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Introduction

Imaging plays an integral role in the management of brain
tumors, including tumor diagnosis and classification, treat-
ment planning, and post-treatment surveillance. Conventional
magnetic resonance imaging (MRI) with gadolinium-based
contrast agents on current high field clinical MR systems
provides excellent anatomic and morphologic imaging of
brain tumors. Anatomic MRI can determine the location of
intracranial masses, presence of edema, mass effect, calcifi-
cation, cyst formation, hemorrhage, vascularization, and
contrast enhancement. Extra-axial and intra-axial brain
tumors can also be discriminated quite accurately by ana-
tomic imaging. However, the assessment of tumor type,
grade, and extension, and differentiation of tumors from
tumor-like conditions can be limited, potentially affecting
therapeutic decision-making [1, 2].

Histopathological diagnosis, whether from stereotactic
biopsy of masses or surgical resection, remains the reference
standard for diagnosis and grading of brain tumors, in con-
junction with newer genetic and molecular markers.
However, there may be certain limitations. First, if the tissue
is obtained by biopsy or incomplete resection, it only pro-
vides information about a portion of the neoplasm and not
necessarily the entirety of the mass, resulting in potential
sampling errors that may lead to inaccurate results, particu-
larly in heterogenous tumors. Additionally, certain lesions
cannot be treated surgically and may have a high risk for
biopsy. Finally, there is significant variability even among
experienced neuropathologists in the diagnosis of certain
brain tumors [2].
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There are several advanced MRI techniques that have been
used in the past two decades to assess various features of brain
tumors. These include diffusion-weighted imaging (DWI),
diffusion tensor imaging (DTI), perfusion imaging, and func-
tional MRI (fMRI). These techniques have become more
widespread secondary to emergence of higher magnetic field
MR scanners, improved gradient systems, and greater avail-
ability of these acquisition and analysis methods. Integration
of diagnostic information from various advanced MRI tech-
niques can provide more reliable characterization of intra-
axial brain masses, which are utilized in various aspects of
brain management including tumor classification and grading,
treatment planning, assessing response to treatment, and post-
treatment surveillance [1, 3, 4].

In this chapter, first we will briefly review the applications
of select advanced MRI techniques (diffusion-weighted
imaging, MR spectroscopy, MR perfusion imaging) in brain
tumor diagnosis. We will then present a multiparametric
algorithmic approach for diagnosis of intra-axial brain
masses, and finally conclude this chapter by discussing cur-
rent challenges.

Magnetic Resonance Spectroscopy

Proton magnetic resonance spectroscopy (MRS) is a method
that assays a number of chemically distinct proton species
present in each voxel by detecting and capitalizing on slight
differences in the chemical shift of different metabolites, and
generates spectra reflecting their relative quantity in a sam-
pled voxel of tissue. These differences in frequency are dis-
played on the x-axis of each spectrum in units of parts per
million (ppm) of a standard reference compound, rather than
in hertz, in order to make comparisons of different spectra
taken in different magnetic fields feasible. The y-axis of the
graph is often scaled relative to the highest peak, as direct
quantification of metabolites is difficult in the clinical set-
ting. MRS technique is adapted to record signals from
metabolites present in tissues at much lower concentrations
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compared to water, which provides the bulk of the signal in
conventional MRI. Therefore, MRS depends on relatively
small differences in signal-to-noise ratio and that is why high
magnetic field systems have greatly improved MRS in recent
years. Different acquisition methods can be used in proton
MRS. Using long echo times (TE), the human brain clinical
MRS spectrum is dominated by four major metabolites: (1)
choline (3.2 ppm), (2) creatine (3.0 ppm), (3) N-acetyl aspar-
tate (2 ppm), and (4) lactate (1.3 ppm). Short TE MRS
enables us to define further metabolites with short T2 relax-
ation times such as myoinositol, lipids, amino acids, and
macromolecules, some of which can be important in brain
tumor imaging, as will be discussed later [5]. MRS has been
used extensively to understand chemical pathology of brain
tumors and surrounding tissues. Details of MR spectroscopy
techniques are covered in other parts of this book. In this sec-
tion, we briefly review different application of MRS in brain
tumor imaging.

Metabolic Markers for Intra-axial Brain Tumors

Although numerous peaks are observed in an MRS spec-
trum, the most commonly useful peaks in evaluation of intra-
axial brain tumors are choline (Cho), creatine (Cr),
N-acetyl-aspartate (NAA), lactate and lipid (Lac, Lip), and
myoinositol (ml) peaks [6]. The choline peak (3.2 ppm) is
the sum of several compounds that are active in phospholipid
metabolism (phosphatidylcholine, phosphoethanolamine,
glycerophosphocholine, and glycerolphosphoethanolamine)
[7]. Tt is generally considered a marker of membrane turn-
over (breakdown and proliferation) and is often increased in
brain tumors. The total creatine (tCr) peak (3.02 ppm), which
is composed of creatine and phosphocreatine, is a marker of
metabolic activity. Traditionally, it has been considered a ref-
erence standard for relative quantification of other peaks
based on the assumption that it is rather constant in a given
tissue; however, studies of absolute tCr have partly chal-
lenged this old concept both in normal and tumoral tissues
[8, 9]. Studies have shown decreased tCr in a subset of high-
grade gliomas and elevation of tCrin low-grade gliomas and
gliomatosis cerebri [8, 10, 11]. The N-acetyl aspartate (NAA)
peak (2 ppm) is generally considered to be a neuronal marker.
It is found to be decreased in most brain tumors [11]. Due to
difficulties in separation of lactate (Lac, 1.31 ppm), and lipid
(Lip, 1.33 ppm) peaks, especially at short TE, they are often
reported as a combined Lactate + Lipid peak. Separation of
lactate is possible by using intermediate or long TE values,
which results in J-coupling of the 1.3 ppm lactate peak with
its partner at 4.1 ppm resulting in an inverted peak. Presence
of lactate has traditionally been considered to be an indicator
of alteration in glucose metabolism, with increased glycoly-
sis in poorly oxygenated portions of brain tumors. It is most

often seen in high-grade gliomas and metastases; although it
is also seen in some cases of grade II gliomas [11]. Elevation
of lipid (Lip) peaks (0.9 ppm and 1.3 ppm) are also a feature
of high-grade glioma and metastasis, but is often not seen in
low-grade tumors [8, 11]. Lipids are generally better defined
at short TE due to their short T2 relaxation time. Myo-
inositol (mlI) peak (3.56 ppm) is generally considered a glial
marker. Due to rapid transverse relaxation, it is only observed
on short TE spectroscopy. Different investigators have shown
high ml in low-grade gliomas and decrease in ml as glioma
grade increases [10, 12].

More recently, mutations in the genes isocitrate dehydro-
genase 1 and 2 (IDH1 and IDH2) have been shown in large
percentages of grade II and grade III gliomas and secondary
glioblastomas [13, 14]. These are key enzymes in cellular
metabolism, epigenetic regulation, DNA repair, and redox
states. These mutations cause abnormally high levels of
D-2-hydroxyglutarate (2HG) in tumor tissue and are associ-
ated with improved responses to tumors. Relevant inhibitors
are also being investigated as targets for brain tumor treat-
ments. This increased level may be detected in vivo by more
advanced spectral-edited magnetic spectroscopy, and be
used for characterization of glial neoplasms. A recent meta-
analysis demonstrated excellent sensitivity and specificity of
2HG MRS for prediction of IDH mutant gliomas [15].

Differential Diagnosis, Preoperative Tumor
Grading, and Biopsy Guidance

The role of MRS in differential diagnosis of intra-axial brain
masses largely depends on comparison with conventional
and other advanced imaging features, as MRS is rarely spe-
cific enough to support a net diagnosis by itself. One of these
roles is assisting in differentiation of brain abscesses from
rim-enhancing brain tumors and tumor cysts, which report-
edly can be made by the detection of amino acid (0.9 ppm),
alanine (1.5 ppm), acetate (1.9 ppm), and succinate (2.4 ppm)
peaks in abscesses [16]. In contrast, the presence of elevated
choline in the cystic component of a rim-enhancing mass is
more in favor of a tumoral cyst [17]. Some infracts can also
mimic tumors in some stages of their evolution. MRS may
support the diagnosis of ischemia, by showing elevated lac-
tate peak in the context of absence or decrease of other
metabolites [18], but the diagnosis becomes more challeng-
ing if choline elevation is encountered due to rapid cell mem-
brane breakdown, making this application of MRS less
useful clinically [17, 19, 20]. Differentiation of active demy-
elination from brain tumor can be very difficult as both can
show contrast enhancement and choline can be elevated in
both, due to active membrane destruction/turnover in the for-
mer and active membrane proliferation in the latter. NAA
can also be depressed in both entities, due to neuronal injury
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in both entities and neoplastic tumor cell in the case of
tumors [17-20]. Therefore, other advanced imaging methods
such as perfusion imaging can be more helpful in differentia-
tion of some forms of active demyelination from brain
tumors [4]. MRS has also been used for differentiation
between low-grade gliomas and focal cortical developmental
malformations by showing more increase of Cho and
decrease of NAA in low-grade gliomas than in focal cortical
developmental malformations, though elevated choline may
not be detected in a minority of low-grade gliomas [21, 22].

Some studies have been performed to investigate the
added diagnostic value of MRS, compared to conventional
imaging alone in evaluation of brain masses. In one large
study, Moller-Hartmann et al. investigated 176 consecutive
patients with different brain masses and concluded that addi-
tion of MRS significantly increased the proportion of cor-
rectly diagnosed cases from 55% to 71% [23]. In addition,
there were no cases where a correct diagnosis on MRI was
mistakenly discarded due to the MRS findings. In another
study, Ando et al. reported that the addition of MRS informa-
tion to contrast-enhanced MRI findings increased diagnostic
sensitivity without altering specificity [24].

During the past decades, there has been an effort to find
specific MRS tumor markers for different brain neoplasms.
By and large, these studies have revealed a gross correlation
between Cho/NAA and Cho/Cr peak height ratios and gli-
oma grade [21, 25, 26]. Similarly, the presence of elevated
lipid/lactate suggests the presence of a high-grade tumor
[25]. The generally encountered limitation for using MRS in
preoperative tumor grading has been significant overlap
between high- and low-grade tumors [27], therefore different
threshold values have been proposed to improve the accu-
racy of MRS in tumor grading [1]. Kim et al. showed that
both short and intermediate TEs are useful in differentiating
high-grade from low-grade gliomas. In this study, the main
difference between the spectra with different TEs was that, at
short TE, Cho/Cr and Cho/NAA ratios were significantly
lower compared to the intermediate TE spectra. This is due
to the T2 relaxation time of choline, which is longer than
those of Cr and NAA [28]. Although use of short TE MRS
can give information about metabolites that are not evident
on intermediate and long TE, it has been shown that at short
TE, a significant percentage of low-grade tumors may show
lack of choline elevation and near-normal Cho/Cr ratios,
causing diagnostic confusion in some patients [29]. A few
studies have compared the ability of MRS in tumor grading
with other advanced imaging techniques and suggested that
MR perfusion imaging is more accurate than MRS in tumor
grading [1, 30]. The same concepts related to tumor grading
can be utilized in biopsy guidance and MRS has been shown
to increase the accuracy of stereotactic biopsies by targeting
areas with high Cho/NAA ratios in a heterogeneous glial
neoplasm [31, 32]. Targeting biopsy to regions with highest

lipid content has also been suggested to be helpful in improv-
ing the diagnostic yield of biopsy [33]. In a similar fashion,
MRS has also been used to guide stereotactic radiosurgery to
areas with higher Cho/NAA ratios [34, 35].

