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Advanced magnetic resonance imaging in the study of primary
intracranial brain tumors in adults: a state of art review
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Abstract: Intracranial tumors are an important health problem with an annual incidence of primary and
secondary central nervous system neoplasms ranges from 10 to 17 per 100,000 persons. Tumor imaging have
as fundamental aims: the initial differential diagnosis with the distinction between newly diagnosed brain
tumors and non-neoplastic lesions, ischemia, extra-axial neoplasm and metastasis; the preoperative planning,
estimating the tumor grade, guiding the biopsy, resection, local ablative therapy and therapeutic follow-up;
the monitoring of disease progression and therapeutic response, including the differentiation of recurrent
tumor from delayed radiation necrosis. Imaging plays an integral role in intracranial tumor management.
In particular, conventional magnetic resonance imaging (cMRI) has emerged as the imaging modality most
frequently used to evaluate intracranial tumors offering important anatomic informations even though
sometimes these anatomic informations are not exhaustive in the correct assessment of these tumors. In
this review, we are going to investigate the role of the most widely available and practical techniques such
as diffusion-weighted imaging (DWI), perfusion-weighted imaging MRI (PMR), diffusion-tensor imaging
(DTTI), and MR spectroscopy (MRS).
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Introduction ischemia, extra-axial neoplasm and metastasis; the

preoperative planning, estimating the tumor grade, guiding

Intracranial tumors are an important health problem with an . . . .
p p the biopsy, resection, local ablative therapy and therapeutic

annual incidence of primary and secondary central nervous follow-up; the monitoring of discase progression and

system neoplasms ranges from 10 to 17 per 100,000 persons. therapeutic response, including the differentiation of

The annual incidence of malignant glioma is 5 per
100,000 (1) and patient with malignant glioma have a
worse prognosis compared to those with a secondary brain
tumor with a median survival of 15 months (2). The median
survival of patients with a recurrent glioma is 3—6 months (3).

Tumor imaging have as fundamental aims: the initial
differential diagnosis with the distinction between newly

diagnosed brain tumors and non-neoplastic lesions,
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recurrent tumor from delayed radiation necrosis.

Imaging plays an integral role in intracranial tumor
management. In particular, conventional magnetic
resonance imaging (cMRI) (Figure 1) has emerged as
the imaging modality most frequently used to evaluate
intracranial tumors offering important anatomic
informations even though sometimes these anatomic
informations are not exhaustive in the correct assessment of
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Figure 1 High-grade glioma in an 84-year-old female subject. CT axial (A) and MR (B,C) images without contrast material demonstrate the

presence of an intracranial mass with edema. After administration of contrast material the CT (D) and MR (E,F) images show the contrast-

enhancement of the lesion. CT, computed tomography; MR, magnetic resonance.

these tumors.

In addition to conventional MR imaging techniques,
it has become in the clinical practice available a variety
of advanced techniques that generate physiologic data,
information on chemical composition which are very
important for a proper assessment and prognosis definition
of these tumors.

For these reasons, advanced magnetic resonance (aMR)
techniques, have started to be widely used in clinical brain
tumor imaging. These techniques are all adapted from, and
must be interpreted in the context of conventional MRI
techniques that provide image contrasts reflecting gross
anatomy on a scale of 500 micron or greater (4).

In this review, we are going to investigate the role of
the most widely available and practical techniques such as
diffusion-weighted imaging (DWI), perfusion-weighted
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imaging MRI (PMR), diffusion-tensor imaging (D'TT), and
MR spectroscopy (MRS).

Advanced MRI techniques functioning
DW1

DWI contrast reflects the Brownian motion of tissue water.

The basic idea is to use paired magnetic-field gradients
to “encode”, and subsequently decode, the spatial motion
of the molecules. Signal intensity is represented by the
following equation:

s=0xexpa (bx ADC) 1]

In this equation, ADC is the apparent diffusion
coefficient (ADC) and b is the gradient factor, commonly
referred to as the b-factor. It’s above all that the b-value
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affects the sensitivity to diffusion-based contrast.

S=0 is the signal intensity when no diffusion gradients
are used. The ADC is an average of the diffusion process
occurring in the tissues. According to this equation, the
measured signal is reduced when diffusion gradients (b+0)
are applied.

As the diffusing spins move inside the field, they are
affected differently by the field that spoils the alignment
with each other. Since the measured signal is a summation
of tiny signals from all individual spins, the misalignment,
or “dephasing”, caused by the gradient pulses results in a
drop in signal intensity which is directly proportional to
the diffusion distance. According to this equation, for a
fixed b-factor, high ADC values translate to low signal. A
parametric ADC map (ADC map) can be generated after
the application of different b-values as well as one image
with no b-weighting (often referred to as the ‘b0 image’).
The b-value is a factor that expresses the influence of
the gradients on the diffusion-weighted images. Image
intensities in the ADC map correspond to diffusion strength
in the pixels (5).

The ADC in brain tissue is principally determined by
tissue cellularity.

Diffusion tensor tractography (DTT)

Water molecules diffusion in a given direction at the
cellular level in the brain is influenced by the myelin sheath
covering neural axons; as a matter of fact, they diffuse more
easily parallel to the WM tracts rather than perpendicular
to them.

Diftusion tensor imaging (DTT) provides informations in
a three-dimensional (3D) space on this directional variation
of water molecules diffusion which is translated to a signal
that is higher for diffusion-gradient encoding perpendicular
to the WM tracts than parallel.

This directional variation in the signal intensity is termed
“diffusion anisotropy” which we measure in each pixel using
a matrix called “tensor” by acquiring DW images with at
least six non-collinear gradient encoding directions. Then
we define six parameters: A1, A2 and A3, who are called
eigenvalues and represent the magnitude of water molecules
diffusion and three vectors v1, v2, and v3, who are called
eigenvectors. These six parameters are determined from the
six diffusion constant measurements or, in the other words,
from the diffusion ellipsoid and the principle eigenvector
(principle vector of diffusion ellipsoid) in each pixel
represents the direction of greatest diffusion which also

© Journal of Xiangya Medicine. All rights reserved.

jXym.amegroups.com

Page 3 of 22

corresponds to the fiber tract axis.

This directional information allows to determine and
represent the WM tract organization by using directionally
color-coded schematic maps of major eigenvector
orientation (6-9).

MRS

In a magnetic field, each proton nucleus has its own MR
frequency resulting from the shielding by the surrounding
covalent bond electron cloud. MRS tests the number of
each chemically distinct proton (1HO) species present in
each voxel by detecting slight differences in their NMR
frequency (“chemical shift”) and these differences are
demonstrated on the abscissa of each graph (spectrum) in
units of parts per million of the resonance frequency of a
standard reference compound providing spectra that are
comparable across field strength.

The ordinate of the graph represents arbitrary units of
signal intensity scaled relative to the highest peak (10) being
clinical MRS directly unquantifiable.

Two-dimensional 2D) or 3D MR spectroscopic imaging
(2D-MRSI or 3D-MRSI, respectively) are referred to the
simultaneous interrogation of 2D or 3D groups of small
voxels and the data they provide can be used to produce
impressive color “metabolite maps” that depict the spatial
distribution of the different peak heights, areas, or peak
ratios that can be derived from these spectra; these maps
are not of common use for clinical diagnosis because the
primary data can only be assessed from the spectral graphs.

