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Abstract

MRI is routinely used for diagnosis, treatment planning and assessment of response to therapy for
patients with glioma. Gliomas are spatially heterogeneous and infiltrative lesions that are quite
variable in terms of their response to therapy. Patients classified as having low-grade histology
have a median overall survival of 7 years or more, but need to be monitored carefully to make sure
that their tumor does not upgrade to a more malignant phenotype. Patients with the most
aggressive grade IV histology have a median overall survival of 12-15 months and often undergo
multiple surgeries and adjuvant therapies in an attempt to control their disease. Despite
improvements in the spatial resolution and sensitivity of anatomic images, there remain
considerable ambiguities in the interpretation of changes in the size of the gadolinium-enhancing
lesion on 73-weighted images as a measure of treatment response, and in differentiating between
treatment effects and infiltrating tumor within the larger 7, lesion. The planning of focal therapies,
such as surgery, radiation and targeted drug delivery, as well as a more reliable assessment of the
response to therapy, would benefit considerably from the integration of metabolic and
physiological imaging techniques into routine clinical MR examinations. Advanced methods that
have been shown to provide valuable data for patients with glioma are diffusion, perfusion and
spectroscopic imaging. Multiparametric examinations that include the acquisition of such data are
able to assess tumor cellularity, hypoxia, disruption of hormal tissue architecture, changes in
vascular density and vessel permeability, in addition to the standard measures of changes in the
volume of enhancing and nonenhancing anatomic lesions. This is particularly critical for the
interpretation of the results of Phase | and Phase Il clinical trials of novel therapies, which are
increasingly including agents that are designed to have anti-angiogenic and anti-proliferative
properties as opposed to having a direct effect on tumor cell viability.
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INTRODUCTION

Gliomas are the most common type of primary brain tumor in adults and originate from the
support cells of the brain or neuroglia. The World Health Organization (WHO II) definition
of the severity or grade of these lesions (1-4) is based on the degree of malignancy or
aggressiveness that is observed in microscopic analysis of biopsy or surgical samples.
Criteria that are considered include the level of invasiveness, similarity to normal cells,
growth rate and presence of abnormal vascularity (5-8). Grade | tumors are slow growing
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and are considered to be benign. Grade Il tumors are deemed low grade, but exhibit nuclear
atypia and can progress if left untreated. Depending on the cell of origin, they may be
termed astrocytoma, oligodendroglioma or of mixed type. Grade Il tumors have mitotic
figures in addition to nuclear atypia, and the most common subtype is anaplastic
astrocytoma because of its higher cellularity and increased vascularity. Grade 1V gliomas, or
glioblastoma multiforme (GBM), are defined by the existence of regions of necrosis, higher
cellularity, increased vascularity and proliferation. Although these histological criteria are
well defined, the heterogeneity and infiltrative nature of these tumors mean that biopsy or
surgical resection is not always accurate, and samples from the same patient may be
classified as corresponding to more than one grade. In such cases, the diagnosis
corresponding to the highest observed grade is the one that is used.

The availability of noninvasive MR technologies for the assessment of the location and
spatial extent of the lesion is a critical factor in making decisions about the management of
patients with glioma. The presence of regions with abnormal microvasculature causes
breakdown of the blood—brain barrier (BBB) in grade 1V and some grade 111 gliomas, which
appears as regions of contrast enhancement on post-gadolinium 7;-weighted images (see
Fig. 1). Regions of necrosis are common for grade 1V glioma and may be observed as
central areas of hypointense signal on such images. Surrounding regions of infiltrative tumor
and edema exhibit hyperintensity on 7T,-weighted images and typically extend over a much
larger region of the brain. Grade Il and some grade 111 lesions show reduced or normal
vasculature and appear as nonenhancing on post-gadolinium 7;-weighted images. The
situation becomes more complex after therapy as treatment-induced changes may mimic
tumor progression in both enhancing and nonenhancing abnormalities. Grade 11 lesions may
become contrast enhancing, and it is difficult to determine from standard imaging criteria
alone whether they have transformed to a higher grade (9-12). It is for this reason that recent
studies have investigated the use of more advanced imaging methods that are able to
monitor physiological and metabolic properties of the tumor and surrounding tissue.

The purpose of this review is to examine recent results that have been obtained with MR
diffusion-weighted, perfusion-weighted and metabolic imaging, and to discuss how they
should be used in treatment planning and the assessment of treatment response. The
integration of such information into clinical practice is a priority, both in terms of tailoring
therapy to individual patient characteristics and for use as surrogate markers of biological
effects in clinical trials. Although some standardization is needed in terms of implementing
the advanced imaging sequences required to acquire such data in a uniform manner across
all scanner platforms, there is beginning to be a consensus on which parameters are of
interest, and several cooperative groups are poised to demonstrate their clinical value in a
multi-institutional setting.

TREATMENT AND ASSESSMENT OF RESPONSE TO THERAPY

As shown in Fig. 2, imaging plays a critical role in all aspects of the management of patients
with glioma. The primary treatment for all grades is surgical resection with the goal of
removing as much of the tumor as possible, whilst having a minimal effect on neurological
function. Even in cases in which the surgeon feels that there is gross total resection, there is
typically residual malignant disease and recurrence occurs close to or at the site of the
original lesion (13). Imaging plays a critical role in all aspects of treatment after maximal
safe resection; patients with grade 111 and grade IV glioma receive fractionated radiation
therapy (RT) to the residual anatomic lesion and a further 2-3-cm margin (14). Although
some reports have indicated that higher doses are effective in reducing tumor burden, the
formation of extensive necrosis and the impact on surrounding normal tissue mean that the
standard dose used for fractionated external beam radiation is usually 2 Gy/day, with a total
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of 60 Gy being delivered to the primary target (15-21). Chemotherapies are widely applied
in an adjuvant setting, both for residual disease and at the time of recurrence, but have
traditionally shown limited effectiveness (22). Much of this is thought to be a result of the
difficulty in delivery to portions of the tumor because of the effects of BBB. The recent use
of temozolomide, which is given concurrently and as an adjuvant to RT, has improved
survival in patients with high-grade glioma (23,24) and is increasingly being applied in
patients with low-grade glioma (25-28). For patients with grade Il glioma who have
undergone gross total resection, the treatment varies between institutions and, in many cases,
further therapy is delayed until there are signs of tumor progression. The outcome differs
between tumor subtype, with grade Il oligodendroglioma being more likely to respond to
chemotherapy than grade 11 astrocytomas (29-31).