Another area of MRS research in the field of brain tumor
imaging is differentiation between high-grade gliomas and
single metastases. Some studies have focused on comparison
of the spectra from the enhancing parts of the tumors with
emphasis on different lipid ratios [36, 37], while other stud-
ies have evaluated the peritumoral regions [38, 39]. In the
literature, the “peritumoral region” often refers to the areas
surrounding the enhancing portions of tumor (peri-
enhancement region). Overall, it seems that evaluation of the
peritumoral region is more helpful in differentiation of high-
grade gliomas from solitary metastases by showing increased
choline or choline ratios in high-grade tumors, but not in
metastasis [38—40]. It is thought that the peritumoral region
in primary high-grade gliomas contains infiltrating neoplas-
tic cells, hence altering the choline ratios, whereas the peri-
tumoral region in a typical metastasis is mostly edema
without substantial tumor cell infiltration, and therefore has
a more normal appearing MRS spectrum. In one study, the
peritumoral region demonstrated the most significant differ-
ences in metabolite ratios [41]. The Cho/Cr ratio in glioblas-
tomas was significantly higher than that in metastases.
Additionally, elevated Cho/Cr levels were also noted in lym-
phomas compared to metastases, and lymphoma showed
higher lipids+lactate/Cr levels compared with glioblastomas
and metastases.

Determination of the extent of brain tumors has also been
studied using MR spectroscopy. Generally, tumor extent has
been investigated based on Cho/NAA ratios in the peritu-
moral region. For more accurate measurements, an index
known as Choline-NAA index (CNI) has been proposed,
where CNI is the number of standard deviations between the
Cho-to-NAA ratio within a given voxel and that of the con-
trol voxels [42]. One of these studies correlated MRS data
with histopathologic findings of stereotactic biopsy and
showed that a CNI of greater than 2.5 has a high sensitivity
and specificity for predicting the presence of tumor in the
biopsy sample [43]. Using the Cho-NAA index concept,
studies have shown that three-dimensional (3D) MRS can
significantly alter radiation therapy target volumes [44, 45].
With more widespread availability of advanced combined
neuronavigation technology and intraoperative MRI, MRS
may potentially have a stronger therapeutic impact in the
future by better defining the true extent of brain tumors dur-
ing surgery [46].

Use of MRS in order to predict progression in low-grade
brain tumors has been addressed in a few studies with con-
flicting results. Some of these studies have reported that
increased choline signal and decreased Cho/NAA ratio may
be used to detect early dedifferentiation of low-grade glial
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tumors [47-49]. However, others did not find MRS to be use-
ful for this purpose [50]. In terms of prognostic value of
MRS, a study in low-grade gliomas revealed that elevated
tCr was associated with worse outcome compared to those
with normal or reduced tCr [51]. Another study of glioblas-
tomas demonstrated that patients with a high volume of ele-
vated CNI have a less favorable prognosis [52]. Finally, a
relatively recent concept has been to measure whole-brain
NAA in order to assess global burden of a brain tumor. The
idea behind this concept is that high-grade gliomas are infil-
trative, but their visible degree of infiltration by current con-
ventional and advanced techniques is an underestimation of
actual burden. One study has shown a decrease in whole-
brain NAA in patients with high-grade glioma, with this
decrease being approximately 30% more than expected by
the visible tumor burden [53]. The actual clinical signifi-
cance of this measurement, particularly with respect to prog-
nosis prediction, remains to be fully determined.

Therapeutic Monitoring

Evaluation of tumor response to radiotherapy and chemo-
therapy with conventional imaging may take a long time to
be reliably detected. Another very important limitation of
anatomical imaging is in the evaluation of treatment response
in low-grade gliomas, which are typically slow growing and
non-enhancing. Application of physiologic imaging tech-
niques such as MRS may potentially be helpful in distin-
guishing  true tumor recurrence/progression  from
treatment-related changes. Several studies have evaluated
the role of MRS to assess treatment response. Decreased
choline levels and concomitant increase in Lip+Lac has been
found as a marker of response to radiotherapy in some stud-
ies [54-56]. Similar changes have also been described as
early markers of treatment following chemotherapy in high-
grade gliomas [57, 58]. Serial spectroscopic monitoring of
treatment response to chemotherapy has also been evaluated
in low-grade gliomas and a decreased choline level has been
reported, suggesting a potential role for MRS in these types
of tumors [59].

One of the other limitations of conventional imaging in
brain tumors is distinction between radiation necrosis and
recurrence following treatment. Several studies have reported
that MRS can be useful to differentiate these two entities by
showing increased Chol/Cr or Cho/NAA ratio over time in
recurrent tumor, and have therefore concluded that serial
MRS may differentiate these two entities with reasonable
accuracy [24, 60-63]. However, in real clinical settings there
are at least two problems. The first problem is that radiation

necrosis and recurrent tumor often coexist together in the
same region, with different proportions. The other problem,
which is inherent to all serial MRS studies, is that spatial
variation in metabolite sampling within an individual tumor
can be much greater than the change in these peaks over time
if there are slight differences in voxel placement between
two scans or patient motion. Similarly, any change in acqui-
sition technique can make the assessment of longitudinal
change unreliable. Therefore, it is very likely that these
parameters cannot be as optimally controlled in actual clini-
cal settings compared to research studies with a small num-
ber of selected patients where each MRS study was closely
controlled by a highly trained spectroscopist or
neuroradiologist.

Diffusion Imaging

Diffusion-weighted imaging (DWI) is a technique that is
sensitive to Brownian motion of tissue water. Although DWI
has emerged as a technique for early detection of acute cere-
bral ischemia, it has been increasingly used in other disor-
ders of the central nervous system (CNS). DWI has been
used extensively in different aspects of brain tumor imaging
including diagnosis, treatment planning, and therapeutic
monitoring. Detailed technical aspects of DWI are beyond
the scope of this chapter and will be covered in other chap-
ters; however, in summary, diffusion sequences are made by
adding an additional pair of gradient pulses to render an MR
signal, which is sensitive to the mobility of water molecules.
Any molecular movement between first and second pulses
results in incomplete rephrasing of the signal, which can lead
to signal loss. In addition to diffusion rate of water mole-
cules, DWI signal intensity also includes a T2-weighted
component. Therefore, true reduced diffusion is estimated
and measured by comparing diffusion-weighted (trace)
images, with the same image acquisitions without diffusion
weighting (b-zero) on a voxel by voxel basis, which results
in generation of an “apparent diffusion coefficient” (ADC)
or diffusivity map. Use of higher numbers of diffusion gradi-
ent directions, multiple diffusion strengths (B levels), and
non-Gaussian assessment of diffusion has also led to addi-
tional diffusion-derived techniques such as diffusion tensor
imaging, high angular resolution diffusion imaging
(HARDI), diffusion kurtosis imaging (DKI), and others.
These techniques allow additional diffusion-derived param-
eters to be assessed such as fractional anisotropy, axial dif-
fusivity, radial diffusivity, track density, and various indices
of kurtosis. Many of these parameters have not yet found
their way into routine clinical practice at this time.
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Differential Diagnosis, Preoperative Tumor
Grading, and Biopsy Guidance

DWTI in conjunction with conventional MRI has been proved
to be useful in differential diagnosis of intra-axial brain
lesions. Quantitative ADC maps have been useful in trying to
differentiate tumors from abscesses, demyelinating plaques,
and radiation-induced necrosis [64—67]. The viscous and cel-
lular pus in abscesses produce a low ADC that in many cases
can distinguish these lesions from facilitated diffusion in
necrotic tumor. Low ADC has also been noted as a typical
feature of radiation necrosis, while demyelinating plaques
typically have normal or facilitated diffusion, although some
may have more peripheral areas of restricted diffusion [68].
Another useful application of DWI in brain tumor imaging is
assessment of cellularity. A low ADC in an intra-axial neo-
plasm can often be seen in lymphoma or metastasis second-
ary to relative increased cellularity and decreased tissue
water. This finding has been noted to be helpful in differenti-
ating these lesions from many gliomas, which show gener-
ally higher ADC values, but it should be mentioned that
decreased diffusivity can be detected in cellular high-grade
gliomas as well [69, 70]. A few reports have been published
in which a direct comparison of ADC values with the Ki-67
index was performed, and most found a significant inverse
correlation between ADC values and Ki-67 [71, 72].
Another area of potential application of DWT has been in
preoperative grading of gliomas. Several studies have found
an inverse correlation between areas of minimum ADC
(ADC,,;,) within the tumor and glioma grade, and different
cutoff values have been proposed [73], but significant over-
lap between high and low grade exists in most of these stud-
ies [25, 74]. A study claimed that using a combination of
minimum ADC and ADC difference values (which is the dif-
ference between minimum and maximum ADC) facilitates
the preoperative grading of astrocytic tumors [75]. Despite
these efforts, multiparametric studies showed that using
ADC alone is less useful than combined studies with MR
spectroscopy and MR perfusion in grading of gliomas [30].
Other studies have shown that histogram analysis of ADC
values is useful in distinguishing low-grade astrocytomas
and oligodendrogliomas [76], and another study in oligoden-
drogliomas found a relationship between the 1p/19q codele-
tion genotype and ADC values [77]. There has been recent
interest in use of high b-value DWI in preoperative grading
of glioma. DWI with a high b value (generally in the range of
30004000 s/mm? rather than the more typical 1000 s/mm?)
allows the characteristics of water diffusion to be studied in
more detail [78]. The rationale for using these techniques is
that diffusing water molecules can be divided into two pools,
one of which diffuses at a faster rate than the other. Alvarez-
Linera et al. investigated 54 patients with gliomas and com-
pared ADC with b values of 1000 and 3000 s/mm?. They

observed that most of the patients with high- and low-grade
gliomas showed areas of increased signal intensity on images
obtained with a b value of 1000 s/mm?”. However, with a b
value of 3000 s/mm?, the areas of increased signal intensity
were seen in most patients with high-grade gliomas, while
most of the low-grade gliomas showed no area of increased
signal intensity [79]. Another study by Seo et al. also con-
cluded that DWI at b = 3000 s/mm? is more useful than DWI
at b = 1000 s/mm? in terms of discriminating high-grade and
low-grade gliomas at 3 T [80]. The exact role of high b-value
DWTI in grading of gliomas remains to be determined in pro-
spective studies, especially in comparison with MR spectros-
copy and MR perfusion imaging.

Another observation that has been encountered in high-
grade gliomas is variability in ADC,;,, even in tumors of the
same grade and histology [81, 82]. Although part of this may
be explained by presence of necrosis and hemorrhage, which
is very common in these types of tumors, it may also be
indicative of heterogeneity of cellularity among tumors of
the same grade and it seems to be a confounding factor in
preoperative prediction of histological grade. Reports have
also suggested that ADC,;, may be useful in prediction of
radiation responsiveness in high-grade gliomas [82]. In cases
of highly heterogeneous tumor, attention to the ADC map
before biopsy and sampling the area of minimum ADC has
been shown to improve the diagnostic yield of biopsy, and
better correlation with histology [83]. In one study, an inverse
correlation was found between relative ADC and various his-
topathologic features of aggressiveness [84]. Newer tech-
niques such as diffusion tensor imaging (DTI) and diffusion
kurtosis imaging (DKI) have also been applied in the grading
of brain tumors, mostly in a research setting. One meta-
analysis showed that high-grade gliomas had decreased aver-
age mean diffusivity values compared with low-grade
gliomas in the tumor core and increased average mean dif-
fusivity values in the peripheral region [85]. High-grade gli-
omas had increased FA values compared with low-grade
gliomas in the tumor core, decreased values in the peripheral
region, and a decreased fractional anisotropy difference
between the tumor core and peripheral region. A meta-anal-
ysis of ten studies reported that DKI metrics had an accuracy
a sensitivity of 0.85 and specificity of 0.92 for distinguishing
low-grade and high-grade gliomas [86].

