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Abstract

Imaging plays a key role in the management of low-grade gliomas. The tradi-
tional view of these tumours as non-enhancing areas of increased signal on T’-
weighted imaging is now accepted as being incorrect. Using new MR and PET
techniques that can probe the pathological changes with in these tumours by
assessing vascularity (perfusion MR), cellularity and infiltration (diffusion
weighted and diffusion tensor MR), metabolism (MR spectroscopy and
FDG PET) and proliferation (MR spectroscopy, methionine PET and '°F-
fluorothymidine FLT PET). These tools will allow improvements in tumour
grading, biopsy/therapy guidance and earlier assessment of the response to
therapy.

Keywords: Magnetic resonance imaging; positron emission tomography; prognostic
factors; perfusion imaging; diffusion imaging; MR spectroscopy; biopsy guidance;
response to therapy.

Introduction

Advances in imaging have been central to advances in managing brain tumours.
In low-grade gliomas, however, imaging is probably more important than other
brain tumours. They are the major group of tumours where making a diagnosis
and start a management plan of ‘watch and wait’ based purely on imaging [115].
It is essential, therefore, imaging is able to differentiate low-grade gliomas from
other conditions, especially the high grade tumours, and that it can identify
malignant transformation at an early stage.

The last few years have seen a change in imaging practice. Conventional
imaging is excellent at providing information on anatomical location as well as
providing valuable information to assist making a diagnosis. New techniques,
however, probe pathophysiology by showing features like the tumour’s vascu-
larity (perfusion imaging), cellularity and infiltration (diffusion weighted and
diffusion tensor imaging) and metabolism (MR spectroscopy and positron
emission tomography — PET) [110]. In this review I plan to outline the limita-
tions of conventional imaging techniques and will review the potential role the
new MRI and PET imaging techniques may have in the diagnosis and man-
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agement of low-grade gliomas (principally WHO Grade II diffuse astrocyto-
mas, oligodendrogliomas and the mixed oligoastrocytomas).

Conventional imaging

Computed tomography (CT) imaging

Low grade gliomas can be difficult to detect on CT as they appear as regions of
cither low or similar density to normal brain. Calcification is seen in 20% of
diffuse astrocytomas and 40% of oligodendrogliomas [74]. Contrast enhance-
ment is not uncommon, and is seen in up to 20% of oligodendrogliomas [74].
This cannot be used to reliably grade these tumours as 31% of ‘highly anaplas-
tic’ astrocytomas and 54% of ‘moderately anaplastic’ astrocytomas fail to en-
hance [17].

Magnetic resonance imaging

As MRI provides better soft tissue resolution, it should be considered the
imaging modality of choice: CT should only be used to assess these tumours
when MR is contraindicated. An example of the difference in appearances is
shown in Fig. 1. On MRI, low-grade gliomas usually appear as well defined
masses that are low signal on T4- and high signal on T,-weighted imaging and

Fig. 1. An example of the difference in appearance between CT and MRI. This
35-year-old male presented with a seizure. The CT (a) shows low density mainly in
the posterior part of the tumour. Only the T,-weighted MRI image (b) shows the full
extent of the tumour clearly
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produce little mass effect with little oedema [28]. These appearances, however,
should not be considered as diagnostic. In a study where patients with these
criteria for low-grade glioma underwent a biopsy, the diagnosis was changed in
half of cases, with most showing features of an anaplastic glioma, and one
having a non-neoplastic condition (encephalitis) [63].

Contrast enhancement in low-grade gliomas

Although low-grade gliomas are considered as non-enhancing tumours, con-
trast enhancement cannot differentiate between high- and low-grade gliomas.
Alokalili et al. found that 35% of low-grade gliomas enhanced, and 16% of high
grades did not [1]. Other studies suggest that one third of non-enhancing
tumours are in fact high grade [123]. For oligodendroglial tumours the situa-
tion is more confused with between 50 and 60% of WHO Grade II oligoden-
drogliomas enhancing [55, 148] while 38% of anaplastic oligodendrogliomas do
not enhance [148]. An example of enhancement in a WHO Grade II oligo-
dendrogliomas can be seen in Fig. 2.

