cases of recurrent tumor [65]. Sundgren et al. [57] did
not find any differences in the FA values between recurrent
tumors and radiation necrosis when evaluating the contrast
enhancing portions of 28 lesions, however they found the
FA ratio to be significantly higher in normal appearing
white matter adjacent to the peri-lesional edema in patients
diagnosed with radiation necrosis compared to those found
in patients with recurrent tumor.

PET based techniques

Assessment of the metabolic state of the recurrent
enhancing lesion has been done to differentiate RPT from
radiation necrosis using FDG-PET, ""C_methionine PET,
other amino acid analogue tracers, and 20171 SPECT with
mixed success [66—68]. Use of PET is based on the fact that
RPT will show increased metabolism due to active tumor
cells whereas TIN will show low metabolism and tracer
uptake (Fig. 9). Such observations were first reported by
Patronas et al. [69] in 1982. However, very high and var-
iable FDG uptake by normal cortex makes it difficult to
distinguish tumors from adjacent normal gray matter,
especially when no significant edema surrounds the lesion.
In addition, low-grade gliomas usually appear as hypo-
metabolic when compared with normal cortex [70],
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limiting the potential of FDG-PET for detecting such
progressing lesions. Various non-neoplastic diseases that
also display increased glucose metabolism are potential
sources of false-positive results. For instance, brain
abscesses can show increased FDG uptake [20]. Radiation
injury can activate repair mechanisms or lead to inflam-
matory activity, which can increase glucose metabolism
and result in false positive results. Limited availability and
low spatial resolution are some of the other limitations of
PET and SPECT scanning. FDG-PET showed a sensitivity
of 75% and specificity of 81% to diagnose recurrent tumor
[66] whereas another study comparing 2°'TI SPECT with
FDG-PET showed a higher sensitivity of 92% with *°'TI
SPECT as compared to 62% with FGD-PET [67].

Amino acid and amino acid analog PET tracers are
currently being used in brain tumor imaging. Amino acid
imaging is based on the observation that amino acid
transport is generally increased in malignant transforma-
tion. ''C-methionine PET has been widely used for glioma
grading, differentiation of neoplastic from non-neoplastic
lesions and radiation necrosis from tumor recurrence
(Fig. 10) [20, 71]. One study showed 100% sensitivity,
60% specificity, and 82% overall accuracy in the detection
of tumor recurrence with ''C-methionine PET [71]. To a
large extent, the intensity of ''C-methionine uptake is
related to the grade of the tumor but the uptake by the
normal cortex is low, and most low-grade tumors are easily
detected.

Recently, several reports have been published that show
the potential clinical utility of a new compound in brain
tumor imaging 18F-FLT-PET (3_-deoxy-3_-[18F]fluorot-
hymidine) [72, 73] 18F-FLT is not taken up in normal brain
cells due to essentially no proliferative activity and an
intact blood brain barrier. This gives it a distinct advantage
compared with FDG, as it will only be concentrated in a
proliferating tumor and thus allows for improved differ-
entiation of necrosis from recurrence and differentiation of
low- and high-grade brain tumors. Another agent in this
group that has been used with success is '°F 3,4-dihydroxy-
6-18F-fluoro-L-phenylalanine (‘*F-FDOPA) [74], however
limited availability is a major limitation.

Usually new or recurrent enhancing lesions on MR
imaging that show increased FDG uptake, equal to or
greater than that in normal cortex, are likely to represent
tumor recurrence. Sensitivity is an issue with FDG PET,
especially with low-grade gliomas. However with less
false-positive results, specificity is usually high in routine
clinical practice. A combination of FDG with a radiola-
beled amino acid analogue like ''C-methionine or newer
compounds can provide a comprehensive characterization
of suspected brain tumor recurrence. Co-registration with
MR imaging will surely improve the diagnostic perfor-
mance of FDG-PET because it helps delineate the
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Fig. 9 Post-contrast
T1-weighted MR images
showing a recurrent enhancing
lesion in a patient with
previously treated tumor. FDG-
PET scan done shows reduced
tracer uptake (arrow) suggestive
of hypometabolism and
histopathology revealed
radiation necrosis

Fig. 10 ''C-methionine PET
study done in a patient with
recurrent contrast enhancing
lesion (inset), shows increased
tracer uptake consistent with a
diagnosis of recurrent tumor
(arrows)

suspicious area and any increased uptake in the suspicious
or enhancing abnormality on MRI can be considered as
RPT.