Application of DWI for delineation of tumor margins has
been addressed in some studies. Generally, these studies
have not correlated the location of DWI abnormality with
histopathology, and instead they compared DWI parameters
of peritumoral edema in high-grade tumors with other
tumors, based on the presumption that high-grade glioma
cells infiltrate surrounding brain, but other tumors (metasta-
ses, meningioma) do not. Some of these studies have shown
higher ADC values in the peritumoral edema for metastases
compared to high-grade gliomas [38, 87]. On the other hand,
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some studies have concluded that DWI cannot reliably dif-
ferentiate edema with infiltration of tumor cells from pure
vasogenic edema [88, 89]. There is only one study that
directly correlated ADC in specific locations with histopath-
ologic examination findings of neuroimaging-navigated
biopsy specimens, and it showed considerable overlap
between the ADC of tumor and peritumoral tissues, failing to
provide important additional diagnostic information [90]. A
meta-analysis of nine studies with DTI concluded that high-
grade gliomas may be distinguished from brain metastases
by comparing the peritumoral FA and MD values but not by
intralesional DTT metrics [91]. Diffusion imaging using high
b values may potentially be able to better differentiate tumor
tissue from peritumoral edema by demonstrating specific dif-
fusion abnormalities in the evaluation of edema surrounding
a mass. However, this remains speculative and requires fur-
ther studies with histopathologic correlation.

Therapeutic Monitoring and Prognostication

Currently, the imaging standard by which response to treat-
ment is determined is change in enhancing tumor size in
sequential MRI examinations [92]. However, these changes
in tumor size may take many months to become apparent.
There has been a research trend to use DWI to measure the
response of brain tumors after therapy. The rationale for
using DWTI is that treatment of a tumor with cytotoxic agents
may result in significant cell death, which in turn will reduce
the total cellularity and this can be detected as a change in
ADC values. Results of a few studies have revealed that
serial measurements of ADC at early time points following
treatment may be able to assess dynamic response to treat-
ment, and differentiate responsive from non-responsive
tumors [93, 94]. Low ADC after chemoradiation therapy has
been shown to be a poor prognostic marker [95]. Diffusion
imaging has also shown to be useful as a predictor of response
in patients with brain metastases treated by stereotactic
radiosurgery [96].

A few studies have evaluated the role of DWI in differen-
tiation of radiation necrosis from recurrent tumor and have
demonstrated restricted diffusion in some patients with radi-
ation necrosis [65, 67]. One study that combined DWI and
MR spectroscopy revealed that DWI does not provide addi-
tional information to MR spectroscopy in differentiation of
radiation necrosis and recurrent tumor [97]. Al Sayyari A
et al. [98] in a retrospective study of 17 patients revealed that
susceptibility-weighted MRI-guided apparent diffusion
coefficient analysis is helpful in differentiation of recurrent
tumor from radiation injury. Determination of the actual
added value of DWI in the diagnosis of this entity warrants
further studies.

The final issue is the role of DWI in predicting patient
prognosis. Two prospective studies have shown that preopera-
tive ADC measurements in high-grade gliomas can predict
patient prognosis [72, 99]. Another study has shown that ADC
measurements within contrast enhancing regions of primary
central nervous system lymphoma tumors is predictive of the
patients’ clinical outcome, both in terms of progression-free
and overall survival [100]. Ellingson et al. reported application
of diffusion analysis in a patient with gliomatosis cerebri,
which correlated well with progressive decline in neurological
status despite no change in traditional magnetic resonance
images [101]. A study of 34 patients with low-grade glioma
revealed that the ADC parameters were not a useful predictor
of malignant transformation [102]. In phase II clinical trials of
antiangiogenic agents for recurrent glioblastoma, baseline
ADC was found to be a marker for overall survival in these
patients [103]. One recent study did not find added prognostic
value of diffusion kurtosis imaging measures in patients with
glioblastoma [104]. Utility of more recent advanced diffusion
techniques needs to be validated in larger studies.

Perfusion Magnetic Resonance Imaging

In the brain MRI literature, perfusion MRI refers to an all-
encompassing term of various methods to measure hemody-
namically derived functional parameters. Perfusion MRI can
be done without contrast injection by tagging intravascular
protons using various MR labeling schemes (arterial spin
labeling) or can be performed via two general approaches
using dynamic gadolinium-based contrast injection. The first
approach is termed dynamic contrast-enhanced (DCE) MRI
and is based on relaxivity measurements using a steady-state
T1-weighted sequence during gadolinium contrast adminis-
tration over a period of several minutes. The second approach
is termed dynamic susceptibility contrast (DSC) MRI and is
based on susceptibility effects using T2- or more commonly
T2*-weighted images acquired over approximately 1-3 min,
during which a high concentration bolus of gadolinium che-
late rapidly passes through the brain. DSC perfusion imaging
is the most commonly studied and clinically used technique
in assessment of brain masses and will be discussed in this
section. This method was initially described approximately
three decades ago and is based on the principle that the signal
change that occurs during passage of a high concentration
bolus of gadolinium contrast in the vessels causes a differ-
ence in susceptibility between the contrast-containing ves-
sels and brain tissue, and that this signal change can be
converted to a relaxation rate change proportional to the frac-
tion of blood volume within each voxel [105, 106]. These
relative blood volume measurements are used to construct a
relative cerebral blood volume (rCBV) map [107].
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There are multiple technical considerations in the use of
DSC imaging in the assessment of brain tumors. Accuracy of
rCBV maps can vary substantially depending on the acquisi-
tion and postprocessing methods [108]. First is the choice of
imaging sequence. In order to increase temporal resolution
during dynamic contrast administration, currently most cen-
ters use an echo planar imaging (EPI)-based method.
Different investigators have used spin echo EPI, gradient
echo EPI, or a combination of both [109—-111]. It is impor-
tant to take into consideration the type of acquisition in
applying research results for characterization of brain
tumors, as the results and thresholds may vary [112]. Spin
echo methods are sensitive to smaller vessels and capillaries,
whereas gradient echo methods are sensitive to both small
and large vessel perfusion [109, 112]. Using spin echo
sequences may be helpful near the skull base or at bone or air
interfaces, as they are less susceptible to artifacts. Most cen-
ters currently use gradient echo sequences for performing
clinical DSC perfusion MRI in the assessment of brain
tumors. This technique is very sensitive to structures that
cause magnetic field inhomogeneity such as blood, calcium,
bone, metals, or near air interfaces such as at the skull base.
Reducing slice thickness and parallel imaging can be used to
decrease these effects, but if larger coverage is needed, the
interslice gap could be increased [113].

Another issue in the use of DSC perfusion imaging in
tumor assessment is contrast leakage within brain tumors,
which can lead to underestimation and inaccuracy of rCBV
measurements, and potentially affect clinical interpretation.
One way to solve this problem is to use correction algorithms
to compensate and correct for leakiness in these tumors. It
has been shown that corrected rCBV maps correlated with
glioma tumor grade while uncorrected maps did not [114].
Another approach is to employ a dual-echo gradient echo
acquisition [108], but this is not widely used. Finally one
solution is to administer a small preload dose of contrast
prior to performing the DSC perfusion MRI bolus injection
to allow for leakage [108]. This preload injection can serve a
dual purpose and be used for performing DCE imaging in the
same MRI session as well.

Simultaneous GRE and SE DSC acquisition allows the
potential calculation of vessel size index from the ratio of
GRE to SE relaxivity without additional scan time and also
obviate the need for preload injection; however, these tech-
niques are not yet standardized [110, 115, 116].

In addition to the established processing techniques,
described in previous section, there are additional techniques
that can be used to process DSC data. Independent compo-
nent analysis (ICA) is a technique that applies a data-driven,
multivariate approach to categorize voxel time series and it
has been mainly used to analyze functional MRI (fMRI) data
by examining voxels exhibiting the same temporal response
patterns [117]. LaViolette et al. used ICA to classify voxels

with perfusion characteristics of both arteries and veins in
patients with de novo GBM and patients with recurrent high-
grade glioma before and after bevacizumab treatment. They
demonstrated that arterio-venous overlap (AVOL) volume
was significantly greater than the percentage of AVOL in
nontumor vasculature. They also demonstrated that patients
with decrease in AVOL after treatment showed an increase in
overall survival, while rCBV and enhancing volume mea-
sures did not significantly differ across groups [118].

Another utilized technique is principal component analy-
sis (PCA) which is a standard dimensionality reduction
method [119]. In this type of analysis, the first principal
component captures the highest amount of variance, with
each succeeding components have the highest variance.
Recently, Akbari et al. used PCA to analyze the peritumoral
region in patients with glioblastoma using different aspects
of DSC MRI time series such as baseline signal, depth and
slope of signal decrease, signal recovery, and percentage of
signal recovery. Their study demonstrated that PCA shows
near-perfect accuracy in separating highly infiltrated tissues
from regions that were unlikely to be infiltrated with tumor.
They also created a heterogeneity map that predicted subse-
quent recurrence [119].

DCE perfusion MRI can be analyzed using two general
approaches. The first and simpler approach is model-free
analysis of the area under the time—signal intensity curve
(AUC) during a given time. The advantage of this technique
is that it is easier to perform without the need for complex
postprocessing models. The second way to analyze DCE
data is to use a pharmacokinetic model to quantify different
metrics. The most commonly used model is the modified
Tofts model. Each voxel in the Tofts model can contain three
components: tissue parenchymal cells, blood vessels, and the
tissue extracellular extravascular space (EES). The main
parameters calculated by this model are Ktrans which is a
measure of microvascular permeability, total plasma space
volume (Vp), total extravascular-extracellular space volume
(Ve), and Kep which is the reflux rate of gadolinium from the
EES back into plasma [120].

The baseline T1 value would be needed to obtain
concentration-time curve pharmacokinetic parameters in
DCE imaging [121]. There are generally two approaches for
establishing the T1 value. An estimate of baseline T1 value
can be derived by using different techniques such as multiple
flip angles or inversion recovery techniques [122, 123]. The
downside of this approach is that estimation of the baseline
T1 would be sensitive to noise from multiple factors such as
scale factor miscalibration and motion [121, 124]. Another
approach would be to use a fixed baseline T1 value based on
available literature. The latter approach can generate more
consistent results and can save several minutes of scanner
time over the first method. The downside of using a fixed T1
value is that since it is not physiologic to the patient, some of
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the calculated Ve values may be more than 100%, which is
not possible [125]. A recent study published by Nam et al.
demonstrated that Ktrans calculated from the fixed T1 acted
as a preferable marker to differentiate true progression from
pseudoprogression in patients with glioblastoma [123].
Another study by Tietze et al. demonstrated that although a
fixed T1 introduced a bias into the DCE calculation, it did
not have a major effect on the accuracy for differentiating
high-grade from low-grade gliomas [121].