The principal peaks seen in brain tumor MRS at 1.5 T
include branch chain amino acids (0.9-1.0 ppm), lipid
(0.9-1.5 ppm), lactate (1.3 ppm), alanine (1.5 ppm),
n-acetylaspartate (NAA) (2.0 ppm), choline (3.2 ppm),
creatine (3.0 and 3.9 ppm), and myoinositol (3.6 ppm).

NAA is a marker of neuronal number and function,
creatine a marker of energy metabolism and stores, and
choline a marker of membrane synthesis and degradation
(“membrane turnover”). All processes that injure neurons
decrease NAA; all processes that injure glia or stimulate glial
division increase choline; all processes that disrupt aerobic
glycolysis result in lactate formation; and all processes that
produce necrosis release lipid and decrease creatine (11,12)
(Figure 2).

Dynamic susceptibility T2*-weighted perfusion (PMR)

The high pressure injection of a large contrast dose is used
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Figure 2 Right temporal lobe GBM: (A) axial T2 FLAIR; (B) axial T'1 post gadolinium administration; (C) coronal BOLD showing motor
activation; (D) axial multi-voxel MRS color-coded map of choline; and (E) spectra from a single voxel within the GBM. GBM, glioblastoma.

in the perfusion MRI to generate a dynamic drop in signal
intensity on susceptibility (12*)-weighted images acquired
serially throughout the whole brain every 1 to 2 seconds
during this injection.

We exploit the signal decrease in each voxel to compute
the relative cerebral blood volume (rCBV) of that one,
which can then be displayed as a color map or as a graph
of the change in signal intensity in a given area over time
[time-intensity curve (TIC)].

The blood volumes of normal-appearing white and gray
matter are used as internal references for visual comparisons
and for region-of-interest measurements (13) to produce
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relative blood volume maps.

To properly interpret these data, in addition to
inspecting the rCBV maps, the check of the TIC is required
to detect and account for magnetic susceptibility, motion,
bolus timing, and other artifacts. The shape of the TIC
provides a rough estimate of capillary permeability that can
be very useful in differential diagnosis.

Dynamic contrast-enbanced T'1 permeability imaging

(T1P)
Fast-gradient echo-based T1-weighted images of the whole
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brain acquired continuously from before the contrast
bolus arrival until 2 to 3 minutes after injection are used to
quantify the increase in signal intensity related to leakage
of contrast agent from the intravascular compartment into
the brain. This is the functioning base of the T1P imaging
which is essentially a dynamic, semiquantitative adaptation
of Gd-enhanced imaging.

Considering the lower temporal resolution and longer
scan time, T1P is useful for imaging the steady state leakage
of contrast during the first few phases of bolus recirculation,
in contrast to dynamic susceptibility T2*-weighted
perfusion, which images exclusively during the first pass.

We can exploit the TIC calculated from T1P to derive
a number of parameters related to BBB impairment, the
most widely reported of which is the net forward volume
transfer constant (Ktrans) from the two-compartment
pharmacokinetic modeling equation (4).

Advanced MRI in differential diagnosis of adult
intra-axial brain tumors

Despite of being the most sensitive modality for the
detection of brain tumors, cMRI has a low specificity and
several different tumor types (as well as lesions of other
etiologies) may share similar MRI features.

Low-grade gliomas and many non-neoplastic lesions,
such as early stage lesions or diffusely infiltrating lesions,
sometimes show no mass effect and low-grade gliomas may
present as small T2 hyperintense lesions, that could be
hard to discriminate from focal cortical dysplasias or other
pathologies (14).

Since various non-neoplastic processes are often
associated with blood-brain barrier disruption, and not all
tumors enhance (15), sometimes the use of a contrast agent
does not increase diagnostic specificity; infectious, ischemic
or demyelinating lesions are examples of non-neoplastic
lesions that can mimic brain tumors on cMRI (16).

Discriminating between extraaxial or intraaxial brain
tumors is relatively easy with only anatomic imaging;
however, the major diagnostic challenge is to reliably,
noninvasively, and promptly differentiate intraaxial tumors
to avoid biopsy and follow- up imaging studies.

Al-Okaili et al. (17) summarized the typical imaging
features of the most common intracranial masses in
adults—primary neoplasms (high-grade and low-grade),
secondary (metastatic) neoplasms, lymphoma, tumefactive
demyelinating lesions, abscesses, and encephalitis on
perfusion MRI, diffusion MRI, and proton MR.
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Primary (nonlympbomatous) neoplasms

MRS
The typical primary neoplasm features are elevated peaks
of lipid, lactate, choline, and myoinositol and reduced NAA
signal.

Unfortunately, the cutoff metabolite signal ratios that
can frankly distinguish neoplastic from nonneoplastic
conditions are not unequivocal. A choline/NAA ratio
greater than 1 have showed a sensitivity of 79% and a
specificity of 77% as an indicator of a neoplastic process.
Using a logistical regression model with 10 input MR
spectroscopic variables it was achieved a sensitivity of 87%
and a specificity of 85% (18).

Despite of this fact Al-Okaili ez 4/. found that a choline/
NAA cutoff ratio of 2.2 does reliably separate high-grade
from low-grade neoplasms and non-neoplastic conditions;
high-grade neoplasms also tend to have elevated lipid signal,
which is often absent in low-grade neoplasms.

On the other hand, a high myoinositol peak is more
typical of lower grade neoplasms and gliomatosis cerebri (19).

DWI

A variable ADCs is the typical feature for primary
neoplasms. Even though the ADC value of high-grade
gliomas tend to be lower than that of low-grade gliomas (20),
there is substantial overlap; thus, ADC map is not sufficient
for predicting type and grade of glial neoplasms alone (21).

Perfusion imaging

A relative tumor blood volume (rTBV) that tends to
increase with neoplasm grade is the typical perfusion
imaging feature for primary neoplasms.

Neoplasms have increased permeability parameters
because neoplastic-induced angiogenesis results in
structurally abnormal vessels that tend to be leaky. The
grade of the neoplasm correlates with tumor blood volume
according to several studies (22,23); as a matter of fact,
a r'TBV value of 1.75 was indicated as a cutoff threshold
to discriminate between a high grade from a low-grade
neoplasm (22), where r'TBV is a ratio of the maximal
tumor blood volume to a region of interest in normal
white matter (WM). On the other hand, low-grade glial
neoplasms with oligodendroglial features, which may have
markedly elevated rTBV are an exception (24): markedly
elevated r'TBV has been observed in particular in low-
grade oligodendrogliomas and oligoastrocytomas with 1p
deletion.
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Secondary (metastatic) neoplasms

MRS

The typical secondary neoplasms features are elevated
signals of lipid, lactate, and choline and reduced or absent
NAA signal.

The utility of spectroscopic interrogation of the
enhancing portion of the tumor to distinguishing metastases
from high-grade primary neoplasm is poor, even though
some results have shown the possibility to look for a
higher degree of lipid signal in metastatic lesions (19,25).
In contrast, it is useful to investigate the areas outside the
enhancing portion of the lesion, considering that primary
neoplasms have the propensity to infiltrate surrounding
brain tissue (26,27). In fact, one study showed that a

choline/NAA ratio of greater than 1 had an accuracy of
100% (26).

DWI

An elevated ADC is the typical feature for secondary
neoplasms. Although there is a substantial overlap of ADC
values between metastatic and primary brain neoplasm, it
is possible to separate these two pathologies by measuring
ADC values in the peritumoral regions.