If clinical and radiological assessment of the patient indicates that there is recurrent tumor,
the options include further surgical resection (32), focal radiation with advanced delivery
methods, such as gamma knife radiosurgery or cyberknife (33), chemotherapy with standard
agents or the use of investigational approaches that currently include immunotherapy (34)
and convection-enhanced delivery of novel agents (35-37). The definition of tumor burden
and the ability to plan focal therapy are significantly compromised by the ambiguities
inherent inconventional 73- and 7>-weighted images. Pseudo-progression, which is defined
as an increase in the enhancing volume of the tumor that occurs without any associated
clinical symptoms and disappears on subsequent scans without a change in therapy, is
increasingly being identified as a concern (38-45). A further complication for patients with
grade Il glioma is that the tumor may recur with the characteristics of a high-grade lesion
that requires more aggressive treatment in order to have an impact on the course of the
disease. The availability of noninvasive imaging methods that can more reliably differentiate
between upgraded and nonupgraded lesions, as well as distinguishing between recurrent
tumor and treatment effects (46), is critical for making decisions about patient care.

In the case of anti-angiogenic agents in which therapy acts via a mechanism that influences
the permeability of BBB, there is also the possibility of observing the phenomenon of
pseudo-response, which corresponds to a reduction in enhancement on 7;-weighted images
without an effect on tumor cell viability. This is of particular concern in the case of anti-
angiogenic agents such as Bevacizumab (47-51), which has recently received provisional
Food and Drug Administration (FDA) approval for the treatment of patients with recurrent
high-grade glioma. Although dramatic initial responses have been reported with agents that
act via a similar mechanism in terms of the restoration of normal vasculature, there appears
to be a higher frequency of distant as opposed to local failure that is thought to correspond to
an increase in the infiltrative nature of the lesion (52,53). Although these effects are still
being evaluated and are not fully understood, the proposed solution is to combine this
treatment with agents with other modes of action that have complementary effects (54-60).
Of critical importance in the assessment of the response to such combination therapies is
therefore the availability of techniques that can directly and objectively assess not only
changes in vascular density and vessel permeability (36—39), but also more directly monitor
changes in tumor cell viability. Although novel therapeutic approaches have been shown to
extend survival in patients with glioma by a few months, there is plenty of room for
improvement, and the evaluation of new combination therapies is essential.

The field of neuro-oncology is cognizant of the limitations in evaluating the effects of
therapy using conventional MRI methods (61,62). The Macdonald criteria for the
assessment of the radiological response for patients with brain tumors are a specialized
version of the Response Evaluation Criteria In Solid Tumors (RECIST) and are based on
changes in the size of the gadolinium-enhancing anatomic lesion (61). As indicated
previously, even for cases in which there are unambiguous regions of enhancement within
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the larger 75 lesion (T2L), these changes are confusing for the evaluation of therapeutic
agents with anti-angiogenic activity (42—46) and for those that inhibit signaling pathways
rather than causing direct cytotoxic effects (49,50). The accurate determination of the
efficacy of conventional and novel agents requires new methods for the assessment of
changes in the biological properties of the lesion. A recent initiative from the neuro-
oncology community defined modified Response Assessment in Neuro-Oncology (RANO)
criteria for the evaluation of the response for patients with GBM (63). These take into
account changes in fluid-attenuated inversion recovery (FLAIR) or 7,-weighted MR images,
as well as post-gadolinium 73-weighted images. Although this is a promising start, the
definition of the standard lacks quantitative rigor and does not yet include findings from
more advanced MR physiological and metabolic imaging methods.

UTILITY OF DIFFUSION-WEIGHTED MRI

The ability to measure the diffusion properties of water using MRI opens up the possibility
to assess changes in tissue architecture associated with a variety of different disease
processes (64—66). The addition of diffusion gradients to widely available echo planar
imaging techniques has allowed for the estimation of parameters that reflect both the
magnitude and directionality of diffusive processes with good spatial resolution and minimal
motion problems. Quantitative parameters that can be estimated when applying gradients in
multiple spatial directions are the apparent diffusion coefficient (ADC) and the fractional
anisotropy (FA). The acquisition time for diffusion-weighted imaging from the brain with
six-directional weighting is of the order of 2—6 min, and with 55 or more gradient directions,
typically used to calculate the connectivity of white matter tracts, is of the order of 10-15
min at clinical field strengths. For patients with brain tumors, ADC has been proposed as a
measure of tumor cellularity (66) and FA as a means to assess the disruption of normal
white matter caused by degenerative processes. For cases in which diffusion-weighted
images are acquired with six or more gradient directions, some researchers have also
analyzed maps of the individual eignenvalues of the estimated diffusion tensor (EV1, EV2
and EV3). The use of a large number of diffusion gradient directions is critical for
performing tractography (67,68), which is employed for surgical planning, in terms of
defining how the presence of a lesion has disrupted the connectivity of different regions of
the brain and has distorted the location of different brain structures that are critical for the
maintenance of normal function.