Arterial spin labeling (ASL) is an increasingly used imag-
ing technique for measuring perfusion by using water mole-
cules in blood vessels without the need for exogenous
contrast material. This technique provides a potential advan-
tage over DSC and DCE perfusion techniques given the
increasing concern with gadolinium deposition in the brain.
There are multiple different approaches for ASL image
acquisition, but in general baseline control images are
acquired through the area of interest followed by reimaging
the area of interest after tagging the blood within the vessels
in a slab of tissue proximally which would typically be the
upper neck in brain ASL. Final images will be generated by
subtracting the tagged from the control images in order to
tease out the exchange rate of tagged water molecules with
the static tissue as a representation of blood flow [126, 127].
Most current clinical scanners have an ASL sequence avail-
able as a commercial sequence option and PASL (Pulsed
Arterial Spin Labeling) and pCASL (pseudo-Continuous
Arterial Spin Labeling) are considered the most commonly
used sequences. CASL (Continuous Arterial Spin Labeling),
which was the first developed ASL sequence, is now consid-
ered obsolete given the difficult implementation and signifi-
cant tissue energy deposition [126, 127].

Role of Perfusion Imaging in Preoperative
Tumor Grading and Biopsy Guidance

Dynamic susceptibility contrast (DSC) perfusion MRI has
been extensively studied in brain tumors [1, 128-131].
Several studies have demonstrated that CBV measurements
have clinical value in grading of cerebral gliomas. Typically,
the CBV value derived from DSC is not fully quantitative
and often calculated as a ratio to the contralateral normal
appearing white matter, providing relative CBV (tCBV) val-
ues. Maximum rCBV values of low-grade gliomas has been
reported between 1.11 and 2.14, whereas maximum rCBV of
high-grade gliomas were between 3.54 and 7.32 [1, 113,
128, 132, 133]. In one study, using an rCBV threshold of 1.5
provided a 100% sensitivity for detecting high-grade glio-
mas. In a larger study, using the rCBV threshold of 1.75 pro-
vided a sensitivity of 95% and specificity of 57.5% in
differentiation of high-grade and low-grade gliomas. Some

low-grade gliomas can have high CBV and therefore con-
found this accuracy, particularly oligodendrogliomas which
will be discussed later in the chapter [134—136]. Perfusion
MRI has also been used in distinguishing high-grade glio-
mas from lymphomas, which could have a similar appear-
ance on conventional MRI, demonstrating that lymphomas
have lower mean rCBV values. Nevertheless, in that study
the presence of a very leaky blood brain barrier may have
contributed to lower-than-expected rCBV measurements
[137]. Perfusion imaging has also been used to differentiate
high-grade gliomas from solitary metastases [38, 39]. The
peritumoral rCBV is shown to be higher in primary high-
grade gliomas than in metastases, due to the infiltrative
nature of high-grade gliomas beyond the enhancing margin.

DCE imaging has also been studies for glioma grading.
Jia et al. showed that Ktrans and Ve were significantly lower
in low-grade gliomas compared to high-grade gliomas, with
cutoff values of 0.035 min~! and 0.13, respectively [138].
Jung et al. demonstrated that histogram analysis of Ktrans,
Ve, and Vp obtained from the entire-tumor volume data were
useful for grading gliomas; however, the 98th percentile
Ktrans was the only variable to independently differentiate
high- and low-grade gliomas [125]. In addition, Mills et al.
demonstrated that high values of Ktrans were associated
with the presence of frank necrosis and high values of Ve
were associated with a fibrillary histologic pattern and with
increased mitotic activity [139].

A number of studies have demonstrated that ASL imaging
can have utility in adult glioma grading [140, 141] and also
can predict histopathologic vascular density [141]. In a
recent study comparing DSC and ASL imaging, Arisawa
et al. demonstrated a strong correlations in the 75th percen-
tile, mean, median, and standard deviation values between
the ASL and DSC images; however, the area under the curve
values was greater for the DSC images comparing ASL
images indicating superiority of DSC imaging in glioma
grading [142]. A recent meta-analysis of ASL in differentiat-
ing low- and high-grade glioma reported a sensitivity of
085-0.88 and specificity of 0.80 and 0.83, depending on the
type of ASL technique [143].

Perfusion MRI has also been used in guiding stereotactic
biopsy and radiosurgery in glioma patients. Traditionally,
T1-weighted postcontrast MR sequences have been used to
direct stereotactic biopsy targeting of enhancing masses, and
fluid-attenuated inversion recovery (FLAIR) or T2-weighted
sequences for non-enhancing masses. The rationale for using
perfusion data is based on the utility in defining the most
hypervascular region of the tumor [113, 144]. The region of
highest vascularity and presumably highest malignancy does
not necessarily correspond to the areas of contrast enhance-
ment (contrast leakage) or there may be varying degrees of
perfusion within the contrast enhancing portions of the tumor.
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Therapeutic Monitoring and Prognostication

It is thought that at least half of low-grade astrocytomas will
eventually dedifferentiate into high-grade tumors over the
years. It has been shown that DSC MR may show increases
in rCBV up to 12 months before the development of contrast
enhancement in low-grade gliomas, potentially contributing
to prediction of malignant transformation [145]. Law and
colleagues have also retrospectively compared the value of
rCBV measurements in predicting patient outcome in low-
and high-grade gliomas [146]. They demonstrated that
rCBV was an independent predictor of time to progression
and clinical outcome. Using an rCBV threshold of 1.75
(compared to contralateral white matter) they were able to
predict median time to progression in patients with gliomas,
regardless of whether the tumor was low grade or high grade
on pathology. Choi et al. demonstrated that higher Ktrans
and Ve are associated with worse prognosis in patients with
glioblastoma [147]. In a study of 24 patients with glioma
using ASL imaging, Furtner et al. demonstrated that using
maximum tumor blood flow cutoff value of 182 mL/100 g/
min, patients with low-perfused gliomas had significantly
longer event-free survival compared to patients with high-
perfused gliomas independent of the WHO glioma grade
[148]. A recent study comparing DSC vs ASL in 69 subjects
with WHO Grade 3-4 gliomas demonstrated that tCBV
measurements derived from DSC imaging provide the best
sensitivity and specificity to predict tumor recurrence and
survival time [149].

DSC perfusion imaging has been used in multiple studies
as a predictive response marker of different treatment agents,
most commonly antiangiogenic agents [150—152]. Baseline
rCBV has been shown to correlate with overall survival in
patients with high grade glioma receiving bevacizumab treat-
ment [150, 152]. Another study in patients with recurrent
GBM demonstrated that baseline tCBV stratified progression-
free survival and overall survival in bevacizumab-treated
patients. This study showed that a rCBV above the cutoff
value of 3.92 was associated with halving of the median sur-
vival in comparison to rCBV below the cutoff, suggesting
that rCBV may be a predictive biomarker in GBM patients in
the setting of bevacizumab treatment [151].

DSC perfusion imaging has also been used as an early
response biomarker in patients with high grade glioma in the
setting of chemoradiation and antiangiogenic treatment. In a
study of 36 patients with GBM who were treated with radia-
tion and temozolomide, the percentage change in rCBV at
1 month after chemoradiation correlated with overall sur-
vival. Furthermore, increased rCBV after treatment was a
strong predictor of poor survival. The study also showed a
greater area under the ROC curves for 1-year survival
assessed by rCBV than by tumor size [153]. Galban et al.

used parametric response mapping (PRM) which is a voxel-
wise approach for image analysis. They used rCBV and
rCBF maps before treatment and after 1 and 3 weeks of ther-
apy in 44 patients with high grade glioma and showed that
the percentage change of rCBV or rCBF based on standard
ROI placement did not predict survival, whereas the regional
response evaluations made on the basis of PRM were highly
predictive of survival [154]. The results of this study were
corroborated in a subsequent study that compared three dif-
ferent methodologies including percentage change of whole
tumor statistics (i.e., mean, median, and percentiles), the
physiological tumor segmentation (low rCBYV, medium
rCBY, or high rCBV), and PRM in 44 patients with high
grade glioma that were imaged pre-therapy and 1 and
3 weeks after initiation of chemoradiation. They demon-
strated that PRM was the only analytical approach found to
generate a response metric significantly predictive of patient
1-year survival [155].

A multi-center study of DSC perfusion MRI in patients
with recurrent GBM receiving bevacizumab combined with
irinotecan or temozolomide demonstrated that patients sur-
viving at least 1 year had significantly larger decreases in
rCBV at week 2 and 16 of treatment and patients with
increased rCBV from baseline had significantly shorter OS
than those with decreased rCBV at both week 2 and week 16
[156]. In a recent meta-analysis, Choi et al. evaluated the
value of DSc and DCE perfusion MRI as a predictive/prog-
nostic biomarker in patients with recurrent glioma treated
with a bevacizumab-based regimen. Based on analysis of 13
studies, they demonstrated that the pooled hazard ratios
between responders and non-responders as determined by
rCBV were 0.46 for progression-free survival based on anal-
ysis of 226 patients and 0.47 for overall survival based on
analysis of 247 patients. This indicates that rCBV is helpful
for predicting disease progression and also eventual outcome
after treatment [157]. They also demonstrated that most per-
fusion and permeability MRI parameters (rCBV, Ktrans,
CBVmax, Vp, Ve, and Kep) demonstrated a consistent
decrease on the follow-up MRI after treatment [157].

Intra-axial Brain Mass Diagnostic Strategy

Traditionally, the first step in the characterization of intracra-
nial masses is determination of whether the mass is intra-
axial or extra-axial. Extra-axial masses may arise from bone,
cartilage, meninges, vasculature, cranial nerves, or be meta-
static. Conventional high-resolution MRI is often accurate in
distinguishing intra-axial from extra-axial masses. While
conventional MRI is useful for the characterization of intra-
axial brain masses, there are significant areas of diagnostic
overlap and limitations for the accurate classification of
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brain neoplasms and masses. Use of diagnostic information
from advanced MRI techniques has potential to further
improve the classification accuracy of conventional anatomic
imaging [3, 4].

Imaging experts and researchers in the field of brain
tumor imaging have been utilizing added information from
advanced MRI for a long time. However, in the clinical
arena, integration of all the various advanced MRI tech-
niques (diffusion-weighted imaging, perfusion-weighted
imaging, MR spectroscopy) into a relatively well-defined
and easy-to-follow diagnostic strategy or algorithm would be
desirable for the physician interpreting the imaging of brain
masses. An example of such diagnostic algorithmic approach,
from the authors’ own institution, in combining conventional
and advanced MRI for characterization of intra-axial brain
masses in adults is shown in Fig. 12.1 [3, 4]. It is important
to recognize that any such diagnostic strategy or algorithm
be considered in conjunction with the conventional MRI fea-
tures and appearances of brain masses, the patients’ clinical

context, and the information from other imaging modalities
such as computed tomography and nuclear medicine.
Additionally, it is important to realize that any such algo-
rithm is imperfect and will have diagnostic pitfalls and
exceptions, and the advanced imaging data that feeds into
this algorithm may have technical and postprocessing
nuances that should be understood and duly considered for
optimal interpretation and management. In particular, param-
eter cutoff numerical values should not be viewed as defini-
tive perfect delimiters given some degree of inherent
variability in determining these types of thresholds.

In order to better understand and utilize algorithmic
approaches to advanced imaging in brain masses, we will
first briefly summarize the typical advanced MRI features of
various intra-axial brain masses [3, 4, 83, 158-160]. Again
note that the following descriptions are the typical findings
in each category and are present in the majority of cases, but
there will always be exceptions to the typical imaging fea-
tures and presentations of these lesions.