Perfusion imaging

An elevated r'TBV is the typical feature for secondary,
metastatic lesions. As well as primary neoplasms, a crucial
metastases ability is to induce angiogenesis for their growth.
The perfusion parameters tend to overlap with those of
high-grade neoplasms, probably because of their similarity
in the degree of angiogenesis.

Metastatic lesions have lower r'TBV measurements
outside their enhancing portion, compared with those of
the more infiltrative primary neoplasms and this feature
may enable us to distinguish these two pathologies (27,28).

Lymphboma

MRS

Typical proton MR spectroscopic features for lymphoma
include elevated signals of lipid, lactate, and choline and
reduced NAA signal.

MRS of lymphoma in AIDS patients showed mild to
moderately increased lactate and lipid signals, along with a
prominent choline peak and decreased NAA, creatine, and
myoinositol signals. This pattern can help in differentiating
lymphoma from toxoplasmosis, which typically has elevated
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lactate and lipid signals but absence of the other metabolites
in MR spectra (29).

DWI

A reduced ADC is the typical characteristic. Lymphoma is
incline to have a low ADC due to its cellularity; thus, a low
ADC value would favor lymphoma over glial tumors.

Perfusion imaging
The typical characteristic for lymphoma is a low rTBV
compared with that of primary high-grade neoplasms.

The differentiation between lymphoma and primary
high-grade glial neoplasms is feasible because lymphoma
tends to have a lower r'TBV (28), and the intensity time
curves for lymphoma is substantially below the baseline (30).

Tumefactive demyelinating lesions

Acute monophasic syndromes enclose the Marburg variant
of multiple sclerosis, Balo’s concentric sclerosis, and other
focal tumefactive demyelinating lesions that may mimic
brain tumors.

MRS
The peculiar spectroscopic features are an elevated choline
peak and reduced NAA signal.

A fulminant tumefactive demyelinating lesion may show
high choline and low NAA signals as well as presence of
lactate. Distinguishing a tumefactive demyelinating lesion
from neoplastic lesions is often hard with MRS (31). In
muldple sclerosis, the spectroscopic abnormalities were also
shown in normal-appearing areas of WM that demonstrated
to have reduced NAA signal (compared with NAA signals in
healthy control subjects) although, in the early stages of the
disease, it is less evident than an increased myoinositol peak.

DWI
The typical DWI feature is variable ADC. The majority
of tumefactive demyelinating lesions show elevated ADC

values, even though sometimes the acute ones may have
areas of reduced ADC values (32).

Perfusion imaging

The typical perfusion imaging feature is low r'TBV. In
tumefactive demyelinating lesions, rTBV values tend to
be lower than those in normal brain tissue, in high grade
primary neoplasms and in metastatic lesions (28).
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Brain abscesses

MRS

The typical spectroscopic characteristics are elevated
peaks of amino acid, lactate, alanine, acetate, pyruvate, and
succinate and absent signals of NAA, creatine, and choline.

Abscesses have a distinct spectroscopic pattern: for
example, elevation of choline and absence of signal from a
variety of amino acids, acetate, and succinate (33,34) would
support a neoplastic process, whereas the other peaks listed
above—alanine, acetate, pyruvate, and succinate—favor
abscesses.

MRS may shed light on which organism is responsible
for the abscess, because the presence of anaerobic bacteria
tends to cause elevated acetate and succinate peaks, whereas
absence of acetate and succinate signals are more probable
with obligate aerobes or facultative anaerobes (35,36).

Tuberculous abscesses typically have high lipid, lactate
peaks and no peaks for amino acids (leucine, isoleucine, and
valine) at 0.9 ppm, succinate at 2.41 ppm, acetate at 1.92 ppm,
and alanine at 1.48 ppm, in contrast to the pyogenic ones,
which have peaks for all these metabolites.

DWI

A markedly reduced ADC is the typical feature of abscesses;
in fact, neoplasm more often have a facilitated diffusion
while abscesses more probably have a restricted one in their

necrotic portion, albeit some reports showed overlapping

features (37).

Perfusion imaging

The typical feature is low r'TBV; as a matter of fact,
high-grade primary neoplasms and metastases can be
differentiated from brain abscesses with perfusion MR
imaging, in which the wall of necrotic or cystic neoplasms
tends to have higher rTBV compared with the capsule of an
abscess (37).

Encepbalitis
MRS

The typical characteristics are elevated peaks of lactate,
choline, and myoinositol and reduced NAA signal.
Encephalitis tend to mimic low-grade gliomas, with
reduction of the NAA signal and elevation of the choline
and myoinositol peaks.

There is gradual normalization of the MR spectrum in
about 1 year after the acute phase of encephalitis (38).
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DWI

The typical DWI feature for encephalitis is variable ADC.
Encephalitis typically has low ADC values although this
finding is less consistent than in infarcted tissue. DWI
may also shed light on the severity of the process, because
fulminant cases more probably cause restricted diffusion

39).

Perfusion imaging

It is not known a typical perfusion imaging feature: a case
report of perfusion computed tomography tends to favor an
elevated perfusion in the acute phase (39).

Al-Okaili et al. (40) also investigated the role of
commonly used advanced imaging techniques in the
differentiation among intracranial masses in adults and
suggested a practical MRI-based algorithm including
results from post-contrast MRI, diffusion-weighted MRI,
perfusion MRI, and 1H MRSI to improve the diagnosis and
classification of these lesions.

They identified 44 patients with high-grade and 14
with low-grade primary neoplasms, 24 with abscesses, 12
with lymphoma, 11 with TDLs, 5 with metastases, and
one with encephalitis, all histologically-confirmed, who
had undergone conventional (transverse and sagittal T'1-
weighted spin-echo, transverse T2-weighted fast spin-
echo, transverse fast fluid attenuated inversion recovery
and contrast-enhanced transverse and coronal T1-weighted
spin-echo) and advanced MR imaging; all images where
acquired with a 1.5 T system. However, only 40 patients
(25 women, 15 men; mean age, 45 years) had undergone all
studies and had data to permit the completion of the entire
strategy.

The accuracy, sensitivity, and specificity of the strategy,
respectively, were 90%, 97%, and 67% for discrimination
of neoplastic from nonneoplastic diseases, 90%, 88%, and
100% for discrimination of high-grade from low-grade
neoplasms, and 85%, 84%, and 87% for discrimination
of high-grade neoplasms and lymphoma from low-grade
neoplasms and nonneoplastic diseases.

The reported sensitivity of conventional MR imaging is
lower than the sensitivity of this strategy (88%) (22,27). The
performance of perfusion MR imaging alone also appeared
to be lower.

These results suggest that integration of advanced
imaging techniques with conventional MRI may help to
improve the reliability of the diagnosis and classification of
brain lesions.
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Advanced MRI in glioma grading

Diagnosing tumor type and grade non-invasively have
an important influence on management decisions and
prognosis; in fact, high-grade brain tumors are usually
treated more aggressively than low-grade tumors and for
this reason preoperative diagnosis of tumor grade is very
important.

According to the WHO classification gliomas are divided
into 4 grades (I-IV); this classification is based on specific
histologic features: cellularity, nuclear atypia, mitotic
activity, pleomorphism, vascular hyperplasia, and necrosis.
Grade I glioma is a single group composed of gliomas
with a relative benign biology and indolent clinical course
(pilocytic astrocytoma, pleomorphic xanthoastrocytoma,
subependymal giant cell astrocytoma). The remaining
diffuse gliomas are divided in to grades II-IV (41).