Recent studies of data from patients with glioma have suggested that variations in ADC
within the anatomic lesion are able to distinguish between different histological subtypes for
grade Il glioma (69-71), as well as differentiating between upgraded and nonupgraded
recurrent low-grade glioma and predicting clinical outcome for patients with grade 1V
glioma (72). To quantify such differences, the most common method is to draw regions of
interest (ROIs) on the anatomic images and look at intensity variations in maps of ADC and
FA. The regions considered are typically normal-appearing white matter (NAWM), the
overall T2L and the contrast-enhanced lesion (CEL). In some cases, there are also regions of
hypointensity on 71-weighted images that are thought to correspond to necrosis (NEC).
Superimposing such ROIs on the aligned ADC, FA, EV1, EV2 and EV3 maps allows for the
generation of histograms of intensity values in each ROl and an analysis of descriptive
parameters, such as the 10th percentile, 25th percentile, median, mode, skewness and
kurtosis. If the sequences are properly calibrated, these should be absolute measures of
diffusion. It is also convenient to scale the estimated parameters by median value in
NAWM. This can be determined by the segmentation of white and gray matter, or by
looking at the mode (position of the peak) in the histogram of the ADC intensities in the
entire brain. In our experience, the use of such normalized diffusion parameters removes
some of the variability observed between scanners of different field strengths, software
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versions and manufacturers. Another alternative would be to use an externally calibrated
phantom for quality control (73).

The first critical thing to note in the evaluation of ADC values in different tumor ROIs is
that the majority of values attributable to tumor are higher than in NAWM. If the tumor
infiltrates into normal tissue and there is a heterogeneous mixture of both types of cell
within the same voxel, the interpretation of changes in ADC values becomes more complex.
Necrosis and edema both have relatively high ADC. For untreated grade 11 oligodendromas,
the median ADC in T2L is around 1.6 times that in NAWM and, for untreated grade 11
astrocytomas, the median intensity is 1.8-1.9 times that of NAWM (72). This difference is
thought to be a result of the manner in which astrocytomas infiltrate into normal brain,
which causes a more extensive breakdown of the tissue architecture. Figure 3 shows a
method for highlighting the presence of regions within these tumor subtypes using color
coding of ADC values, which not only provides a noninvasive prediction of histology, but
may also be important for the characterization of lesions of mixed subtype (70). If these
color images are imported into the surgical navigation workstation and viewed during
resection, it is easy to highlight which areas of the lesion should be chosen for taking
samples to perform histological analysis.

The median ADC values for grade 111 and grade 1V gliomas are approximately 1.5 times that
of NAWM within T2L, with a trend towards lower values in CEL (72). An analysis of the
prognosis for 56 patients with untreated grade IV glioma showed that both the pre-surgical
values of the 10th percentile of ADC in CEL and the volume of the overall T2L that
exhibited ADC values less than 1.5 times that of NAWM were predictive of shorter overall
survival (74). These results are consistent with other published data (75-77) and with the
notion that the presence of regions with ADC values in the range of 1.0-1.5 times that of
NAWM in CEL of grade IV glioma are associated with a more cellular and aggressive
phenotype.

Immediately after surgery there are often regions of very low ADC close to the cavity that
subsequently become enhancing and then disappear in follow-up examinations. In a recent
analysis of 32 patients with grade 1V glioma who had pre-surgical, immediate post-surgical
and pre-RT MR examinations, it was found that 21 of 32 patients showed reduced diffusion
and eight subsequently exhibited increased enhancement within a similar region that could
have been confused with tumor progression (78). This implies that the inclusion of
diffusion-weighted imaging in the immediate post-surgical scan may be helpful in
distinguishing between real and pseudo-progression. It is also interesting to note that, when
the pre-RT examination was taken as the new baseline scan for an expanded cohort of
patients with grade 1V glioma, both the volume of T2L and the volume within T2L that
showed ADC less than 1.5 times that of NAWM were predictors of poor overall survival,
but the volume of CEL was not (79).

The interpretation of changes in ADC becomes even more complex following RT and
adjuvant chemotherapy (80,81) because of treatment-induced gliosis, necrosis and edema.
One strategy that has been proposed to make an early prediction of whether a patient is
responding to therapy is the use of the functional diffusion map (fDM), which makes direct
correlations on a pixel-by-pixel basis of ADC values within an ROI spanning the
overlapping CELs from pre-RT versus mid-RT scans (82-89). The number of pixels for
which values have changed significantly (either increased or decreased) compared with the
overall overlapping lesion volume has been proposed as a predictor of both radiological
response and overall survival. This method requires that there is a residual CEL and that the
algorithm used to register images between the pre-RT and mid-RT scans is able to match the
pixels accurately. The authors of these papers proposed that there must be a residual CEL of
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4 cm?3 in size for the analysis to be effective. In our experience, this is often not the case for
newly diagnosed gliomas in surgically accessible locations and, with the dramatic reductions
in CEL seen with anti-angiogenic agents, the size of the common region that can be studied
may be further compromised. An alternative strategy may be to consider an ROI defined by
the residual T2L or from the region that is metabolically abnormal.

Our early results in comparing ADC values in CEL and T2Ls in cohorts of patients with

grade IV glioma treated with different types of anti-angiogenic agent have indicated that
there are clear differences in the pattern of changes from pre-RT to mid-RT and post-RT
scans that may provide information about the manner in which the agent is acting (90). It
should be noted that the mid-RT scan is not routinely obtained for clinical purposes, and

thus further research is required to determine whether the current findings can justify the
performance of an extra scan.