Adult Intra-axial
Brain Masses

!

Conventional Contrast MRI
Does the lesion enhance with Gd?

/No
Magnetic Resonance Spectroscopy
Is Cho/NAA elevated (e.g., over 2.2)?

Yes\

Diffusion MRI
Is diffusion faciliated (e.g., over 1.1)?

/ No Yes\ /Yes No \
I\fe%wlg;argir MR Perfusion MR Perfusion <Yes— Is there is necrosis/rim
P . Is perfusion increased (e.g., rCBV>1.75)?| |Is perfusion increased (e.g., rCBV>1.75)? es enhancement?

Encephalitis
No Yes\ /Yes No No
Low Grade High Grade Abscess
Lymph:
Neoplasm Tumefactive Demyelinating Lesion ymphoma

\

Magnetic Resonance Spectroscopy
Is there peri-enhancement infiltration (e.g., Cho/NAA over 1)?

Yes
High Grade Glioma

Fig. 12.1 An example of a diagnostic algorithm to assist in classifica-
tion of unknown intra-axial brain masses. This algorithm combines
conventional MRI features (enhancement) with advanced MRI features

No

of brain masses (diffusion, perfusion, spectroscopy). (Adapted from [3,
4]. Please note that the thresholds noted in these algorithms are infor-
mative and not definitive)
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High-Grade Gliomas

High-grade gliomas typically enhance with contrast, mostly
in a heterogeneous fashion, and may have nonenhancing
areas of necrosis. Diffusion imaging findings are variable
and often the ADC is heterogeneous within these masses, but
highly cellular tumors (for example some solid portions of
glioblastomas) may have reduced diffusion. On MR spec-
troscopy, there is typically elevated choline (sometimes
markedly), decreased NAA, and increased lipid+lactate lev-
els (especially in glioblastoma). There is no perfect spectro-
scopic cutoff value to differentiate high-grade and low-grade
gliomas, but a choline/NAA cutoff ratio of 2.2 has been sug-
gested to separate high-grade versus low-grade glioma and
non-neoplastic conditions [3]. On DWI, the signal character-
istics of high-grade tumors is dependent on tumor cellularity
[69]. Since different tumors may have different cellularity or
even different parts of the same tumor may have various
degrees of cellularity, the ADC values are variable.
Glioblastomas often have hypercellular regions and are

therefore more likely to have areas of reduced diffusion [69,
161]. MR perfusion imaging typically demonstrates elevated
blood volume (often greater than 1.75 compared to contralat-
eral white matter) [1]. An example of advanced imaging fea-
tures a high-grade glioma is shown in Fig. 12.2. There is
considerable variability in the appearance of glioblastoma as
defined more recently using molecular and genetic criteria.

Low-Grade Gliomas

Low grade diffuse fibrillary astrocytomas typically do not
enhance with contrast material. Other low-grade primary
neoplasms such as pilocytic astrocytomas, mixed neuronal
glial cell tumors, and low-grade oligodendrogliomas may
demonstrate contrast enhancement. Diffusion imaging find-
ings are again variable and there is overlap between high-
and low-grade tumors, though generally the ADC value of
low-grade tumors is higher than high-grade gliomas [83]. On
MR spectroscopy, low-grade gliomas often, but not always,

Fig.12.2 Conventional and advanced MRI in primary high-grade glial
neoplasm (glioblastoma). (a) Axial FLAIR image demonstrates a mass
in the right cerebral hemisphere, with heterogeneous signal. (b) Axial
precontrast T1-weighted image shows heterogeneous hypointensity
within the lesion. (¢) Postcontrast T1-weighted image shows heteroge-
neous contrast enhancement within the mass. (d) DWI image shows
high signal intensity, which on the ADC map (e) is confirmed to be
reduced diffusion in the bulk of the mass, and T2 shine-through along
the posteromedial aspect of the mass. (f) CBV map derived from

dynamic susceptibility contrast perfusion imaging demonstrates mark-
edly elevated blood volume in large portions of the mass compared to
the contralateral white matter. (g) MRS spectrum from a voxel placed
over the enhancing portion of the mass demonstrates markedly elevated
Cho/Cr and Cho/NAA ratios. (h) MRI spectrum from a voxel placed
outside the enhancing portion of the mass demonstrates elevated Cho/
Cr ratio and slightly elevated Cho/NAA ratio, suggesting that there is
infiltrating neoplasm beyond the enhancing margins of the mass, there-
fore suggesting that it is an infiltrating primary high-grade tumor
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have elevated choline and variable decrease in NAA. The
degree of choline elevation is generally less than in high-
grade gliomas, but there is overlap between the two.
Mpyoinositol is elevated in many low-grade gliomas. On per-
fusion MRI, most low-grade gliomas, especially fibrillary
astrocytomas do not have elevated rCBV, though again oli-
godendrogliomas and some pilocytic astrocytomas could
have elevated rCBV despite being low-grade. An example of
a low-grade glioma is shown in Fig. 12.3.

Primary Central Nervous System Lymphoma

In immunocompetent patients, lymphomas typically present
with single or multiple, often homogeneous enhancing
lesions that may mimic high-grade gliomas on conventional
MRI. On MR spectroscopy, they typically have increased
choline, reduced NAA, and increased lipid+lactate. In immu-
nosuppressed patients, lymphoma may have peripheral or
rim enhancement rather than solid enhancement. In AIDS

Fig. 12.3 Conventional and advanced MRI in a patient with a grade II
astrocytoma. (a) Axial FLAIR image demonstrates a hyperintense mass
in the right frontal lobe. (b) Postcontrast T1-weighted images demon-
strate no contrast enhancement. (¢) DWI image shows no restricted dif-
fusion within the mass lesion. (d) CBV map derived from dynamic

susceptibility contrast perfusion imaging demonstrates low blood vol-
ume within the mass. (¢) MRS performed with TE = 135 ms on the
mass lesion demonstrates elevated Cho/Cr and Cho/NAA ratios. (f)
MRS performed with a short TE = 30 ms on the mass lesion demon-
strates high myoinositol level at 3.56 ppm (arrow)
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patients, toxoplasmosis can have elevated lipid and lactate,
but often other metabolites are very low to absent on MR
spectroscopy [162]. On diffusion-weighted imaging, lym-
phomas classically have reduced diffusion secondary to high
cellularity and increased nucleus to cytoplasm ratio [69]. On
perfusion imaging, lymphomas typically have low blood vol-
ume compared to high-grade gliomas and metastases, though
the CBV of lymphomas could be variable. The CBV of lym-
phomas is typically higher than that of toxoplasmosis [163].
The enhancement of lymphomas is thought to be due to
blood brain barrier destruction and not due to neovascular-
ization [130]. Analysis of time intensity curve of DSC perfu-
sion images has been reported to help in differentiating
lymphoma from glioblastoma and metastasis. In lymphoma,
percentage signal return is typically higher compared to glio-
blastoma and metastasis and can even show an overshoot
over the baseline signal intensity, which is reflective of a T1
effect secondary to contrast extravasation [164, 165].

In a multiparametric study comparing 28 patients with
glioblastoma of atypical appearance (solid enhancement
with no visible necrosis) with 19 patients with lymphoma,
Kickingereder et al. demonstrated that ADC and rCBV val-
ues were significantly lower in patients with PCNSL com-
pared to glioblastoma. In addition, presence of intratumoral
susceptibility signal (ITSS) was significantly lower in
patients with PCNSL [166]. They also showed that com-
bined multiparametric assessment of mean ADC, mean
rCBYV, and presence of ITSS significantly improved the dif-
ferentiating PCNSL and atypical glioblastoma when com-
pared to evaluation of one or two imaging parameters [166].
In a recent study of 42 patients with GBM and 18 patients
with PCNSL who underwent conventional MRI, diffusion-
weighted imaging, and DCE-MRI before surgery, PCNSLs
demonstrated significantly lower rADC, but higher Ktrans
and Ve compared to GBMs. The combination of rADC and
Ktrans significantly improved the diagnostic ability for dis-
criminating between PCNSL and GBM with area under the
ROC curve = 0.930 [167]. An example of a primary CNS
lymphoma in an immunocompetent patient is shown in
Fig. 12.4.

Brain Metastases

Brain metastases can have a variable imaging appearance,
depending on the underlying neoplasm, stage of disease,
and patient’s treatment status. The majority of brain metas-
tases demonstrate enhancement, which could be solid,
patchy, or peripheral. Solitary metastases may mimic pri-
mary brain tumors, especially high-grade gliomas. High-
grade gliomas are infiltrative and often there is significant

tumor infiltration beyond the enhancing part of the tumor,
whereas the area surrounding the enhancing portion of the
brain metastasis is thought to typically just represent
edema. On MR spectroscopy, features of metastases are
similar to high-grade neoplasms and include elevated cho-
line and lipid+lactate, and reduced or absent NAA. Some
studies have suggested that there is higher lipid within met-
astatic lesions [23, 168], but this is of limited use in clinical
MR spectroscopy. On the other hand, spectroscopic inter-
rogation of the areas around the enhancing portion of the
mass has been shown to be more promising [39, 169]. In
one study, a Cho/NAA cutoff ratio of 1 was shown to have
excellent accuracy in differentiating the two [169]. On dif-
fusion imaging, the ADC values of metastases are variable
and partly dependent on the primary tumor. Many metasta-
ses have an elevated ADC, but certain types of tumors,
especially hypercellular lesions such as small cell lung can-
cer metastases, may demonstrate reduced diffusion [170].
Peritumoral diffusion imaging also has shown higher ADC
values in metastases compared to primary neoplasms [87].
Similarly on perfusion imaging, there is often elevated
blood volume in the enhancing portion of metastases as
there is in high-grade primary gliomas; however, there is
higher peritumoral blood volume in infiltrative primary
neoplasms compared to metastatic lesions [39, 130].

Cha et al. reported that analysis of time intensity curve of
DSC perfusion images can differentiate single brain metasta-
sis from glioblastoma. They demonstrated that the percent-
age of signal intensity recovery is reduced in both enhancing
and peritumoral T2 prolongation in patients with metastasis
compared to glioblastoma [171]. An example of a typical
brain metastasis is shown in Fig. 12.5.