Many important information in the characterization of
tumor aggressiveness and grade such as

the contrast material enhancement, perienhancement
edema, distant tumor foci, hemorrhage, necrosis, mass
effect may be provided by ¢cMRI although sometimes this
technique has shown to be unreliable with a sensitivity for
glioma grading ranging from 55.1% to 83.3% (25,41).

The incorporation of physiologic data provided by the
advanced MRI techniques has given to neuroradiologists
the opportunity to combine biology with radiology in brain
tumors and so to obtain clinically relevant informations for
the assessment of malignancy (41).

In a wide variety of tumors, it has been histologically
verified an inverse correlation between minimum ADC
(ADCmin) and tumor cellularity (42).

Due to substantial overlap in ADC values among
different grades of glioma, the role of DWI in the
preoperative assessment of glioma grade is clinically
insignificant and remains investigational, although some
reports have shown that ADCmin values below a cutoff
in the range of 1.7 to 2.5 may be useful in differentiating
low from high grade gliomas (43); this is caused by the
heterogeneity of gliomas across different grades, within
the same grade, and even within a single given tumor. In
fact, a given glioma, usually of high grade, often contains
a continuum of histologic features of grades II-IV and the
site of tumor biopsy or resection is an important factor in
the process of tumor grading being subject to sampling
error or undersampling.

Actually, the role of MRS in glioma grading in the
clinical preoperative setting, has not been proved enough
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accurate to replace tissue diagnosis and grading (41).

Although MRS seems to be unreliable in the definition
of tumor differential diagnosis, the presence of high
choline/NAA peak height ratios has been demonstrated in a
number of studies to be predictive of the presence of high-
grade tumor (44,45). In the same way, a lipid/lactate peak in
untreated glioma suggests the presence of necrotic grade IV
tumor (44,46).

In fact, the regions of lactate most probably represent
areas of hypoxic but viable tumor, whereas the regions of
mobile lipid represent necrotic non-viable tissue.

MRS has shown to be a useful tool to increase the
accuracy of tumor biopsy by targeting areas of metabolically
active tumor, corresponding to areas with high choline/
NAA ratios, within areas of heterogeneous glioma and thus
reducing the false-negative rate (47).

The degree of tumor angiogenesis and capillary
permeability, which are important biologic markers
of malignancy, grading, and prognosis, particularly in
gliomas (41), are measurable targets of perfusion MRI.
Some reports have widely shown the strong correlation
between the maximum rCBV measured in a tumor and
the histologic tumor grade in documented or suspected
astrocytoma (48-50). In fact, as noticed above, a tumor with
an rCBV similar to or greater than cortex should strongly
favor the presence of IV grade tumor.

A maximum rCBYV value has proved its utility in
preoperative planning to ensure biopsy, resection, or
ablation of the highest-grade portion of a heterogeneous
tumor despite of some limitations such as low spatial
resolution, susceptibility artifact, quantitation, and the
difficulty of making longitudinal comparisons between
echoplanar datasets (51,52).

It has also been proved the robustness of the correlation of
increased permeability with increasing tumor grade (53-55).

It is not surprising to find that permeability measures
are slightly less predictive of tumor grade than rCBV
(55,56) since, as well as neoangiogenesis, there is a large
number of physiologic processes that may increase capillary
permeability.

Albeit permeability is independent of blood volume (57),
its measures are strongly correlated with rCBV in high
grade glioma (58), probably because of the coregulation
of neoangiogenesis and increased vascular permeability by
VEGEF and other proangiogenic factors.

The role of MRS and perfusion in glioma grading
compared with cMRI was investigated by Law er al. (22),
who retrospectively evaluated 160 patients that underwent
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some preoperative MR examinations [cMRI, multivoxel
2D proton chemical shift imaging (CSI), dynamic contrast
agent-enhanced T2*-weighted gradient echo, echo-planar
imaging] and had histopathologic results for comparison;
patients age ranged from 4 to 82 years, with a mean of 43
years (108 male and 52 female patients).

A modified Ringertz’s three-tier classification of gliomas
was used for the histopathologic evaluation: grade 1, low-
grade glioma; grade 2, anaplastic glioma; and grade 3,
glioblastoma (GBM) multiforme. The imaging classification
was divided into two tiers. Anaplastic gliomas and GBM
multiforme were considered high-grade gliomas, and this
group comprised 120 patients. The low-grade gliomas
group comprised 40 patients (22).

For rCBV and metabolite ratios, it was used a receiver
operating characteristic (ROC) curve analyses to evaluate
the performance of simple diagnostic tests that declared
a glioma to be high grade and permitted a determination
of the sensitivity, specificity, PPV, NPV, and total error
associated with each measure. To determine the potentially
useful values for rCBV, Cho/Cr, and Cho/NAA in
differentiating low- from high-grade gliomas, they found
some thresholds that minimized the observed number
of tumor grade misclassifications (C2 error = fraction of
misclassified tumors) and maximized the average of the
observed sensitivity and specificity (C1 error). Hence, C1 =
1 - (sensitivity + specificity)/2.

The sensitivity, specificity, PPV, and NPV for
determining a high-grade glioma with conventional
MR imaging were 72.5%, 65.0%, 86.1%, and 44.1%,
respectively. The statistical analysis demonstrated that a
threshold value of 1.75 for rCBV provided a sensitivity,
specificity, PPV, and NPV of 95.0%, 57.5%, 87.0%, and
79.3%, respectively. A threshold values of 1.08 and 1.56
for Cho/Cr and 0.75 and 1.60 for Cho/NAA provided the
minimum C2 and C1 errors, respectively, for determining
high-grade glioma. The combination of rCBV, Cho/Cr,
and Cho/NAA resulted in a sensitivity, specificity, PPV, and
NPV 0f 93.3%, 60.0%, 87.5%, and 75.0%, respectively.

Some significant differences were noted in the rCBV and
Cho/Cr, Cho/NAA, and NAA/Cr ratios between low- and
high-grade gliomas (P<0.0001, 0.0121, 0.001, and 0.0038,
respectively).

There was no statistically significant difference in the
rCBV, Cho/Cr, Cho/NAA, and Cho/Cr ratios between the
anaplastic gliomas and GBM multiforme.

The rCBV measurements and metabolite ratios both
individually and in combination can increase the sensitivity
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and PPV when they are compared with conventional MR
imaging alone in determining glioma grade.

The lower sensitivity and specificity of Cho compared
with rCBV suggests that although Cho levels may correlate
directly with tumor cellularity, tumor cellularity may not
correlate directly with tumor grade. The tumor grade
seems to correlate more likely with necrosis, nuclear atypia,
mitoses, and vascular hyperplasia; hence, rCBV may provide
stronger correlation with tumor grade than Cho does. This
study demonstrates that rCBV and metabolite measurements
can improve preoperative tumor grading. MRS and
perfusion MR imaging are useful adjuncts to cMRI in
planning postoperative chemotherapy, antiangiogenic
therapy, and radiation therapy. Since these techniques avoid
some of the problems of sampling error associated with
histopathologic examination, it is conceivable that such
methods may provide a more accurate overall assessment of
tumors (41).

Advanced MRI in preoperative planning

Malignant brain tumors such as GBM multiforme often
invade the surrounding tissue and WM tracts, having
an infiltrative pattern of growth; in fact, the tumor can
extend microscopically for several centimeters past
the radiographically detected margin of disease (59).
Furthermore, infiltrative brain tumors are surrounded
by extensive areas of edema, as detected on T2-weighted
imaging.