For the long-term assessment of changes in ADC for high- and low-grade gliomas, the
analysis of changes in parameters that describe the shape of the histogram has been
proposed. For patients with grade IV glioma undergoing treatment with Bevacizumab, Pope
et al. (91) fitted the histogram of ADC intensities in CEL with a sum of two Gaussian
functions, and found that smaller values of mean ADC for the lower component were
predictive of a poor outcome. In our analysis of serial changes in the median and 10th
percentile of ADC values in the anatomic lesions of patients with grade 1V glioma treated
with RT and temozolomide without anti-angiogenic agents, we found, in a time-dependent
analysis, that these did not predict progression-free survival, but did predict overall survival
(92). One reason for this may be the observation that median ADC values in new areas of
enhancement for patients with grade 1V glioma typically increase prior to recurrence, and
are substantially higher than could be interpreted as being a result of increased cellularity.
This is consistent with the concept that changes in the value of ADC in such lesions reflect a
complex combination of effects caused by the disruption of normal tissue, treatment-induced
necrosis, edema and infiltrative tumor.

Tozer et al. (93) examined 27 patients with low-grade glioma who were being followed with
watchful waiting as opposed to receiving any treatment. They found that the ADC for
oligodendrogliomas was less than for astrocytomas, and that ADC decreased on malignant
progression. Our evaluation of patients with an original diagnosis of grade Il glioma, who
were scheduled for surgery because of suspected recurrence, showed that there were clear
differences in the median ADC values for individuals whose lesions had upgraded to grade
I11 or grade IV histology compared with those who did not upgrade. A similar result was
found by the analysis of ADC values at locations corresponding to image-guided tissue
samples that were obtained during surgery. The upgraded tissue samples showed higher
tumor cellularity score and higher MIB-1. Another interesting observation was that the ADC
values for the nonupgraded grade Il oligodendroglioma were higher than the values obtained
for the newly diagnosed, untreated lesion (94). This is consistent with the interpretation of
such changes as being caused by a treatment effect, but highlights the complexities inherent
in the analysis of such data.

In summary, there are a number of factors that decrease the ADC values observed in
gliomas. These include increased tumor cellularity, increasing tumor grade, histology
corresponding to untreated grade Il oligodendroglioma, reduction in edema caused by the
use of steroids and partial voluming of tumor with NAWM. Factors that increase the ADC
values observed in glioma include the disruption of normal tissue architecture, gliosis,
treatment effects and edema. Hence, although ADC is a useful adjunct to anatomic imaging
and may help to provide quantitative parameters for the characterization of lesion
characteristics, the interpretation of changes in ADC that occur in response to therapy must
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consider carefully the tumor grade, type of therapy applied and steroid usage. Future work
should seek to perform a more detailed analysis of changes in FA and the magnitude of
eigenvalues (EV1, EV2 and EV3) to determine whether these parameters will provide an
extra dimension that may help to distinguish between treatment effects and recurrent tumor
(73).

ASSESSMENT OF VASCULAR PROPERTIES

A number of MRI techniques have been applied to assess changes in microvasculature and
to link variations in the estimated parameters with response to therapy (95-103). The two
methods most commonly used in the brain are dynamic contrast-enhanced (DCE) and
dynamic susceptibility-weighted contrast (DSC) imaging. Recent reviews have provided a
thorough description of the methodology and examples of patient data (104-106). Briefly,
DCE imaging takes advantage of the changes in 7; associated with the passage of
gadolinium through the vasculature and leakage into the extracellular space for regions in
which BBB has been compromised (107-111). When applying rapid A-space sampling
techniques in conjunction with the latest parallel reconstruction strategies, a time resolution
of 5-10 s can be achieved for a three-dimensional imaging sequence that covers an axial
slab of 6-8 cm. A number of different approaches have been applied to analyze the changes
in signal intensity from these dynamic data and to estimate parameters such as the fractional
blood volume (fBV) and permeability (Kys OF Kirans)- The most widely used model is from
Tofts and Kermode (111).

DSC imaging uses echo planar sequences with a rapid bolus of gadolinium to assess changes
in 7>"within the vasculature and interstitial space with a 1-2-s time resolution (95). The
change in relaxivity is estimated as being proportional to the concentration of gadolinium,
which is assumed to be represented by C(#), which is proportional to —In[ S()/ )]/ TE, where
S(9 is the signal intensity at time ¢, & is the initial intensity and TE is the echo time. This
transformation changes the decrease in the observed signal intensity, which corresponds to
the arrival of the agent in the local vasculature, to an increase in the estimated concentration
(. The changes in intensity are typically characterized by the peak height (PH), area under
the curve relative to NAWM (relative cerebral blood volume, rCBV) and the percentage
recovery (Y% REC) or recirculation factor (RF). For situations in which BBB has broken
down, the leakage of gadolinium into the interstitial space requires the use of a more
complex nonlinear function to fit the concentration—time curve (112-115). The effect
observed represents a balance between the changes in 77 and 73", and is influenced by the
flip angle of the excitation pulse and the vessel permeability. A recent study examined a
number of different acquisition parameters and analysis methods for patients with high-
grade glioma (115). It concluded that either a dual echo sequence that could separate the 7;
and 7," effects of the contrast agent, or the use of a pre-dose of gadolinium that was able to
reduce the impact of the disruption of BBB on the estimation of rCBV, was valuable for
analyzing the changes in signal intensity.

Parametric maps that are derived from DCE and DSC imaging data have been proposed as
noninvasive methods for predicting the tumor grade (97,116-118) and assessing the
response to therapy (119,120). Grade 11 astrocytomas have fBV and rCBYV that are iso- or
hypointense with NAWM and relatively low permeability (118). Grade Il
oligodendrogliomas may exhibit diffuse enhancement and typically have moderate intensity
on the corresponding maps of fBV and rCBV (69,72). Although 50-60% of grade 111
gliomas exhibit some degree of enhancement, their vascularity and permeability are
intermediate in value. Increased vasculature is present in both enhancing and nonenhancing
components of grade 1V glioma (103). As illustrated by the data from the patient in Fig. 4,
the dynamic curves are flat in regions of necrosis, but there are high peak values in the
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enhancing rim and reduced recovery in the lateral and anterior edge of the tumor. Although
the presence of abnormal vasculature is known to be a histologically characteristic marker
for grade 1V glioma, the magnitude and spatial extent of elevated rCBV in the initial pre-
surgery scan were not found to be predictive of overall survival (74). One explanation for
this is that, because the surgical resection is focused on the enhancing volume, it typically
removes the majority of the region with increased vasculature. Figure 5 shows an example
of a gross total resection of an untreated grade 1V glioma and illustrates what a dramatic
difference surgery can make.