No contrast Contrast

Fig. 2. An example of enhancement in a WHO Grade Il oligodendroglioma. This 20-
year-old female presented with seizures. Imaging showed a posterior frontal lobe
tumour with areas of subtle enhancement mainly on the deep surface (arrowed).
She underwent craniotomy and debulking of this lesion which exhibited no evidence
of cellular or microvascular proliferation that would suggest it was a more aggressive
tumour
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Subtle enhancement can be demonstrated using quantitative methods
[140]. By calculating the volume of a low-grade glioma that enhances more
than 10% compared to the baseline, Tofts ¢z a/. could show that in some low-
grade gliomas the volume of enhancement increased over a number of months
before tumout transformation. In tumours that did not transform, the enhanc-
ing volume remained stable [140]. The volume of enhancing tissue had prog-
nostic information; tumours with an enhancing volume greater than 4 mLs had
a worse prognosis with only 28% of patients progression free at 5 years,
compared to 80% of patients with an enhancing volume less than 4 mLs [140].

Assessment of tumour margins with conventional MR

Although low-grade gliomas can appear as distinct masses, it is well appreciated
that they can spread beyond the abnormality seen on both T5- and T;-weighted
imaging [113]. The margin of low grade tumours is usually very indistinct on
T;-weighted imaging and is better demonstrated on T,-weighted imaging. The
use of sequences such as fluid attenuated inversion recovery (FLAIR) — a
sequence that typically produces a T,-weighted image where the signal from
CSF is nullified, shows the extent of these tumours very well and often will
show subtle abnormalities not appreciated with conventional T,-weighted
images; this is particularly true in regions around the ventricles.

Table 1. Summary of the differences between astrocytomas and oligodendrogliomas,
and the 1p19q status of oligodendrogliomas

Modality Astrocytomas vs. 1p19q status
oligodendrogliomas

Conventional MRI Little to differentiate them. LOH of 1p19q is associated
Contrast enhancement more with indistinct margin and

common in oligodendrogliomas heterogeneity on T4 and
T,-weighted imaging
Perfusion MRI Low rCBV in astrocytomas, Higher rCBV with LOH 1p19q
increased in oligodendrogliomas

Diffusion MRI Lower ADC in oligodendrogliomas 1p19q loss associated
compared to astrocytomas with even lower ADC values
MR Spectroscopy Larger increase in Cho and Cr No difference found

in oligodendrogliomas compared
to astrocytomas

FDG-PET More marked hypometabolism Increased FDG uptake seen
with astrocytomas with 1p19q loss

rCBV Relative cerebral blood volume; ADC apparent diffusion coefficient; LOH loss of
heterozygosity; Cho Choline; Cr Creatine; FDG fluorodeoxyglucose.
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In oligodendrogliomas, studies assessing tumour margin have shown that
tumours with indistinct tumour margins are more likely to have loss of het-
erozygosity at chromosomes 1p19q [55, 87] — an important genetic marker of
chemosensitivity and prolonged survival [14]. This genotype of oligodendro-
gliomas also demonstrated heterogeneous T4- and Tr-weighted appearances
[55]. The suggestion was that the indistinct tumour margin is also a marker
of tumour infiltration [87], but image guided biopsies in this group of patients
has failed to show this [55]. There is some suggestion that the more indistinct
tumour margin is associated with a shorter time to progression and overall
survival [38]. These findings are summarised in Table 1.

Assessment of low-grade glioma growth

Changes in low-grade gliomas volume can be assessed by volumetric studies.
Follow up of a cohort of oligodendrogliomas and oligoastrocytomas showed
that these tumours have a mean growth rate of 4.1 mm/year [80]. Where the
diameter grew faster than 8.1 mm/year, the median survival was 5.1 years,

compared to more than 15 years where the growth rate was below this
threshold [103].

Advanced MRI techniques

Conventional MR methods focus on structural changes within tumours. The
last section showed that these are usually non-specific and therefore only pro-
vide limited information. Advances in MR technology have allowed faster
imaging, at higher fields and create a more homogeneous magnetic field.
This has allowed the development of new techniques that probe tumour pa-
thology and are described in more detail in other reviews [110]. Since low grade
tumours are classified by the WHO as tumours of increased cellularity without
features of anaplasia (i.e. proliferation or disrupted cytoarchitecture), and no
increase in vascularity or development of necrosis, imaging methods that can
look at changes in cellularity, vascularity and metabolism may allow a better
differentiation of low-grade gliomas from both higher grade tumours and more
benign conditions. It may also provide prognostic information, identify early
transformation and allow better direction of biopsies or other therapies.