There is not a clear transition between the tumor
edge and peritumoral edema: in metastatic tumors, this
peritumoral edema is thought to consist of pure water, while
in infiltrative tumors it has often been shown to contain
tumor cells that have spread into the edematous tissue.

Conventional MR imaging is not able to detect this
minute cellular infiltration and to describe the relationship
between tumor and neighboring WM tracts (Figure 3);
some studies have shown the presence of tumor cells
beyond tumor borders as defined by these modalities; this
fact represents a serious challenge for treatment planning, a
problem that can lead to suboptimal treatment, postoperative
neurological deficits and a worse prognosis (60). In successful
surgical resection, the neurosurgeon must excise the tumor
with the greatest extent possible while minimizing injury to
nearby healthy tissue.

DTT is a promising tool to evaluate the peritumoral
region in patients with intracranial brain tumors due to the
microstructural information that this technique can provide.
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Figure 3 Left frontal lobe GBM: (A) axial T'1 post gadolinium administration; (B) axial multi-voxel MRS color-coded map of choline/NAA;

(C) coronal BOLD showing motor activation; (D) coronal BOLD showing speech activation; (E) DTT with particular of fibres bundles

close to the lesion; (F,G) spectra from a single voxel within the GBM. GBM, glioblastoma; MRS, magnetic resonance spectroscopy; NAA,

n-acetylaspartate; D'TL, diffusion-tensor imaging.

It has been demonstrated a diffusion alteration within
this surrounding edema in both high-grade gliomas
and metastatic tumors compared with internal controls,
reflecting the presence of, at minimum, increased
extracellular water.

It has been demonstrated further, by using DWI, that
the diffusivity of the peritumoral edema varies

in direct proportion to the grade of the tumor it
encompasses: high-grade gliomas are associated with
edema of high trace value [mean diffusivity (MD)], whereas
the low-grade gliomas or nonglial tumors are associated
with a low trace one, as it has been indicated by Morita
et al. (61). They concluded that the “higher diffusivity
of water molecules within the area of edema associated
with high-grade gliomas is likely to reflect destruction of
the extracellular matrix ultrastructure by malignant cell
infiltration” (61).

A current work demonstrates that, compared with
normal-appearing WM, there is an increase in MD and
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a decrease in FA measurements in the surrounding tissue
of both primary and metastatic brain tumors: in fact, it
is known that the bigger is the quantity of free water in
the tissue, the greater will be the magnitude of diffusion
(increased MD) and the more disorganized it will become
(decreased FA) (62).

Lu et al. (63) found that, comparing the peritumoral
region of metastatic lesions and glioma, the peritumoral
MD was higher in the former than in the latter while it has
been demonstrated no difference in the peritumoral FA
between the two tumor types.

Hence, we can infer that the reduced FA surrounding
gliomas may be correlated not only to increased
extracellular water but also to axonal disorganization caused
by infiltration of the tumor beyond its detectable margin.

The FA values were measured by Sundgren er al. (64)
in the normal-appearing WM bordering the peritumoral
edema of recurrent and nonrecurrent tumors, resulting
in a significantly lower FA values in the normal tissue

F Xiangya Med 2017;2:56



Journal of Xiangya Medicine, 2017

that encompasses recurrent tumors compared with non-
recurrent ones. This evidence suggests the presence of
cellular micro infiltration into the peritumoral WM in
recurrent tumors.

This hypothesis is in tight accordance with the known
correlation between tumors of high infiltrative capacity and
the associated recurrence risk.

Earlier studies have demonstrated that the occult
infiltration by aggressive cancer that causes subtle WM
disruption may be detected by D'TT metric changes (65).

In another study in 2004, Lu ez a/l. (66) tried to define
if trough the MD and FA it was possible to discriminate
between intra-axial from extra-axial lesions, metastatic
lesions from gliomas, and high-grade (World Health
Organization grades III-IV) from low-grade (World Health
Organization grade II) gliomas studying retrospectively the
DTT data from 40 patients.

The investigators, to define properly the extent of tissue
infiltration, used a third parameter that they termed the
“tumor infiltration index (TT)”, which was calculated from
DTI data by the following formula:

T = (FA exp— FAobs) x103 (2]

where FAexp is the expected FA for the corresponding
MD, assuming no tumor infiltration (as determined by a
linear regression analysis of such data) and FAobs is the
currently measured FA.

In the purpose of making the results coherent with those
of the study above, the TII of non-infiltrative tumors should
be approximately zero, while the TII of infiltrative tumors
should be considerably higher. Finally, they indeed achieved
this outcome: in fact gliomas had a mean TII of 64, while
metastases and meningiomas had a mean TII of 0.

The efficacy of DTT in differentiating normal and
tumor infiltrated peritumoral tissue was further shown
by Provenzale et al. (67). They found, comparing the
mean FA values in peritumoral hyperintense regions with
those of normal WM, a ratio of 43% for glioma and 65%
for meningioma (P=0.05), while the mean FA values for
normal-appearing WM surrounding the tumors were 83%
of the normal value for patients with gliomas and 100% for
those with meningiomas (P=0.01).

In other words, even though the difference in FA in
the hyperintense regions of gliomas and meningiomas
was evident, it was statistically insignificant; however, the
decrease in FA in the normal-appearing encompassing WM
was significant, being the decrement greater in patients with
glioma (P=0.01).

This result shows that DTT may have the potential
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to detect tumoral infiltration that cannot be discerned
by ¢cMRI techniques, revealing a disparity in the FA of
peritumoral normal-appearing tissue and that this disparity
is greater in the tissue neighboring gliomas rather than
meningiomas.

Fractional anisotropy was correlated with the distance
from visible tumor margins in gliomas by Deng ez /. (68),
who found that the value increases in direct proportion to
the distance from the tumor.

Moreover, they obtained some tissue samples from
the regions of interest as determined on MR imaging and
finally observed a negative association between FA values
from the peritumoral edema of gliomas and the degree of
tumor infiltration (categorized as mild, moderate, severe, or
no infiltration) (68).

These results, which are coherent with the past findings,
show that a reduction in FA in the peritumoral region,
compared with the corresponding contralateral one, is
a marker of tumor invasion past the tumor borders, as
detected on T2-weighted images and could be used as a
quantitative index of tumor cell infiltration.

Although the tissue architecture can be highly variable
and therefore provide inconsistent or nonspecific results,
the use of adjunctive DTT metrics can improve the quality
of findings and facilitate accurate and specific conclusions.

A recent study of Farshidfar ez a/. (69) evaluated the
application of D'TT imaging in the presurgical assessment
of gliomas, introducing this new modality and its
importance to physicians and imaging centers.

Ten patients (mean age: 48.6, ranging from 36 to
60 years old) with intra-axial brain tumor (verified by
conventional MRI) and suspicion of glioma underwent
conventional brain MRI pulse sequences (T1-weighted
images 3D fast spoiled gradient recalled echo sequences
were acquired to overlay the selected fibers on them; T2-
weighted images were acquired before fiber tracking for a
better evaluation of tumor margins if necessary) and DTT
imaging between December 2011 and February 2013 with
a 1.5 Tesla system using 64 independent diffusion encoding
directions. All acquired images (FA, ADC maps, color- FA
and 3D reconstructed fibers) were evaluated by an expert
radiologist to report which neuronal fibers were affected
by the tumor and in which way. They categorized the type
of involvement of WM tracts into four groups according
to Witwer et al.’s criteria—(I) displaced (deviated) WM
tracts: if they maintained normal anisotropy relative to
the corresponding tract in the contralateral hemisphere
but were situated in an abnormal location or with an
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abnormal orientation on color-coded orientation maps;
(II) edematous: if they maintained normal anisotropy and
orientation but demonstrated high signal intensity on
T2-weighted MR images; (III) infiltrated: if they showed
reduced anisotropy but remained identifiable on orientation
maps; (IV) disrupted (destroyed): if anisotropy was markedly
reduced such that the tract could not be identified on
orientation maps.