For patients with a residual vascular abnormality, conventional treatment with RT and
temozolomide exhibits a short-term effect on the lesion, with a reduction in rCBV and a
temporary increase in permeability. The magnitudes of these changes are reflected in the
size of CEL, with the lesion on the post-RT scan representing a balance between the two
effects. Cases in which there is increased permeability may result in increased delivery of
temozolomide to the target and hence a greater chance of causing DNA damage. This is one
explanation for pseudo-progression. Although regions in which rCBV is reduced may show
worse drug delivery, the compromised vasculature may result in lower oxygenation that acts
to enhance the damaging effect of RT. How these short-term effects impact on the overall
effectiveness of the treatment is difficult to predict, and further work is required to examine
the link between temporal changes in vasculature and outcome. In a recent study that
followed a cohort of patients with grade IV glioma through their initial treatment, it was
found that, although there was an association between progression-free survival and rCBV at
pre-RT and post-RT examinations, none of the vascular parameters were related to overall
survival (92). Obtaining complementary data that examine the effect of treatment on
metabolic or other tumor cell parameters may be helpful in understanding the relationship
between short-term changes in vasculature and long-term effects on the lesion as a whole.

The ability to monitor changes in permeability and vascular density is expected to be
critically important for the assessment of the impact of anti-angiogenic agents. In such cases,
there is an ongoing debate as to the most appropriate time points to detect the effect on MR
parameters, and whether DCE or DSC techniques should be used to evaluate such changes.
Although many research studies have been able to acquire both types of data in the same
MR examination, increasing concerns about the influence of higher doses of gadolinium on
patients with compromised kidney function mean that patients are less enthusiastic about
participating in such studies. Batchelor et a/. (119) performed a detailed analysis in order to
assess the normalization of vasculature in patients with recurrent GBM who were receiving
adjuvant AZD2171 at time periods ranging from 1 to 112 days after treatment using a
combination of DCE and dual-echo DSC methods. They observed rapid functional vascular
normalization, as measured by a reduction in vessel size and overall permeability, which
was found to be reversible when the drug was temporarily removed from the treatment
regimen. The changes in vascular parameters were combined with differences in circulating
collagen 1V levels between pre-therapy and 1-day post-therapy to create a “vascular
normalization index’ that was found to be predictive of both overall and progression-free
survival (119). Future studies will examine how these parameters evolve during the full
course of therapy for patients with newly diagnosed GBM, and will perform a more detailed
analysis of how they relate to radiographic response and clinical outcome.

One such study that is nearing completion at our institution has applied DSC imaging to
examine changes in tumor vasculature during the first 2 months of therapy for patients with
GBM being treated with RT, temozolomide and enzastaurin (121). Analysis of the data
showed that patients who exhibited a large decrease in PH after 1 month of therapy and
improvement in %REC after 2 months of therapy had a more favorable response. The level
of recovery present at the end of this period was also found to be predictive of progression-
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free survival. These results support the hypothesis that DSC imaging provides information
about changes in vascular function during therapy that may ultimately aid clinicians to
identify patients who are likely to benefit from such therapy and demonstrate an early
indicator of response. One concern in using changes in the size of CEL as the gold standard
for the assessment of response to anti-angiogenic therapies is that the amount of gadolinium
leakage is a reflection of the vascular density and permeability, as opposed to being an
independent measure of the reduction in tumor burden. Continued follow-up is required to
assess the relationship of these changes to overall survival and to determine whether there
are variations in the patterns of response for agents that act via different mechanisms.

The use of high-resolution susceptibility-weighted imaging (SW1) techniques emphasizes
the contrast of the magnitude image by applying a mask that is derived from the phase data
to visualize changes in vascular parameters for patients with brain tumors, followed by a
minimum intensity projection to emphasize venous structures. The transition of routine
clinical neuroimaging examinations from 1.5 to 3 T has provided the opportunity to
significantly improve the quality of such images. In addition to highlighting increased
vasculature in the region of the tumor, it is possible to detect the presence of small
hemorrhages that are associated with radiation damage within regions of normal brain tissue
(122,123). Our group has taken further advantage of the increase in susceptibility effects at
high field in order to provide high-resolution SWI data at 7 T. Although it is unlikely that
this will be adopted for routine clinical examinations, the increased sensitivity that it
provides has helped us to observe some very dramatic effects. Of interest is the fact that the
formation of hemorrhages is specific to RT as opposed to chemotherapy, and that the delay
in appearance of hemorrhages is typically 2—-3 years. The ability to quantify the location and
impact of such late radiation effects in normal brain tissue may be important for planning
treatment margins in patients with low-grade glioma, who may otherwise develop treatment-
induced neurocognitive deficits.