Tumefactive Demyelinating Lesions

Tumefactive demyelinating lesions are uncommon, but can
mimic brain tumors, and given the marked difference in
management, accurate diagnosis of these lesions is important
in order to prevent unnecessary surgery as much as feasible.
On MR spectroscopy, these lesions demonstrate a nonspe-
cific elevation of choline and sometimes reduced NAA,
which is not very helpful in distinguishing these lesions from
neoplastic etiologies [172, 173]. Diffusion-weighted imag-
ing is variable. ADC is often elevated, but sometimes acute
demyelinating foci could have reduced diffusion. On perfu-
sion imaging, tumefactive demyelinating lesions typically
have low blood volume measurements, lower than high-
grade gliomas and metastases and sometimes lower than nor-
mal brain tissue [130, 174]. An example of the typical
tumefactive demyelinating lesion is shown in Fig. 12.6.
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Fig. 12.4 Conventional and advanced MRI in a 72-year-old patient
with primary central nervous system lymphoma. The patient was not
immunosuppressed. (a) Axial FLAIR image shows a hyperintense mass
lesion in the left frontal lobe. (b) Postcontrast T1-weighted image dem-
onstrates rather homogeneous enhancement in the mass lesion (arrow)
with an area of T1 hypointensity along the medial aspect of the mass
(arrowheads). (¢) Diffusion-weighted imaging shows high signal in the
enhancing portion of the mass (arrow), confirmed to be reduced diffu-

Encephalitis

The imaging features of encephalitides are highly variable
among different etiologies that cause encephalitis. On MR
spectroscopy, it has been reported that they have nonspecific
elevation of choline and myoinositol, reduced NAA, with or
without elevated lactate. The MRS spectrum is often similar
to those of low-grade gliomas [3, 175]. On diffusion imag-
ing, the ADC values of encephalitides are quite variable, and
depends on the etiology and stage of disease. Acute encepha-
litis may frequently have restricted diffusion. Perfusion char-

sion (arrow) on the ADC map (d). There is an area of facilitated diffu-
sion in keeping with vasogenic edema along the medial aspect of the
mass (arrowheads). (¢) CBV map from dynamic susceptibility contrast
perfusion imaging demonstrates only slight elevated blood volume in a
portion of the enhancing mass lesion compared to the contralateral
white matter (ratio less than 1.75). (f) MRS spectrum through the mass
shows some elevation of Cho/Cr and Cho/NAA ratios

acteristics of encephalitides have not been well defined in the
literature. Anecdotal experience and reports suggest that it is
variable [3, 176, 177].

Brain Abscesses

The imaging features of brain abscesses may also be variable
depending on etiology (bacterial, fungal), location, and the
patient’s immune status. MR spectroscopy demonstrates
increased lactate, amino acids, alanine, acetate, succinate,
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Fig. 12.5 Conventional and advanced MRI in a patient with brain
metastases, subsequently found to have undifferentiated carcinoma of
the colon. (a) Axial FLAIR image demonstrates an irregular mass in the
left frontal lobe with surrounding vasogenic edema. (b) The lesion
demonstrates heterogeneous, but mostly avid contrast enhancement on
postcontrast T1-weighted images. (¢) DWI image demonstrates that the
lesion itself is relatively isointense to white matter (metastases can have
variable diffusion characteristics based on type of tumor). (d) CBV map
from dynamic susceptibility contrast perfusion imaging demonstrates
markedly elevated blood volume in the mass lesion compared to the

and lack of the normal brain tissue metabolites NAA, cre-
atine, and choline within the abscess [178, 179]. On diffu-
sion imaging, the central necrotic portion of processes often
has markedly reduced ADC. The cystic portions of tumors
often have facilitated diffusion, but occasionally, some brain
tumors, especially those with hemorrhage, may show central
restricted diffusion. A meta-analysis of 11 studies showed
that diffusion imaging can differentiate brain abscess from
other ring-enhancing lesions (not just tumors) with pooled

contralateral white matter (see regions of interest placement). The CBV
ratio between the mass and contralateral white matter in this particular
case was greater than 8. There is no increased blood volume in the areas
surrounding the enhancing portion of the mass. (e) MRS spectrum from
a voxel placed over the enhancing portion of the mass demonstrates
elevated Cho/Cr and Cho/NAA ratios. (f) MRI spectrum from a voxel
placed close to, but outside the enhancing portion of the mass demon-
strates normal Cho/Cr and Cho/NAA ratios, suggesting that this is
likely a metastatic lesion without substantial infiltrating neoplastic tis-
sue beyond the enhancing portions of the mass

sensitivity and specificity of 0.95 and 0.94, respectively
[180]. On perfusion imaging, obviously the centrally necrotic
portion of abscesses will have no or very low blood volume.
The walls of abscesses typically have lower CBV measure-
ments compared to high CBV in high-grade gliomas [3,
181]. It should be kept in mind, however, that some infec-
tious lesions such as fungal infections and tuberculomas can
have elevated rCBYV values because of reactive neovascular-
ization; but rCBYV is still typically less than that for HGGs
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Fig.12.6 Conventional and advanced MRI of a tumefactive demyelin-
ating lesion in a patient subsequently diagnosed with multiple sclerosis.
(a) Axial FLAIR image demonstrates a round area of hyperintensity in
the right cerebral hemisphere. (b) Postcontrast T1-weighted image
shows mild patchy areas of enhancement within the lesion. (¢) DWI
image shows high signal, which on the ADC map (d) is also hyperin-

[182, 183]. A recent study using DSC perfusion and DTT in
14 patients with brain infections and 21 patients with necrotic
glioblastoma demonstrated that combined analysis of FA
from the central core and maximum rCBV from the enhanc-
ing region provided the best classification model in distin-
guishing brain infections from necrotic GBMs, with a
sensitivity of 91% and a specificity of 93% [183].

tense, suggesting facilitated diffusion (please note that tumefactive
demyelinating lesions may sometimes have reduced diffusion as well).
(e) CBV map derived from dynamic susceptibility contrast perfusion
imaging demonstrates no increase in blood volume within the lesion. (f)
MRI spectrum from a voxel placed within the lesion demonstrates ele-
vated Cho/Cr and slightly elevated Cho/NAA ratios

Pitfalls and Special Circumstances

Despite the utility of advanced MRI techniques to add to the
diagnostic value of conventional MRI, it is important to rec-
ognize the limitations of these techniques and the pitfalls
associated with acquisition, analysis, and interpretation of
these techniques. Familiarity with the basic principles, tech-
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nical limitations, and artifacts in each of these modalities is
essential for successful integration with conventional MRI
findings. Within each individual institution, both technical
and personnel quality control is essential to ensure optimal
use of these techniques. In the acquisition phase, develop-
ment and implementation of sound imaging protocols is
essential. MRI technologists will need additional training for
implementing these protocols to minimize artifacts and inac-
curate measurements. For example, optimal placement of
spectroscopy voxels and grids in order to minimize the del-
eterious effects of proximity to or inclusion of air, fat, and
bone is essential for optimal brain tumor spectroscopic imag-
ing. Voxel size should be optimized to minimize partial vol-
ume effects around the tumor, but at the same time be large
enough to ensure an adequate signal-to-noise ratio within the
acquisition timeframe. Other techniques such as parallel
imaging or nonechoplanar techniques may be employed to
minimize the deleterious effect of susceptibility and geomet-
ric distortion in diffusion imaging. Adequate venous access
and contrast injection rates affect the success and reliability
of DSC perfusion MRI. Choice of pulse sequence, use of a
preload dose of contrast, slice thickness, and use of parallel
imaging are important considerations in DSC perfusion
MRI.

Careful postprocessing analysis of spectroscopy and par-
ticularly perfusion data is also essential. The interpreting
physician should have at least a basic understanding of the
postprocessing steps involved. There are various models and
processing methods available, and various commercial and
noncommercial software packages have different interfaces
and computational models for data analysis. Familiarity with
the particular processing software and implementation of an
internal institutional quality control of the postprocessing
steps is important. Better curve fitting and baseline correc-
tion can improve the quality of spectroscopy data. Most
institutions do not routinely perform quantitative spectros-
copy, which requires a high level of understanding of the
nuances behind MR spectroscopy, has its own challenges,
and can be very time-consuming. There are various methods
for perfusion imaging data analysis, application of correc-
tions, and perfusion map reconstruction. Anecdotally, a sim-
ple but common mistake that the authors have observed in
the processing of perfusion data is incorrect selection and
placement of the various time points on the time concentra-
tion curves for perfusion map calculation. Visual inspection
of the source time-signal intensity curves is important to
assess excessive susceptibility artifacts, motion artifacts,
bolus rate and timing, and correct processing of DSC perfu-

sion MRI data, since many artifacts cannot be adequately
assessed by looking at the postprocessed perfusion parame-
ter maps.

Caution must be exercised in interpretation of diffusion
and perfusion imaging when there are hemorrhagic areas
within tumors. Large areas of hemorrhage may negatively
affect accurate rCBV measurement. Caution must be exer-
cised in interpreting diffusion-weighted imaging in the pres-
ence of hemorrhage. This could potentially affect
differentiation of hemorrhagic brain tumors and abscesses.
Significant areas of hemorrhage and calcification may also
degrade MR spectroscopy and preclude obtaining a diagnos-
tic spectrum. Detection of small highly perfused tumors in
very superficial areas or within the gray matter can be diffi-
cult since the CBV of gray matter is already relatively high
in normal brain. Differentiating subacute infarcts from brain
tumors can occasionally be problematic, since there may be
significant edema and mass effect in and around the area of
infarct, and there may be heterogeneous reduced diffusion
within the area of infarct itself. The patient’s clinical history
and course is often helpful in this distinction.
Immunosuppressed patients with CNS lymphoma may have
more peripherally enhancing lesions rather than solid
enhancement, and may mimic high-grade primary neoplasm
and other lesions. The clinical history of immunosuppression
or HIV disease would be quite helpful in these patients. The
use of high dose steroids can affect the enhancement and
potentially perfusion characteristics of tumors, and therefore
knowledge of the patient's "steroid status" is helpful for more
accurate interpretation of brain tumor MRI exams.

One common diagnostic pitfall in the imaging of brain
tumors is differentiating high-grade and low-grade oligoden-
drogliomas. Low-grade oligodendrogliomas may enhance
and high-grade oligodendrogliomas may not show contrast
enhancement [184]. MR perfusion imaging in oligodendro-
gliomas also can be confusing, as low-grade oligodendro-
gliomas may have elevated blood volume, mimicking
high-grade tumor [134, 185]. An example of low-grade oli-
godendroglioma with high blood volume within the tumor is
shown in Fig. 12.7.

Another potential pitfall is the presence of the large veins
or developmental venous anomalies (venous angiomas) in
the vicinity of brain masses. The presence of developmental
venous anomalies can alter perfusion MRI parameters in the
area and sometimes pose as areas of increased rCBYV, poten-
tially mimicking hypervascular tumor [186]. Similar
increases in rCBV may occasionally be observed within cap-
illary telangiectasias.
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Fig. 12.7 Conventional and advanced MRI in a patient with grade II
oligodendroglioma with 1p/19q chromosomal codeletion. (a) Axial
FLAIR image demonstrates a hyperintense mass lesion in the left fron-
tal lobe. (b) Postcontrast T1-weighted images demonstrate small faint
areas of enhancement within the mass. DWI images (¢) and ADC maps
(d) do not show reduced diffusion in the mass. (¢) CBV map from

Pediatric Brain Tumors

There are important differences between pediatric and adult
brain tumors. As such, the previously described diagnostic
algorithm for characterization of intra-axial brain tumors in
adults may not apply to many pediatric brain tumors. For
example, pilocytic astrocytomas are one of the most com-
mon pediatric brain tumors, and despite being grade I tumors,
a large percentage of these tumors partially enhance with
gadolinium contrast and few could also demonstrate some
increased blood volume on perfusion imaging, mimicking

dynamic susceptibility contrast imaging demonstrates elevated blood
volume within the mass compared to the contralateral white matter (see
regions of interest measurements). In this particular case, the ratio was
approximately 3.5. Low-grade oligodendrogliomas may enhance and
have elevated blood volume within the tumor. (f) MRS performed with
TE = 135 shows elevated Cho/Cr and Cho/NAA ratios

the enhancement and perfusion characteristics of adult high
grade gliomas [187]. The most common pediatric posterior
fossa tumors are pilocytic astrocytomas, medulloblastomas,
and ependymomas. There can be considerable conventional
imaging overlap, especially between ependymomas and
medulloblastoma. In a study of pediatric cerebellar tumors, it
was shown that comparison of NAA/Cho and Cr/Cho ratios
by MR spectroscopy can reasonably differentiate between
these three tumors [188]. Medulloblastoma typically has
very high choline compared to creatine and NAA. In another
study, elevated Taurine on MRS (at 3.4 ppm) was shown to
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be significantly elevated and useful in the differentiation of
medulloblastoma from other pediatric brain tumors, although
reliable detection of Taurine is not trivial [189].
Diffusion-weighted imaging can be helpful in the differ-
entiation of medulloblastoma from ependymomas or pilo-
cytic astrocytomas in the cerebellum (Fig. 12.8). Both
medulloblastoma and the less common atypical teratoid
rhabdoid tumors (ATRT) often demonstrate restricted diffu-
sion in their solid components. However, anaplastic ependy-
momas can also sometimes demonstrate restricted diffusion.
Rumboldt et al. showed that quantitative ADC measure-
ments, and also tumor ADC ratios with respect to normal