The results with fiber tracking images were then shown
to the neurosurgeons and the treatment procedures before
and after fiber tracking were recorded. In seven patients (4
of them with deviation or compression and no destruction
and infiltration of WM near tumor, 3 of them with
infiltration or displacement or destruction of WM adjacent),
the treatment technique changed from radiotherapy to
craniotomy, which is more effective to improve prognosis.
In another patient, physicians preferred to avoid surgery
because of many connections between tumor and adjacent
WM tracts; the operation strategy before tractography in
this patient was craniotomy.

In one patient, the corticospinal tract went through the
tumor, so the treatment plan (radiotherapy) did not change.

In one patient with deviation and compression of WM
tracts near tumor, the operation strategy changed from
radiosurgery to craniotomy.

According to DT'T results, there was a change in the
treatment in approximately all patients, and in one of them
helped to plan a treatment procedure with more assurance.
There were no significant additional neurological deficits
after surgery, except in one patient who was temporarily
hemiplegic for one week.

As we can infer from this work, the informations
provided by the tractography are useful to eventually
change the treatment strategy and to plan more accurately
the treatment technique leading to fewer postoperative
neurological deficits and better outcomes.

Advanced MRI in the therapeutic response

It is increasingly important to be able to predict tumor
progression at earlier stages, when patients keep a
performance status such that they can tolerate further
therapies, because of the availability of improving second-
and third-line treatments (70,71); it is also critical to
accurately assess which gliomas on follow-up imaging are
progressing on a current treatment regimen so that therapy
can be modified appropriately.

According to the Macdonald criteria [the response
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criteria of supratentorial malignant gliomas published in
1990 (72)], the enhancing tumor area was the primary
feature used in the radiologic assessment of tumor response
and disease progression and cMRI was the best tool to
detect early treatment-related changes. However, given that
standard therapy for high grade glial tumors usually includes
radiation as well as TMZ (73), early tumor progression
can be simulated by changes in contrast enhancement
detected with ¢cMRI after or during treatment. In fact,
various non-tumorous processes, such as treatment- related
inflammation, postsurgical changes, ischemia, subacute
radiation effects, and radiation necrosis, may induce
increased enhancement (74).

Relatively recently, it was observed the occurrence
of progressive MRI lesions immediately after the end
of concurrent chemotherapy and radiation therapy
(CCRT) with temozolomide (TMZ), with spontaneous
improvement with no further treatments and this is related
to pseudoprogression, for which rates were reported to be
20-30% (75-77).

Nevertheless, due to the absence of established
differentiating features in conventional contrast-enhanced
MR imaging (74), there was a revision of the Response
Assessment in Neuro-Oncology (or RANO) criteria for
high-grade gliomas such that, within the first 12 weeks after
completion of radiation therapy, when pseudoprogression
is most prevalent, progression can be determined only if
the most of the new enhancement is outside the radiation
field or if there is pathologic confirmation of progressive
disease (78).

Considering that cytotoxic radiation and chemotherapy
reduce tumor cellularity, increasing ADC within a
given area of tumor (79,80), DWI may be a useful tool
to following tumor treatment response and subsequent
recurrence (Figure 4).

Gupta et al. (81) hypothesized that diffusion restriction,
when present outside of the confines of enhancing tumor,
may be a good predictor of tumor progression.

In their research, they reviewed the brain MR imaging
scans (including DWT and ADC maps) of 208 patients with
GBM. Sixty-seven of 208 patients (32%) with restricted
diffusion in or adjacent to the tumor were identified and
the study cohort was formed by 27 patients (20 man and 7
women; median age 53, range: 34-74 years) with low-ADC
lesions and no corresponding enhancement.

If a patient developed new enhancement concordant with
the low-ADC lesion, all available advanced imaging (DSC
T2* MR perfusion, DCE T1 MR perfusion, 3D multivoxel
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Figure 4 Right frontal lobe GBM recurrence after surgery: (A) axial and (C) coronal T'1 post gadolinium administration; (B) coronal and (D)

sagittal D'TT representing the spinothalamic tract. GBM, glioblastoma; DTI, diffusion-tensor imaging.

PROBE CSI MRS) was reviewed by a board-certified
neuroradiologist to determine the etiology of that new
enhancement.

An aMRI result was considered as representing tumor if
the following criteria, commonly applied in the literature,
were satisfied: rCBV =1.75 (on DSC MR perfusion),
maximal bolus wash-in slope >2 {on DCE MR perfusion
[140]} or Cho/NAA >2.2 (MRS) (17,82,83).

The investigators used the Wilcoxon signed rank
test, competing risk analysis, and Kaplan-Meier curves
to compare the mean drop in ADC values, assess
enhancement-free survival, and determine overall survival,
respectively.

Twenty-three (85.2%) patients developed gadolinium-
enhancing tumor at the site of restricted diffusion a median
of 3.0 months later (95% CI, 2.6-4.1 months). The mean
decrease in ADC was 22.9% from baseline (P=0.001). The
3-month enhancement-free survival probability was 0.481
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(95% CI, 0.288-0.675). The 12-month overall survival
probability was 0.521 (95% CI, 0.345-0.788).

This research has proved that, despite of antiangiogenic
therapy with bevacizumab, the occurrence of isolated low-
ADC lesions in a subset of patients with GBM anticipate
and so may predict the development of concordant
enhancing lesions at the same site.

Chu et /. (84) have investigated the role of histogram
analysis of ADC maps obtained at standard- and high-
b-value (1,000 and 3,000 sec/mm’, respectively) in the
differentiation of true progression from pseudoprogression
in GBM treated with radiation therapy and concomitant
TMZ.

In this retrospective study thirty patients (16 men, 14
women; mean age 50.8 years; age range, 25-72 years) with
histopathologically proved GBM, who had undergone
CCRT with TMZ, underwent 3T DWI with b values
of 1,000 and 3,000 sec/mm’ and corresponding ADC
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maps were calculated from entire newly developed or
enlarged enhancing lesions after completion of CHRT.
The investigators compared the histogram parameters
of each ADC map between true progression (n=15) and
pseudoprogression (n=15) groups by using the unpaired
Student t-test and then they used the ROC curve analysis
to determine the best cutoff values for predictors in the
differentiation of true progression from pseudoprogression;
finally the best cutoff value was used to validate the results
in an independent test set of nine patients.

In terms of cumulative histograms, the fifth percentile
of both ADC at b value of 1,000 sec/mm’ (ADC1000) and
the ADC at b value of 3,000 sec/ mm’ (ADC3000) were
significantly lower in the true progression group than in the
pseudoprogression one (P=0.049 and P=0.001, respectively).

In contrast, there was no significant difference between
both the mean ADC1000 and the mean ADC3000 in the
two groups.

Comparing the diagnostic values of the parameters
derived from ADC1000 and ADC3000, it was found a
significant difference (0.224, P=0.016) between the area
under the ROC curve of the fifth percentile for ADC1000
and that for ADC3000 (0.757 and 0.981, respectively).