Utility of functional imaging for monitoring treatment
response and for targeting treatment and/or biopsy

One of the major hurdles in using any of these functional
imaging techniques as a follow up tool to quantify treat-
ment response is lack of standardization of image acqui-
sition and post-processing for most of the techniques.
Many of these measures can vary depending upon the
scanner type and strength used (particularly true for ADC
and eigenvalues) [75], type and strength of the tracer/
contrast agent and bolus used apart from change in
patient’s hemodynamics on follow up visits. Many of these
factors significantly limit absolute quantification of these
physiologic and metabolic measures. This has been com-
pensated to some degree by using relative values obtained
by dividing absolute values from the lesion with absolute
values obtained from the normal appearing white or gray
matter. Because of these, there is also lack of development
of standard values for many of these functional parameters

and hence, these measures cannot be implemented across
multiple centers. However, recently dynamic contrast
enhanced MR imaging has been used to estimate vascular
permeability in recurrent glioblastomas treated with ced-
iranib to assess treatment response [76]. Water diffusivity
measurements have also been used to assess treatment
response and tumor growth patterns in the recent past [9,
77-79]. Most of the discussed functional imaging tech-
niques can potentially be useful for targeting foci of tumor
in a heterogeneous mixture of tumor and necrosis for
biopsy and radiation planning. Foci of tumor which appear
as ‘hot spots’ i.e. usually show high metabolism or perfu-
sion, due to active, mitotic tumor cells in a heterogeneous
mixed tumor necrosis lesion may be targeted to increase
the yield of a surgical biopsy procedure. Similarly, targeted
radiation therapy with a boost to the ‘hot spots’ potentially
can increase the effectiveness while limiting neurotoxicity
in the future (Fig. 11).

Conclusions

In conclusion, even though many of these non-invasive
functional imaging techniques can help evaluate post-
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Fig. 11 59 year old male,
previously treated for a
malignant glioma with
chemotherapy and radiation,
developed radiation necrosis
proven with histopathology and
remained stable for 4 years. a
Follow up imaging showed
recurrent enhancing lesion
(arrowheads) in the previously
stable heterogeneously
enhancing radiation necrosis
(arrows). DCE T1-MR
perfusion parametric maps
showed increased (b, ¢) blood
volume and (d, e) Ki.,s in the
recurrent enhancing lesions
(arrowheads) as ‘hot spots’
suggesting recurrent tumor, with
in relatively low blood volume
and K., stable radiation
necrosis region (arrows). These
‘hot spots” were used for the
planning of fractionated re-
irradiation. f Radiation therapy
isodose lines showing higher
dose delivered to the hot spots
with relative sparing of the
previously stable radiation
necrosis region
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treatment patients following various combination therapies,
there is lack of standardization as far as image acquisition
and post-processing is concerned across multiple centers.
Another major limitation with most of these techniques is
limited resolution which is further complicated by the fact
that most of the patients after treatment have mixture of
RPT and TIN in varying degrees, therefore making in vivo
quantitative assessments extremely difficult. Despite these
limitations, there is a greater need to develop and use some
of these functional imaging biomarkers as with the advent
of newer chemotherapeutic agents and use of combination
therapies, recurrence patterns and adverse treatment effects
seen on conventional imaging have become too complex.
Functional imaging modalities can also be used for treat-
ment guidance once RPT and TIN could be differentiated
in vivo in a mixture of heterogeneous appearance seen on
morphologic imaging.
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