MR METABOLIC IMAGING

The first observations that used 1H MRS to detect differences in metabolite levels between
normal brain and tumor were performed over 15 years ago (124-133). Parameters that are
observed in the brain at a moderate echo time of 144 ms and that provide insight into
changes associated with tumor progression include levels of choline-containing compounds
(Cho), creatine (Cr), N-acetylaspartate (NAA), lactate (Lac) and lipid (Lip). The intensity of
the Cho signal reflects changes in membrane synthesis and turnover that are associated with
cell proliferation and remodeling. The Cr peak is often used as a reference for normalizing
the intensity of other metabolites, and includes both creatine and phosphocreatine. NAA is a
marker of normal brain tissue that is typically assumed to correspond to the presence of
actively functioning neurons. Lac is an end-product of anaerobic metabolism and may
therefore reflect ischemia and/or hypoxia. In cases in which there has been care to avoid
artifacts caused by inadequate suppression of the signal from subcutaneous Lip, the presence
of Lip peaks is interpreted as being a result of necrosis.

Single-voxel 1H MRS with either point-resolved spectroscopy (PRESS) or stimulated echo
acquisition mode (STEAM) localization is typically applied with a voxel size of 4-8 cm3
and an acquisition time of 2-5 min (128). MRSI provides a two- or three-dimensional array
of spectra from 1-2-cm3 voxels and may use PRESS localization from a much larger
selected volume or a slice selection and spin echo sequence (131). Additional Lip
suppression is typically achieved with spatially selective saturation pulses and/or an
inversion pulse that nulls out these signals. At the field strength of 3 T, with a multichannel
radiofrequency coil and a combination of phase encoding and echo planar sampling, it is
possible to routinely obtain a 16 x 16 x 16 array of spectra from the brain with a nominal
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voxel size of 1 cm3 in 5-10 min (134-136). Parallel imaging strategies can further cut down
the acquisition time or increase coverage, but the signal-to-noise ratio is a limiting factor
(137,138). Although most scanners have automated shim routines, regions close to the
sinuses and brainstem may still give poor quality spectra.

Numerous studies have shown that brain tumors are characterized by an increase in Cho and
decrease in NAA relative to normal (139-142), and that the changes in these metabolites are
more sensitive to the detection of infiltration and residual disease than is gadolinium-
enhanced MRI. This is particularly important for planning and assessing the response to
radiation and other focal therapies (143-150). An example is shown in Fig. 6, where the
shaded voxels that have high Cho and low NAA are seen to extend far beyond CEL. To
more accurately describe the metabolic lesion and make visual comparisons with the
anatomic lesion, we have defined a zscore that is termed the Cho to NAA index (CNI), and
have used it to quantify the difference between tumor and normal (151). Color maps of the
CNI or contours of regions with CNI greater than two or greater than three can then be
superimposed on the anatomic images to represent the spatial extent of the lesion. It should
be noted, however, that there are treatment effects on metabolism in normal brain (152—
154), and there are other disease processes, such as inflammation, that can cause a reduction
in neuronal function and an increase in cellularity. This means that abnormal CNI should be
viewed as defining the spatial extent of abnormal metabolism, and is consistent with, rather
than specific for, the tumor.

Other parameters of interest that provide useful information and can add to the specificity of
CNI are the levels of Lac and Lip. With an echo time of 144 ms, the Lac peak is inverted
and its presence in the tumor can be used to infer the likelihood of it being high rather than
low grade. Lip peaks are at a similar frequency and may be present in grade 1V glioma, even
when there is no obvious area of necrosis in the anatomic images. The use of a Lac editing
pulse sequence is important to avoid the signals from these peaks cancelling each other out
and to unambiguously distinguish between them (155). /7 vivo MRS with shorter echo time
(TE =30-40 ms) and recent studies using ex vivo MRS have indicated that levels of myo-
inositol/Cho may also be valuable for separating low-grade from high-grade glioma and in
distinguishing gliosis from recurrent grade IV glioma (156-158). Tissue and preclinical
studies have also confirmed that phosphocholine (PC) represents the predominant
contribution to the /n vivo Cho peak in grade IV glioma, whereas glycerophosphocholine
(GPC) is the major component in grade 11 glioma (94). Previous studies using 3P MRSI
have also demonstrated differential changes in PC and GPC in response to therapy, but the
spatial resolution of 4-8 cm? that can be obtained at clinical field strengths requires
improvement.

The fact that there is abnormal metabolism in the non-enhancing region of the tumor means
that it can be used to plan where tissue samples should be taken for most accurate diagnosis
during biopsy or surgical resection (129,141,151). This may be an important factor in
distinguishing untreated grade 111 from grade Il glioma, and targeting the highest CNI within
the nonenhancing lesion is a sensible strategy (72). For patients with newly diagnosed grade
IV glioma, higher levels of Lac and Lip in the region with abnormal CNI have been found to
be associated with worse overall survival, even when controlling for the volume of CEL
(74). This suggests that lesions that are both highly cellular and have regions of hypoxia and
necrosis have a more malignant phenotype. This was found to be true for MRSI parameters
obtained at both pre-surgical and pre-RT examinations (74,79).

The spatial extent of the metabolic lesion can also be used to plan focal therapy, such as
external beam RT and gamma knife radiosurgery (36-38), and to assess the response to
therapy. Figure 7 shows a patient with a grade 1V glioma who had a relatively small residual
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CEL prior to RT, but much more extensive T2L and metabolic lesions. At the post-RT and
2-month follow-up examinations, the surgical cavity became larger and there were changes
in CEL that might have been mistaken for tumor progression. In both cases, the metabolic
lesion, as defined by the number of shaded voxels with CNI greater than two, decreased. At
the 4-month follow-up, there was continued resolution of the metabolic lesion and reduction
in CEL.

Figure 8 shows the opposite example of a patient with a newly diagnosed grade 1V glioma
who had a gross total resection that showed an increase in T2L at the post-RT examination,
but minimal change in CEL. By the 4-month follow-up, both T2L and CEL had become
dramatically larger and the patient was designated as having tumor progression. It is clear
from the MRSI data obtained at these time points that there is a substantial metabolic lesion
at the pre-RT examination, which becomes larger at the post-RT examination and during
follow-up. It should be noted that much of the area corresponding to CEL on the 4-month
follow-up examination is necrotic, with the medial nonenhancing region having the highest
Cho. These two examples show quite clearly that the information provided by MRSI data is
complementary to the anatomic images, and may be more valuable than CEL in assessing
treatment effects.