The measure of a fifth percentile value lower
than 929x10° mm*/sec for ADC1000 or lower than
645x10° mm*/sec for ADC3000 allowed to diagnose the
true progression for newly developed or enlarged enhancing
lesions inside the radiation field after ChRT with TMZ.

The sensitivity and specificity of ADC1000 were
73.3% (11 of 15 patients) and 73.3% (11 of 15 patients),
respectively; the sensitivity and specificity of ADC3000 were
93.3% (14 of 15 patients) and 100% (15 of 15 patients),
respectively.

The confirmation came from the results of the
independent test set (9 patients) enabling us to consider the
fifth percentile of the cumulative ADC histogram obtained
at high b value as the most promising parameter for the
differentiation of true progression from pseudoprogression
showing a sensitivity, specificity, and overall accuracy of
75% (three of four patients), 100% (five of five patients),
and 88.9% (eight of nine patients), respectively, being the
results similar to those of the retrospective study.

The accuracies were 66.7% (six of nine patients) and
88.9% (eight of nine patients) based on the fifth percentile
of both ADC1000 and ADC3000 in the independent test
set, respectively.

Some investigators applied the MRS to discriminate
between radiation-induced tissue injury and tumor

© Journal of Xiangya Medicine. All rights reserved.

jXym.amegroups.com

Journal of Xiangya Medicine, 2017

recurrence in adult and pediatric brain tumor patient
post-radiation, after gamma knife radiosurgery, and
brachytherapy. The increase of Cho signals (evaluated as
Cho levels relative to Cho signal in normal-appearing tissue,
Cho/Cr or Cho/NAA ratios) suggested the recurrence,
while a significant reduction of Cho (and Cr) levels favored
the radiation necrosis (85).

Necrotic regions may also show elevated lipid and lactate
signals (47,86,87).

In a recent MRSI work, 31 patients with a previous
diagnosis of an intracranial tumor were retrospectively
studied to differentiate between recurrent tumor and
radiation necrosis, reporting a sensitivity of 85%, a
specificity of 69% using the Cho/NAA ratio (88).

Although MRSI achieved a good separation between
pure necrosis and pure tumor, the comparison with biopsy
specimens indicated that this technique cannot reliably
differentiate the tissue containing mixed tumor/ radiation
necrosis from tumor or radiation necrosis (86).

With the addition of ADC values to MRSI parameters
there was an improvement in the differentiation between
pure tumor and radiation necrosis (which exhibits higher
ADC values than tumors) but not between mixed tissue
and pure tumor or pure necrosis (89,90). The diagnostic
accuracy of MRS in the discrimination of radiation necrosis
may be improved if spectra of both the abnormal and
normal tissue are available pre- and post-treatment (87).

In a cohort of 27 patients with gliomas grade (I-1V)
treated with a combination of surgery, chemotherapy and
radiation therapy MRS has proved to be able to differentiate
patients with stable disease and with disease progression.

The investigators examined the patient at least twice,
with a lapse of time between studies of 8.3+5.1 and of 49+41
months after the beginning of disease. In patient with
stable disease the normalized Cho intensity changes were
smaller than a critical value of 35% (range, 33% to 28%),
while in the progressive disease the changes in normalized
Cho between studies were larger than 45% (range, 46%
to 104%). It was also demonstrated a very good agreement
with survival data (16).

MRSTI has also been used to predict the onset of new
contrast enhancement on cMRI after therapy.

In a prospective clinical trial that included patients
with GBM, the investigators put in relation the locations
of MRSI abnormality at baseline with a new contrast
enhancement and abnormal MRSI area after treatment
with radiation and chemotherapy (91). At relapse, 82% of
the 17 voxels with Cho/NAA >2 at baseline showed either
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continuing or new contrast enhancement (as compared to
15% of 323 voxels with normal Cho/NAA ratio).

The combination of MRSI and postcontrast T'1 and T2-
weighted MRI may better predict regions of relapse after
treatment than cMRI alone (91).

Perfusion MR has shown to be a very promising tool in
the evaluation of treatment response in brain tumors.

Yun et al. (92) have explored the role of dynamic
contrast material-enhanced MRI in the differentiation of
true progression from pseudoprogression in patients with
GBM on the basis of findings in entirely newly developed
or enlarged enhancing lesions after concurrent radiation
therapy and chemotherapy with TMZ; they have also
evaluated the diagnostic performance of quantitative
pharmacokinetic parameters such as the volume transfer
constant (Ktrans), the extravascular extracellular space per
unit volume of tissue(ve), and the blood plasma volume per
unit volume of tissue (vp).

In this prospective study were included thirty-three
patients with histopathologically proven GBM, who had
undergone concurrent radiation therapy and chemotherapy
(22 men and 11 women; age range, 28-82 years) and
were confirmed to have true progression [n=17 (52%)] or
pseudoprogression [n=16 (48%)] after the end of adjuvant
TMZ according to the RANO criteria.

Conventional MRI (transverse and coronal T1- weighted
imaging performed before and after contrast enhancement,
transverse fluid-attenuated inversion recovery sequence
and T2-weighted imaging) and dynamic contrast-enhanced
MR (by using a 3.0-T imaging unit with a 32-channel head
coil) were performed and then they calculated the imaging-
derived pharmacokinetic parameters, including Ktrans, ve,
and vp, for newly developed or enlarged enhancing lesions.

Finally, the investigators used the unpaired z-tests and
then multivariable analysis to compare these parameters
between the true progression (n=17) and pseudoprogression
(n=16) groups.

The mean Ktrans and ve were higher in the true
progression group than in the pseudoprogression one (mean
Ktrans + standard deviation: 0.44£0.25 and 0.23+0.10 min™
for true progression and pseudoprogression groups,
respectively, P=0.004; and mean ve, 1.26+0.78 and 0.75+0.49
for true progression and pseudoprogression groups,
respectively, P=0.034).

The 10th percentile value of Ktrans showed the
highest AUC for distinguishing true progression from
pseudoprogression. The AUCs, sensitivities, specificities,
and positive and negative predictive values for mean Ktrans
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and the 10th percentile value were 0.756, 59%, 94%,
91%, and 68% and 0.801, 82%, 75%, 78%, and 80%,
respectively. In addition, the 5th percentile value of ve has
proved to have the highest AUC.

The AUCs, sensitivities, specificities, positive and
negative predictive values for mean ve and the 5th percentile
value were 0.750, 88%, 56%, 68%, and 82% and 0.813,
76%, 88%, 87%, and 78%, respectively. However, it was
not noted a significant difference between the AUCs for the
mean and 10th percentile Ktrans values or among the mean
and 5th percentile ve values (P=0.05).

By means of the multivariable analysis it was noticed that
mean Ktrans was the only independently differentiating
variable (P=0.004) and that, using a threshold value of
0.347 min”', dynamic contrast-enhanced MR imaging had
a sensitivity of 59% (10 of 17 true progressions) and a
specificity of 94% (15 of 16 pseudoprogressions).

Thus, the overall accuracy of mean Ktrans was 76%,
with correct classifications in 25 of the 33 patients.

As we can infer from these results, the pharmacokinetic
parameters derived from perfusion MRI, including Ktrans
and ve, may be objectively useful to differentiate true
progression from pseudoprogression in the entire newly
developed or enlarged enhancing lesion in patients with
GBM after CHRT.

Bevacizumab is a humanized monoclonal antibody to
the vascular endothelial growth factor (VEGF) A, who is
actually used, for its antiangiogenic effect, in the setting of
recurrent GBM (93).