Fig. 12.8 Conventional and advanced MRI in a pediatric patient with
a medulloblastoma. (a) Axial CT scan demonstrates a relatively hyper-
dense mass in the posterior fossa (arrows), along with cystic compo-
nents and calcifications. Hyperdensity in the solid portion of pediatric
posterior fossa masses is suggestive of a high nuclear/cytoplasm ratio.
(b) Sagittal T1-weighted MRI demonstrates a large mass, but it is dif-
ficult to determine whether it is arising from within the ventricle or
vermis. Portions of the mass are protruding way down through foramen
Magendie into the cervical canal (arrows) with mass effect on the brain-

white matter can differentiate posterior fossa pilocytic
astrocytomas, ependymomas, and medulloblastomas/ATRT
[190]. Another small study concluded that quantitative ADC
ratios correlated reasonably well with pediatric tumor clas-
sifications into low grade gliomas, embryonal tumors, and
non-embryonal high grade tumors [191]. In another small
study of supratentorial pediatric brain tumors, it was shown
that patients with lower NAA/Cho and Cr/Cho ratios have
poorer prognosis [192]. This prognostic significance of the
Cho/NAA ratio was confirmed in another cohort of pediatric
brain tumors [193]. In a study of ASL perfusion in pediatric
tumors, there was 77-88% grading accuracy in combing per-

Choline

stem. (c¢) Axial T2-weighted image shows a T2 hyperintense mass with
portions of the mass protruding out from the bilateral foramina of
Luschka (arrows). Classically this “toothpaste-like” appearance has
been described with ependymomas, but can be seen in large medullo-
blastomas as well. (d) DWI images show high signal within the solid
portions of the mass, confirmed to indeed be due to restricted diffusion
on the ADC maps (e). (f) MRS spectroscopy demonstrates very marked
elevation of the Cho/Cr and Cho/NAA ratio, also a feature often seen in
medulloblastoma
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fusion and degree of contrast enhancement in assessing pedi-
atric low and high grade neoplasms [194].

Post-treatment Imaging

In the case of high-grade gliomas, a common clinical sce-
nario is differentiation of post-treatment effects from tumor
recurrence, which can be difficult as they may clinically
present similarly and also have a similar appearance on con-
ventional MRI. Contrast enhancement, edema, and mass
effect can be seen with post-treatment effects mimicking
recurrent tumor contrast enhancement [159, 195]. Another
complicating factor is that in many cases, recurrent neoplasm
and post-treatment effects can co-exist in the same or nearby
regions, with varying proportions [196]. Integrating various
advanced imaging techniques with conventional MRI has
potential to more accurately determine whether an enhanc-
ing region is due to predominately high-grade tumor recur-
rence or post-treatment effects. This differentiation has
become more important since the addition of concurrent and
consolidative regimes of temozolomide (TMZ) to radiation
treatment as the standard of care for GBM, [197] which has
also resulted by an increasing incidence of pseudoprogres-
sion (PsP). PsP is an early post-treatment effect which is
most commonly seen in the first 3 months to up to 6 months
after chemoradiation and demonstrates as increasing
enhancement in the surgical bed which subsides in subse-
quent studies without any change in treatment. This is in
contrast to classic radiation necrosis which is typically a late
effect usually occurring 9—12 months or even years follow-
ing photon-based radiation therapy, and which usually stabi-
lizes or worsens rather than showing spontaneous resolution
in contrary to PsP [198-200]. It has been shown that approx-
imately 50% of the high grade glioma patients treated with
standard chemoradiation can develop increasing enhance-
ment in the surgical bed concerning for progression: how-
ever, in approximately 40% of patients, the enhancement
improves or stabilize on subsequent studies indicating an
approximately 20% incidence of PsP in high-grade gliomas
patients treated with chemoradiation [201]. The distinction

of PsP from true progression becomes more important not-
ing that multiple studies demonstrated improved survival in
patients who have PsP [202, 203] even when accounting for
MGMT status [204], indicating that PsP can be a potential
marker of enhanced antitumor efficacy. As such, it would be
important to differentiate these two entities by imaging as
PsP indicates success of the current treatment while true
tumor progression warrant a change or treatment and even
another resection.

An early study showed that rCBV >2.6 (relative to contra-
lateral side) is consistent with recurrent tumor and rCBV<0.6
is consistent with radiation necrosis. rCBV values between
0.6 and 2.6 were indeterminate [205]. Hu and colleagues
used image-guided neuro- navigation during surgical resec-
tion to correlate directly specimen histopathology and DSC
rCBV measurements in high-grade glioma patients previ-
ously treated with multimodality therapy, and presenting
with new enhancing lesions. They reported that in the post-
treatment radiation effect group, rCBV values ranged from
0.20 to 0.71, and recurrent tumor rCBV measurements
ranged from 0.55 to 4.64. Using a threshold value of 0.71,
they were able to differentiate the histopathologic groups
with a sensitivity of 91.7% and specificity of 100% [206]. In
a more recent study, a cut off value of tCBV ,,, = 2.77 only
provided 82% sensitivity and 63% specificity to differentiate
PsP from true progression and mixed tissue [207]. Overall, it
has repeatedly been shown that perfusion is lower in post-
treatment effects compared to tumor progression; however,
the optimal threshold has yet to be determined and validated
on prospective studies. A recent study evaluating 19 patients
GBM with progressive enhancement on post chemoradiation
MRI demonstrated that mean rCBV at the initial MRI did not
differ significantly between PsP and true progression; how-
ever, change in rCBYV at first subsequent follow-up and the
overall linear trend in rCBV after initial progressive enhance-
ment was significantly between PsP and true progression
[208]. Finally, in a study of 31 patients (15 recurrent tumor
and 16 radiation necrosis) with glioblastoma, Hu et al.
trained a one-class-support vector machine classifier using a
radiation necrosis training set and subsequently tested the
classifier. They found a high sensitivity (89.91%) and speci-
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ficity (93.72%) of optimized classifier for pseudoprogression
and the area under the ROC curve was 0.9439 [209].

DCE MRI using both pharmacokinetic modeling and
analysis of the area under the signal intensity curve has also
been used to differentiate true progression from pseudopro-
gression in multiple studies. In a retrospective study of 37
patients with glioblastoma post-chemoradiation, pseudopro-
gression patients demonstrated lower Vp and Ktrans values,
with a mean Vp cutoff <3.7 having 85% sensitivity and 79%
specificity for pseudoprogression [210]. In a prospective
study of 33 patients with glioblastoma who were followed
post-chemoradiation, Yun et al. demonstrated that mean
Ktrans and Ve were higher in true progression compared to
pseudoprogression patients, and that mean Ktrans was the
only independently differentiating variable [211].
Surprisingly the Vp was not significantly different between
the true progression and pseudoprogression groups which
could be secondary to short acquisition time in this study
resulting in underestimation of Vp [212]. Bisdas et al. pro-
spectively compared pharmacokinetic modeling and the ini-
tial area under the signal intensity curve (iIAUC) and
demonstrated that both Ktrans and iAUC were significantly
higher in the recurrent glioma group than in the radiation
necrosis group [213]. Finally Chung et al. used a bimodal
histogram analysis of AUCR derived from DCE MRI and
demonstrated that ratio of the initial area under the time sig-
nal intensity curve to the final AUC to be the best single pre-
dictor of recurrent GBM [214].

ASL imaging has also been applied to address the post-
treatment changes in gliomas. In a study of 22 patients with
recurrent high-grade glioma, ASL demonstrated hyperperfu-
sion in all recurrent cases with mean CBF ratio 3.37 (x1.71)
and there was a positive correlation between CBF and per-
centage of tumor [215]. In a study of 21 patients with post-
treatment glioma using both ASL and DSC imaging, the
normalized ASL-CBF ratio was higher in patient with recur-
rence (4.45 = 2.72) compared to postradiation changes
(1.22 = 0.61) (p < 0.01). Also, the normalized rCBV ratio
was also significantly higher in patients with recurrence
(338 =+ 2.08) compared to postradiation changes
(1.09 £ 0.55). They also found a close linear correlation was
found between the ASL and DSC MRI in differentiation of
recurrent glioma from radiation injury [216]. In a retrospec-

tive study of 117 patients with GBM post-chemoradiation,
Choi et al. used a semi-quantitative grading system based on
comparing tumor perfusion signal intensity to the white mat-
ter (grade 1), gray matter (grade II), and blood vessels (grade
IIT) on ASL imaging and correlated the ASL grade with his-
togram parameters derived from DSC perfusion MRI. They
found that adjunctive ASL produced eight (12.9%) more
accurate results than DSC perfusion MRI alone and con-
cluded that ASL improves the diagnostic accuracy of DSC
perfusion MRI in differentiating pseudoprogression from
early tumor progression [217]. Finally in a recent study,
Razel et al. demonstrated that combined ASL and DTI met-
rics of the enhancing lesion revealed AUC of 0.98, accuracy
of 95% to differentiate recurrent/residual gliomas from post-
radiation changes [218].

On diffusion imaging, ADC values of radiation necrosis
generally tend to be higher than in recurrent tumor tissue,
though there is overlap and this is not a very specific finding
[97, 219]. Multiple studies have assessed value of MR spec-
troscopy in distinguishing between radiation necrosis and
recurrent gliomas [22, 97]. In one study, a Cho/Cr ratio greater
than 1.3 was highly suggestive of tumor recurrence [220]. The
combination of MR spectroscopy and DWI has been used in
multiple studies to differentiate recurrent rumor from post-
treatment effects [221, 222]. In a study of 55 patients with
glioma, Zeng et al. demonstrated that based on discriminant
analysis of Cho/NAA, Cho/Cr, and ADC ratio, 96.4% of total
subjects were correctly classified compared to only 85.5% of
subjects using the MR spectroscopy data [222]. In a recent
study using DWI and DSC perfusion imaging in 35 patients
with GBM, combined histogram analysis of ADC values and
relative cerebral blood volume was the best predictor of true
tumor progression and survival with a sensitivity of 82% and a
specificity of 100% [223]. Wang et al. showed that the best
model to distinguish true progression from non—true progres-
sion (pseudoprogression and mixed) consisted of fractional
anisotropy, linear anisotropy coefficient, and maximum rCBYV,
resulting in an area under the curve of 0.905 [207]. An exam-
ple of a patient with predominant radiation necrosis months
after treatment is shown in Fig. 12.9 and a patient with pseu-
doprogression is shown in Fig. 12.10.