Perfusion MRI

One of the key histological features of low-grade gliomas is their lack of
microvascular proliferation [61]. The development of endothelial hyperplasia
has been shown to be a poor prognostic marker in oligodendrogliomas [25].
Perfusion imaging provides additional information about tumour vascularity.
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The relative cerebral blood volume (tCBV) of tumours correlates with tu-
mour vascularity as assessed by non-quantitative scales of histological vascu-
larity [4, 131], measures of microvascular density [5] and angiographic
vascularity [131]. It also correlates with the expression of vascular endothelial
growth factor (VEGF) within the tumour [77] and the presence of endothe-
lial hyperplasia [15].

Differentiating high- from low-grade gliomas

Many studies have attempted to use perfusion MRI to provide a method to
non-invasively grading gliomas [4, 5, 9, 62, 70, 126, 131, 133]; all these studies
show that low-grade gliomas have a significantly lower rCBV than glioblasto-
mas (an example in a WHO Grade II astrocytomas is shown in Fig. 3).
Attempts to find a threshold that can differentiate between high- and low-
grade gliomas have been hampered by the use of different acquisition tech-
niques and methods of reporting the tCBV. Using a spin echo technique that
is sensitive to the microvascular component tends to give a lower ratio than
using a gradient echo technique [33, 133] that is sensitive to the ‘total’ CBV
from all vessels [8]. Studies using SE sequences suggest that a rCBV thresh-
old of 1.5 can differentiate between high- and low-grade gliomas [4, 75].
Published thresholds for GE sequences are more variable and depend on

Fig. 3. This 61-year-old female presented with focal seizures affecting her left hand.
Imaging (a) showed this to be a non-enhancing lesion in the right insular region. Perfu-
sion imaging (b) showed low rCBV in the tumour (measured at 1.3). Biopsies revealed
this to be a WHO Grade Il astrocytomas. She remains progression free at 4 years
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whether the aim is to increase specificity (rCBV 1.75-2.9) [71, 126] or in-
crease sensitivity (rfCBV 3.5) [71].

There are a number of problems using perfusion parameters to grade
gliomas for an individual patient. The first is that all studies show marked
ovetlap of rCBV values in different tumour grades [34, 62, 126, 131, 133],
particularly differentiating WHO Grade III from either WHO Grade II or
WHO Grade IV gliomas. Secondly, most measures are made by placing a
region of interest onto the brightest ‘hot spot’. This is dependent on the loca-
tion the region is placed — more reproducible results can be obtained using
measures from histogram analysis of the whole tumour [36, 72]. Finally, oli-
godendrogliomas have higher rCBV values than astrocytic tumours [16, 75] — a
finding related to their dense network of branching capillaries that resembles
the pattern of ‘chicken-wire’ (an example is shown in Fig. 4). As a result, low
grade oligodendrogliomas could be falsely graded as a higher grade tumour in
unselected groups of low-grade gliomas. Studies that only include oligoden-
drogliomas show a significantly higher tCBV in WHO Grade III anaplastic
oligodendrogliomas compared to WHO Grade II oligodendrogliomas [129].
Although this study had small numbers of patients (7 per group) it concluded

Fig. 4. An example of the increased rCBV seen with oligodendrogliomas. This 18-year-
old male presented with a seizure. (a) Conventional imaging showed a large, non
enhancing mass adjacent to the atrium of the ventricle. (b) Perfusion imaging showed
increased rCBV within part of the tumour (arrowed). This was biopsied and confirmed
to be a WHO Grade Il oligodendroglioma without any anaplastic features. The patient
remains progression free after 3 years
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that an rCBV threshold of 2.16 could differentiate between the grades with
100% specificity and 86% sensitivity. The rCBV in oligodendroglial tumours is
further complicated by the fact that tumours with chromosomes 1p19q dele-
tion have an even higher rCBV [58, 68] (cf. Table 1).

Perfusion imaging as a prognostic marker in low-grade gliomas

Since perfusion MR can identify areas of microvascular proliferation, a
known histological feature of poor prognosis, attempts have been used to
use perfusion MRI to assess prognosis. Law e 2/ have shown that an rCBV
threshold of 1.75 could differentiate between a prolonged survival group
(median time to progression approx. 10 years) with a poor prognosis group
(median time to progression less than one year) [69, 73]. An example of this is
shown in Fig. 5. A recent follow up study has shown that there is a significant
increase in rCBV that can be detected up to one year before there was evi-
dence of tumour transformation [24].