The differences in metabolite levels between gliomas with different histology can also be
used to infer whether recurrent grade Il gliomas have transformed to a higher grade. Figure
9 shows an example of a patient with an original diagnosis of grade Il astrocytoma who was
scanned immediately prior to surgery for suspected recurrence. The presence of diffuse
enhancement on the 77 post-gadolinium images, the moderate intensity on FLAIR and ADC
images, and the increased rCBV in the lesion are suggestive of a more malignant phenotype.
The metabolic signature of the lesion, as shown from the Lac-edited MRSI data, includes a
large region with substantially increased Cho and reduced NAA, together with a central
region that also shows Lip and Lac peaks. These are all characteristics of grade IV glioma.
Histological analysis of tissue samples taken from regions with elevated CNI during image-
guided surgery confirmed this diagnosis.

Another emerging MR metabolic imaging technology uses hyperpolarized 13C agents to
dramatically increase the sensitivity of the signal observed (159-161). The application of
low temperatures and dynamic nuclear polarization, together with a rapid dissolution
process, generates a sample that can be injected into living subjects. By providing a 10 000-
50 000-fold signal enhancement, it is possible to observe the delivery and flux of
endogenous, nontoxic and nonradioactive substances, such as pyruvate, through key
biochemical pathways, such as glycolysis, the citric acid cycle and fatty acid synthesis
(162). Preliminary studies have confirmed that 13C-labeled pyruvate is delivered to tissues
and converted to alanine, Lac and bicarbonate, with a spatial distribution and time course
that varies according to the tissue of interest (163—165). This is of particular interest for the
management of patients with glioma because the presence of Lac is a characteristic of high-
grade glioma and is a prognostic factor for poor overall survival. Preliminary results in U-87
and U-251 tumors implanted into rat brain have shown that there is significantly higher 13C-
labeled Lac in tumor than in normal brain (166), and have demonstrated a reduction in the
observed Lac within 1-2 days following treatment with temozolomide (167). This is likely
to be critical for the identification of metabolically active Lac and hence for predicting
whether a low-grade lesion has upgraded, and for assessing the response to therapy for
patients with glioma.
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CONCLUSIONS

Patients with glioma can benefit considerably from the integration of metabolic and
physiological imaging into their conventional anatomic MRI examinations. Within a total
scan time of 1 h, it is possible to obtain pre- and post-gadolinium 73-weighted images,
FLAIR or 7,-weighted images, diffusion tensor images, DCE and/or DSC images and MR
metabolic images. The quantitative parameters derived from these data are valuable for
predicting the tumor grade, directing tissue sampling during biopsy or surgical resection,
defining the spatial extent of tumor for the planning of focal therapy and assessing the
response to therapy. Table 1 shows the MR parameters that have been used in recent studies
and have been shown to be relevant in evaluating the biological properties of the tumor.
Further work is needed to standardize data acquisition and post-processing across
institutions and scanners from different manufacturers, but there is no doubt that these
techniques provide information that is important for making decisions concerning patient
care. Combining such advanced MR methods into a single examination is especially critical
for use in Phase | and Phase Il clinical trials of combination therapies, which require
multiple readouts to understand whether any of the treatments are having the anticipated
effects and to identify biomarkers that can be used to tailor therapy to individual patient
characteristics.
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Abbreviations used

ADC apparent diffusion coefficient

BBB blood—brain barrier

CEL contrast-enhanced lesion

Cho choline-containing compounds

CNI choline to N-acetylaspartate index

Cre creatine

DCE dynamic contrast-enhanced

DSC dynamic susceptibility-weighted contrast
DTI diffusion tensor imaging

EV1, EV2 EV3 diffusion eigenvalues in three orthogonal directions
FA fractional anisotropy

fBV fractional blood volume

FDA Food and Drug Administration

fDM functional diffusion map

FLAIR fluid-attenuated inversion recovery
GBM glioblastoma multiforme

GPC glycerophosphocholine
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Kirans fitted constant describing leakage of the contrast agent into the
interstitial space
Lac lactate
Lip lipid
NAA N-acetylaspartate
NAWM normal-appearing white matter
nCBV normalized cerebral blood volume
NEC region of hypointensity on T1-weighted post-gadolinium images
(necrosis)
PC phosphocholine
PH peak height of DSC curve
PRESS point- resolved spectroscopy
RANO Response Assessment in Neuro-Oncology
rCBv relative cerebral blood volume
%REC percentage recovery of the DSC signal to baseline
RECIST Response Evaluation Criteria In Solid Tumors
RF recirculation factor
ROI region of interest
RT radiation therapy
STEAM stimulated echo acquisition mode
SWi susceptibility-weighted imaging
T2L T2 lesion
WHO World Health Organization
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Figure 1.

Post-gadolinium 7;-weighted and 7,-weighted images from patients with grade II
astrocytoma (left), grade 111 anaplastic astrocytoma (middle left), glioblastoma multiforme
(GBM) with heterogeneous enhancement (middle right) and GBM with central necrosis

(right).
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Figure2.

Treatment schema for patients with glioma showing the time points at which imaging is
used to plan surgery and radiation therapy (RT), to assess tumor burden and to evaluate the
response to therapy. CED, convection-enhanced delivery; GK, gamma knife.
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Figure 3.

Apparent diffusion coefficient (ADC) images and color-coded maps demonstrating
differences in ADC values between patients with oligodendroglioma (far left), astrocytoma
(mid-left) and two patients with mixed histology that was classified as oligoastrocytoma
(mid-right and far right). The color maps highlight the regions with ADC values that are
characteristic of normal brain (green), oligodendroglioma (pink) and astrocytoma (blue).
Note the variable spatial patterns of color intensity in the lesions with mixed histology.
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Figure4.