Recent use of antiangiogenesis agents and vascular endo-
thelial growth factor (VEGF) receptor signaling pathway
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Fig. 12.9 Imaging findings in a patient with a history of glioblastoma
status post surgery and radiation therapy months earlier, who now pres-
ents with progressive left-sided symptoms and new enhancement in the
right cerebral hemisphere. (a) Axial FLAIR image demonstrates signal
abnormality in the right posterior frontal and parietal lobes (which had
slightly increased compared to an MRI 3 months earlier). (b)
Postcontrast T1-weighted image demonstrates faint enhancement in a
portion of the area of signal abnormality (which was new). At this point

the differential diagnosis was radiation necrosis versus recurrent tumor.
(¢) CBV map from dynamic susceptibility contrast imaging demon-
strates low blood volume in the area of enhancement. (d) MRS spec-
trum demonstrates elevated lipid-lactate, relatively low concentration
of other metabolites and no increase in Cho/Cr or Cho/NAA ratios. The
advanced imaging findings suggest that the predominant process in this
patient is treatment change and radiation necrosis
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Fig. 12.10 Pseudoprogression in a patient with glioblastoma. (a) The
preoperative T1-weighted postcontrast MRI shows a large left frontal
enhancing mass. Immediate postoperative precontrast (b) and postcon-
trast (¢) images show no definite residual enhancing mass beyond post-
operative blood products. (d) Three months into the start of radiation

inhibitors for brain neoplasms can complicate the follow-up
imaging interpretation of these tumors [224, 225]. Use of
these agents can change the vascularity of tumors and cause
relative normalization of the vessels, resulting in decreased
leakage of contrast. The response may at times be specific to
the vessels only, rather than an actual tumor size, and there-
fore this phenomenon is also referred to as “pseudoresponse.”

and Temozolomide therapy, there has been development of a nodular
area of enhancement along the posterior aspect of the resection cavity.
Without any new treatment, this area of enhancement gradually

resolved at 6 months
pseudoprogression

(e) and 9 months (f), confirming

In a subset of patients treated with antiangiogenic agents
there may be nonenhancing tumor progression without evi-
dence of an increase in tumor vascularity or even decreased
enhancement [113, 226]. Attention to other conventional
imaging sequences especially fluid attenuation inversion
recovery (FLAIR) can demonstrate tumor progression in
these patients in spite of decreased enhancement (Fig. 12.11).
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Fig. 12.11 Pseudoresponse in a postoperative patient with glioblas- ~images. Follow-up months after antiangiogenic treatment show
toma receiving antiangiogenic treatment. There is an enhancing mass in ~ decrease in enhancing tumor (c), but there has been increase in infiltra-
the left temporal lobe on postcontrast T1-weighted (a) and FLAIR (b)  tive tumor on FLAIR images (d, arrows)
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Current Challenges and Future Directions

Traditional research on imaging findings of brain tumors has
been based on the concept of radiologic-pathologic correla-
tion, trying to develop imaging criteria and then adjusting
them in order to match the anatomical pathology of grossly
resected tumor tissue. Recent advances in imaging have
resulted in a multitude of functional imaging methods for
assessment of brain tumors. Although these types of studies
have been somewhat successful and have many times led to
better diagnostic guidelines, the conclusions have always
had considerable exceptions and often disappointing accura-
cies. Nevertheless, imaging studies have other advantages as
well. While in-vitro data are very useful to describe particu-
lar features of brain tumors, advanced MRI techniques can
provide data about several independent aspects of brain
tumor biology. Advanced MRI techniques can produce an
impressive array of in vivo data reflecting tumor cellularity,
metabolism, invasiveness, vascular density, permeability,
and vessel reactivity to different challenges [227], many of
which cannot be effectively addressed by in-vitro studies of
excised or biopsied tissue. Advanced imaging techniques can
give us insights into several aspects of brain tumors that can-
not be adequately addressed by conventional histopathologic
criteria. Good examples of this potential role of advanced
imaging is the prediction of survival in high-grade brain
tumors and also prediction of time to progression in low-
grade gliomas, both of which has been demonstrated using
perfusion imaging [ 146, 228]. In addition, a number of recent
reports have directly correlated advanced imaging findings
with biologic features such as molecular genotype and phe-
notype [229], and even used advanced imaging features to
monitor novel treatments [230].

In the past, the methodology used in brain tumor studies
was determination of accuracy of each of the advanced imag-
ing methods. Multimodality imaging as a combination of
advanced imaging techniques can be a potential problem
solver that provides us with new information that is not
achievable by any one of them in isolation. A classic exam-
ple of successful use of multimodality imaging is in oligo-
dendroglioma grading. Cerebral blood volume (rCBV)
measurements from dynamic susceptibility-weighted
contrast-enhanced MR imaging have been shown to corre-
late with glioma grade; however, the confounding effect of
low-grade oligodendroglioma with high perfusion will sig-
nificantly decrease the specificity of perfusion imaging in
glioma grading [134]. Chawla et al. tried to solve this prob-
lem by combining perfusion and spectroscopy data. They
used cerebral blood flow (CBF) maps generated by arterial
spin labeling (ASL) to guide voxel-by voxel analysis of MRS
to evaluate the efficacy of this method in grading of oligo-
dendroglioma [135]. They demonstrated a significant differ-

ence in normalized choline ratio between high- and low-grade
oligodendroglioma limited to only the highly perfused
regions of the tumors (defined as areas with CBF more than
one standard deviation higher than the contralateral white
matter). This study is just an example that shows the value of
thoughtfully designed multimodality imaging studies.

Use of newer multimodality registration techniques and
multivariable pattern classification techniques has allowed
even greater quantitative in vivo characterization of brain
tumor tissues [231, 232]. Given the increasing trend in using
machine learning and artificial intelligence in neuroradiol-
ogy, investigators in multiple institutions are looking into
the best combinations of imaging features to characterize
post-treatment changes and more publications in near future
are expected. Various published publications now purport to
better classify brain tumors, delineate margins of infiltrating
gliomas, differentiate true from pseudo-progression, and
predict survival or recurrence better than conventional
methods [233, 234]. By providing in vivo markers of spatial
and molecular heterogeneity, machine learning tools have
the potential to better stratify patients into tailored therapeu-
tic pathways, in the hope of achieving personalized medi-
cine. Although substantial challenges remain, radiologic
practice is set to change considerably as Al technology is
further developed and validated for clinical use. Application
of various texture analysis (radiomics), imaging-genomic
correlations (radiogenomics), and machine learning prog-
nostic models have increased, but need more judicious
application in order to prevent overfit models and poor gen-
eralizability across centers and protocols. One major factor
contributing to poor generalizability of many advanced
imaging studies of brain tumors is the lack of standardiza-
tion of imaging protocols, analysis methods, and finally the
implementation of these methods in clinical practice. This
lack of standardization has, for example, led to inconsistent
results when investigators tried to use different perfusion
imaging protocols to answer similar questions [114]. There
have been many recent attempts to standardize advanced
imaging acquisition and analysis for brain tumor imaging
trials [235-237].

Integration of conventional and advanced imaging data
into existing histopathologic and molecular criteria may lead
to better diagnostic and therapeutic guidelines and has the
potential to improve patient care. Ideally, in the future we
would be able to design models and software to analyze a
variety of different imaging, pathologic, molecular, and
genetic parameters of a given tumor and get “personalized”
information about the biology, treatment responsiveness, and
prognosis of the tumor. Big data collection and analytical
approaches along with the use of validated and generalizable
machine learning techniques have great potential for realiz-
ing these goals (Table 12.1).
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Table 12.1 Selected articles on the utility of advanced imaging in characterization of intra-axial brain masses

Author Title

Aronen et al., 1994 [128] Cerebral blood volume maps of
gliomas: comparison with tumor
grade and histologic findings

Brunberg et al., 1995 [161] In vivo MR determination of water
diffusion coefficients and diffusion
anisotropy: correlation with
structural alteration in gliomas of
the cerebral hemispheres

Knopp et al., 1999 [131] Glial neoplasms: dynamic
contrast-enhanced T2*-weighted

MR imaging
Moller-Hartmann et al., Clinical application of proton
2002 [23] magnetic resonance Spectroscopy

in the diagnosis of intracranial
mass lesions

Law et al., 2002 [39] High-Grade Gliomas and Solitary
Metastases: Differentiation by
Using Perfusion and Proton
Spectroscopic MR Imaging

Guo et al., 2002 [69] Lymphomas and high-grade
astrocytomas: comparison of water
diffusibility and histologic

characteristics
Hollingworth et al., 2006 A Systematic Literature Review of
[238] Magnetic Resonance Spectroscopy
for the Characterization of Brain
Tumors

Al-Okaili et al., 2007 [4] Intraaxial brain masses: MR
imaging-based diagnostic
strategy--initial experience

Law et al., 2008 [146] Gliomas: predicting time to
progression or survival with
cerebral blood volume
measurements at dynamic
susceptibility-weighted contrast-
enhanced perfusion MR imaging

Choi et al., 2012 [13] 2-hydroxyglutarate detection by
magnetic resonance spectroscopy
in IDH-mutated patients with
gliomas

Ellingson et al., 2015 [236] Consensus recommendations for a
standardized Brain Tumor Imaging
Protocol in clinical trials

Summary

This study demonstrated the difference in maximum CBYV in high-grade and
low-grade gliomas. It also showed that maximum CBYV is associated with
the degree of mitotic activity and vascularity of glial brain tumors on
histology

The study showed how quantitative diffusion-weighted imaging with
apparent diffusion coefficients and diffusion anisotropy can distinguish
between normal white matter, edema, necrosis/cyst formation, and solid
enhancing tumor in patients with cerebral glioma

The study demonstrated the use of rCBV in preoperative grading of gliomas
and use of maximum rCBYV in targeting stereotactic biopsy of lesions.

This study was the largest head-to-head comparison of conventional MR
imaging alone versus MR imaging and MRS for assessment of brain tumors.
In assessing 176 patients, the authors reported that combining MRS with
conventional MRI increases the diagnostic accuracy from 55% to 71%

The study demonstrated that rCBV and choline-to-creatine ratios in the
peritumoral region can be used to distinguish high-grade gliomas and
solitary metastases based on perfusion MRI and MRS

This study demonstrated that in lymphomas and high-grade astrocytomas,
the apparent diffusion coefficient on diffusion-weighted imaging correlates
with tumor cellularity on histopathology

The study systematically evaluates MRS in distinguishing metastasis versus
high-grade tumor, high-grade versus low-grade tumor, recurrent tumor
versus radiation necrosis, tumors versus non-neoplastic lesions, and
evaluation of tumor extent. It also presents guidelines to help focus future
research

The authors evaluated a proposed diagnostic imaging strategy algorithm for
differentiation of intra-axial brain masses in adults and showed an 85-90%
accuracy for preoperative characterization of intra-axial brain masses

In this study, the authors sought to determine whether rCBV measurements
can be used to predict clinical outcome in patients with glioma. It showed
that tCBV on DSC perfusion imaging can be used to predict mean time to
progression in patients with gliomas, independent of pathologic findings and
tumor grade

This paper demonstrated that IDH mutations in gliomas can be determined
by detecting 2HG using particular MR spectroscopy acquisition and analysis
methods

This white paper presents the recommendations of a joint meeting between
the FDA, National Cancer Institute, various imaging experts, biotech/
pharmaceutical companies, clinical trials cooperative groups, and patient
advocate groups to discuss imaging endpoints and specifications for creation
of a standardized Brain Tumor Imaging Protocol (BTIP), along with
recommended ranges of sequence parameters
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