Even though bevacizumab therapy frequently causes
a rapid reduction in the enhancing-tumor component,
a significative reduction of tumor mass occurs only in a
fraction of patients because the radiologic response partly
derives from the normalization of abnormally permeable
vessels and not always from a true antitumor effect that
would translate to a survival benefit (78,94,95).

Kickingereder er al. (96) explored the role of
hemodynamic parameters derived from parametric response
map (PMR) in patients with recurrent GBM who have
received bevacizumab treatment to shed light on the effects
of therapy on tumor blood flow and oxygenation status.

The cohort was formed by 71 patients who received a
diagnosis of recurrent GBM and underwent conventional
anatomic magnetic resonance imaging (I'l-weighted pre-
and post-contrast imaging) and dynamic susceptibility
contrast material-enhanced MR imaging (T2-weighted
gradient echo-planar sequence) with a 3T MR and a
12-channel headmatrix coil at baseline and at the first
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follow-up examination after the initiation of bevacizumab
therapy.

The investigators created a PMR with multistep (non-
linear) registration of patient’s post- to pretreatment
images and voxel-wise subtraction between Gaussian-
normalized relative cerebral blood volume (nrCBV) and
Gaussian-normalized relative cerebral blood flow (nrCBF)
maps. They stratified the voxels inside the tumor as being
increased (PRM+) or decreased (PRM-) if they exceeded
a threshold that represented the 95% confidence interval
in the normal-appearing brain. The Cox proportional
hazards models were used to establish a correlation with
progression-free and overall survival.

A significant increase of the risks for disease progression
and death occurred with (I) higher baseline nrCBV values
[hazard ratio (HR) =1.86, P<0.01; HR =1.52, P<0.01] and
nrCBF (HR =1.78, P<0.01; HR =1.86, P<0.01); and (IT)
higher PRM- of nrCBV (HR =1.03, P<0.01; HR =1.02,
P<0.03) and nrCBF (HR =1.04, P<0.01; HR =1.03, P<0.01),
but not with higher PRM+ of nrCBV and nrCBF and
not for the relative change in mean nrCBV and nrCBF,
confirming the superiority of the PRM approach. There
was also an important growth of the magnitude of PRM-
for both nrCBV and nrCBF for higher baseline values
(P<0.01).

In this study, the voxel-wise PRM investigation of the
hemodynamic alteration induced by bevacizumab therapy
reveals that greater levels of PRM-, but not PRM+,
increased the risk for disease progression and death in
patients being treated for recurrent GBM.

There are two interpretations of the findings from PRM:
according to parametric response, as expected from the
mechanism of action of bevacizumab, PRM- indicate a
stronger response to the therapy in tumors characterized by
a high perfusion and then a higher degree of angiogenesis
at baseline (97-99). The relative prognosis associated with
tumors with a higher degree of angiogenesis at baseline
does not change as a result of therapy; this is proved by the
fact that PRM- is associated with decreased, rather than
better survival, while there was no evidence that PRM+ is a
treatment failure marker in terms of increased angiogenic
potential of tumors despite the use of bevacizumab therapy.

In other words, tumors with a high degree of
angiogenesis still retain this angiogenesis level despite a
greater antiangiogenic effect of bevacizumab without a
reversal of their biologic behavior and relative prognosis.

These findings suggest that these tumors exploit
mechanisms that are different from the angiogenesis [i.e.,
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progression without the need to satisfactorily reinitiate
angiogenesis (proinvasive evasion)] or, regardless of
a large decrease, the remaining comparatively high
degree of angiogenesis is sufficient to keep them more
aggressive (100).

This disclosure does not indicate that that bevacizumab
therapy is ineffective, since, despite the fact that baseline
parameters are predictive, bevacizumab still determines
survival.

DCE-MRI parameters in tumor prognosis

GBM is the most frequent, most aggressive primary
malignant brain tumor in adults (93) and necrosis has a
central role in tumor aggressiveness (101). Necrosis is
the strongest prognostic factor (as compared with other
imaging characteristics) and is inversely correlated with
patient survival (102).

Mitotic activity (103-105), microvascular density (103)
and certain vascular patterns (104) are some of the
prognosticators that have been identified within given
histologic subtypes and tumor grades. Ki-67 (104) and
the expression of VEGF (101), who are both proliferation
markers, are also correlated to survival.

The microvascular environment is described by a certain
number of parameters that derive from dynamic contrast-
enhanced MR imaging (DCE-MR imaging) techniques.

The enhancing fraction (EnF) describes the proportion
of perfused tumor tissue. CBV and CBF are commonly
derived from dynamic susceptibility contrast techniques,
while T1-weighted DCE-MR imaging generates the
volume transfer coefficient (Ktrans), fractional volume of
the extravascular extracellular space (ve), and fractional
blood plasma volume (vp). In glioma, Ktrans, vp, EnF,
CBYV, and CBF have been shown to be in connection with
the histologic grade and/or subtype of tumor (22,56,105).

In addition, Ktrans, EnF, and CBV are potentially grade-
independent prognosticators (24,106,107).

The study of Mills er #/. (108) has evaluated the
relationships between these parameters and histologic
features in GBM multiforme. Twenty-eight patients with
newly presenting GBM multiforme underwent preoperative
imaging (conventional imaging and T1 dynamic
contrast-enhanced MRI). The investigators generated a
parametric map of the initial area under the contrast agent
concentration curve, contrast transfer coefficient, estimate
of volume of the extravascular extracellular space, and
estimate of blood plasma volume and calculated the EnF.
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The assessment of subtype and the grading was
performed using surgical specimens (World Health
Organization classification system) and were characterized
for necrosis, cell density, cellular atypia, mitotic activity,
and overall vascularity scores. CD34 immunostaining was
the method utilized to make the quantitative assessment
of endothelial surface area, vascular surface area, and a
vascular profile count. Then the relationships between MR
imaging parameters and histopathologic features have been
examined.

The presence of frank necrosis was associated with high
values of contrast transfer coefficient (P=0.005); high values
of the estimate of volume of the extravascular extracellular
space were associated with a fibrillary histologic pattern
(P=0.01) and with increased mitotic activity (P=0.05).
Mitotic activity and histologic pattern were not correlated,
suggesting that the correlation between the estimate of
volume of the extravascular extracellular space and mitotic
activity was independent of the histologic pattern.

Despite of the requirement of further work, including
markers of proliferation and measures of VEGF expression,
to establish the relationship between dynamic contrast-
enhanced MRI parameters and more quantitative histologic
measurements, this study indicates that the estimate of
volume of the extravascular extracellular space is related to
mitotic activity.

Conclusions

Advanced MRI is an essential tool in the study of brain
tumors, integrating anatomics informations provided by
c¢MRI with biologic and pathophysiological data of these
tumors.

For this reason, although actually those informations
are not already integrated into the existing histopathologic
classification, aMRI constitute a mean through whom we
could rationally tailor the therapy to each patient in order to
maximize results, minimizing adverse effects (post-surgery
neurological deficit, chemotherapy toxicity, etc.).

Although further studies are needed, especially with
bigger cohorts of patients, aMRI showed that we can
shed light on the prognosis and response to targeted
chemotherapies.

On this purpose, some reports have evaluated imaging
markers by direct comparison with molecular genotype and
phenotype and patient outcome and this multidisciplinary
approach seem to represent the future in the management

of this pathologies.

© Journal of Xiangya Medicine. All rights reserved.
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