Post-gadolinium 73-weighted (top left), 7,-weighted (top right), apparent diffusion
coefficient (ADC) (bottom left) and normalized cerebral blood volume (nCBV) (bottom
right) images from a patient with an untreated glioblastoma multiforme (GBM). The panel
on the right shows the dynamic curves from the dynamic susceptibility-weighted contrast
(DSC) data in a region corresponding to the lesion, illustrating the lack of signal in the
necrotic core, as well as increased nCBYV and reduced recovery in areas of the enhancing
rim.
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Figureb5.

Patient with a large glioblastoma multiforme (GBM) prior to surgery (left and middle), but
showing an extensive resection with no enhancing tumor on the post-gadolinium 73-
weighted image (right). Although this is an excellent outcome for the patient, it means that
conventional methods for assessing the response to therapy cannot be used to assess the
response to further treatment because they are referenced to the size of the residual
enhancing tumor.
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Figure®6.

Patient with a newly diagnosed glioblastoma multiforme (GBM) who had an extensive
resection that left limited enhancing tumor on the post-gadolinium 7;-weighted axial and
coronal images (left), but for which there was a large residual metabolic lesion (as seen from
the voxels shaded in gray) that corresponded to elevated but intermediate signal intensity on
the fluid-attenuated inversion recovery (FLAIR) images (right). The two enlarged spectra in
the middle panel show the differences in specific metabolites and correspond to normal
brain (top) and tumor (below). The MRSI data were acquired at 1.5 T using a point-resolved
spectroscopy (PRESS) localization and three-dimensional phase encoding with out-of-voxel
suppression pulses, TR/TE =1000/144ms, elliptical A-space sampling, 12 x 12 x 8 matrix
and 120 x 120 x 80 mm3 field of view. Cho, choline-containing compounds; Cre, creatine;
NAA, N-acetylaspartate.
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Figure7.

Changes in post-gadolinium 7;-weighted images and MRSI data for a patient with a newly
diagnosed glioblastoma multiforme (GBM) who was treated with external beam radiation
therapy. The voxels shaded in gray have elevated choline to A-acetylaspartate (NAA)
relative to normal brain and correspond mainly to nonenhancing tumor. Note that the
changes in enhancement are ambiguous, but that there is a steady overall decrease in the size
of the metabolic lesion. RT, radiation therapy.
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Figure8.

Serial post-gadolinium 7;3-weighted images (top) and MRSI data (bottom) from a patient
with a newly diagnosed glioblastoma multiforme (GBM) post-surgery and pre-radiation
therapy (RT) (a), post-RT when there was no change in enhancement but some areas of
hyperintensity around the cavity on the corresponding fluid-attenuated inversion recovery
(FLAIR) image (b) and 4 months after RT with a clear increase in the size of the lesion (c).
The blue voxels show elevated choline to Aacetylaspartate (NAA), the red voxels show
both elevated choline to NAA and some lactate/lipid peaks, and the yellow voxels, which
are initially in the surgical cavity and then extend into the new gadolinium-enhancing lesion,
show elevated lactate/lipid peaks but no choline, creatine or NAA. Note that the metabolic
lesion showed clear evidence of residual and expanding tumor prior to the change in
gadolinium enhancement.
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Figure9.

Post-gadolinium 7;-weighted (a), fluid-attenuated inversion recovery (FLAIR) (b), apparent
diffusion coefficient (ADC) (c) and relative cerebral blood volume (rCBV) (d) images from
a region of suspected recurrence in a patient who was originally diagnosed with a grade Il
astrocytoma. Despite the relatively mild degree of enhancement on the 7; image, there was
elevated rCBYV in the rim of the lesion, as well as significant regions of abnormal
metabolism on the lactate-edited MRSI data. The spectra in the top array show peaks
corresponding to elevated choline to A-acetylaspartate (NAA) with no lipid (blue) and both
elevated choline to NAA and lipid (red), whereas the bottom array (scaled up by a factor of
three) shows peaks corresponding to lactate (green). The patient went for surgery and was
diagnosed as having upgraded to a glioblastoma multiforme (GBM).
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Table 1

Relationship between MR parameters and biological properties of the tumor that can be obtained by
quantitative analysis of the proposed multiparametric imaging examination for patients with glioma

Hypoxia
Gliosis
Edema
Angiogenesis

Late RT effects

Biological process MR techniques MR parameters

Invasion DTI, H MRSI Reduced NAA, reduced FA, increased ADC
Tumor cellularity DTI, 1H MRSI Decreased ADC, increased Cho, increased CNI
Proliferation 1H MRSI Increased Cho, increased CNI
Apoptosis/necrosis  'H MRSI Increased lipid

Lactate-edited *H MRSI, hyperpolarized 13C imaging  Increased lactate

Short echo H MRSI Increased myo-inositol/Cho

DTI Highly increased ADC, reduced FA

DCE or DSC imaging Increased rCBV or fBV, changes in Kans 0r %REC
SWi Appearance of micro-hemorrhages

Page 33

ADC, apparent diffusion coefficient; Cho, choline-containing compounds; CNI, choline to A-acetylaspartate index; DCE, dynamic contrast-
enhanced; DSC, dynamic susceptibility-weighted contrast; DTI, diffusion tensor imaging; FA, fractional anisotropy; fBV, fractional blood volume;
Ktrans, fitted constant describing leakage of the contrast agent into the interstitial space; NAA, A-acetylaspartate; rCBV, relative cerebral blood

volume; %REC, percentage recovery of the DSC signal to baseline; RT, radiation therapy; SWI, susceptibility-weighted imaging.
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