Perfusion MR has also been used to guide biopsies of non-enhancing
tumours [78]. Where perfusion MR demonstrated heterogeneous rCBV, the

Fig. 5. This 45-year-old male who presented with seizures and headache was shown
to have a non-enhancing tumour in the left insular region extending along the tem-
poral lobe to the atrium of the lateral ventricle (a). Biopsies confirmed it to be a WHO
Grade Il astrocytoma. In contrast to the patient presented in Fig. 3, perfusion imaging
(b) shows areas of increased rCBV (measured at 2.8 — arrowed). Post-biopsy he had
radiotherapy (54 Gy in 30 fractions). Within one year he clinically deteriorated and had
evidence of tumour progression and the development of enhancement on imaging. He
died of progressive disease despite chemotherapy 18 months after initial presentation
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target for biopsies was taken as the region with the highest rtCBV. Biopsies of
these regions demonstrated oligodendroglial differentiation or anaplastic
regions whereas tumours with uniformly low rCBV were more likely to be
WHO Grade 1I diffuse astrocytomas.

Perfusion imaging at recurrence: differentiating radiation
necrosis from recurrent tumour

One major difficulty in the management of all patients with brain tumours
treated with radiotherapy is differentiating changes that occur following treat-
ment. Tumour recurrence and radiation necrosis can appear similar and both
can have a very variable appearance on conventional MRI [18]. Radiation
necrosis can be identified by areas of reduced rCBV. Studies in patients with
radiation necrosis in the temporal lobes following radiotherapy of nasopharyn-
geal carcinomas (where there is no confusion with recurrent tumour) showed
reduced rCBV in these regions [143]. Subsequent studies have suggested that
rCBV values below 0.6 are predictive of radiation necrosis, and values above
2.6 are predictive of tumour; the difficulty lies with the mixed cases with values
between 0.6 and 2.6 [134].

Diffusion-weighted and diffusion tensor MRI

The appearance of low-grade gliomas on diffusion-weighted (DWI) imaging is
variable. The high signal on DWI images is largely a result of T,-weighted
‘shine through’ effects and is more dependent on the T,-weighted appearance
[91]. The increase in the apparent diffusion coetficient (ADC) is therefore used
as a better, quantitative marker of diffusion in brain neoplasms.

ADC values are determined by a combination of processes. Firstly, it is
increased by the increased volume of water in the tumour tissue due to vaso-
genic oedema. The ADC value correlates with both oedema (using T,-weight-
ed signal intensity) and blood brain barrier permeability (using the percentage
enhancement seen on Tj-weighted imaging following a dose of gadolinium
contrast) [95]. In addition, the ADC is dependent on cellularity — the more
cells present, the less the distance that the water molecules can diffuse. Studies
have indeed confirmed that there is an inverse correlation between ADC and
tumour cellularity [40, 65, 132].

Grading gliomas using diffusion-weighted imaging

As low-grade gliomas tend to be less cellular than their high grade counter-
parts, attempts have been used to grade gliomas using ADC values. Studies
suggest low-grade gliomas have a significantly increased ADC compared to
high grade tumours [65, 132].
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The problems of using ADC values to grade these tumours are similar to
the use of perfusion MRI. There is marked overlap in individual values making
grading of individual patients impossible. In addition, it is not possible to differ-
entiate between low-grade gliomas and other benign problems [12], and
some studies that have largely used WHO Grade III tumours as their high
grade tumours could not differentiate between high- and low-grade gliomas
at all [67]. In addition, just like using rCBV measures, ADC is significantly
lower in oligodendrogliomas [141], and within the oligodendrogliomas the
tumours that have lost chromosome 1p19q have lower ADC values [56]. These
changes, however, are much less marked than the changes seen in tCBV values
(cf. Table 1).

Some studies have used diffusion-weighted imaging to differentiate radia-
tion necrosis from tumour recurrence following therapy. Areas of tumour
recurrence showed higher mean ADC values compared to radiation necrosis
[48, 135]. Unfortunately the values for necrosis and recurrence overlap making
it of little value for the individual patient. Compared to other modalities,
diffusion imaging does not appear to add much in this setting [120].

T,-weighted

WHO Gradell
Oligodendroglioma

WHO Grade IV
Glioblastoma

Fig. 6. Diffusion weighted (ADC) and diffusion tensor (FA) in a patient with a WHO
Grade Il oligodendrogliomas (top row) and WHO Grade IV glioblastoma (bottom row).
The lower grade tumour shows regions of much higher ADC and generally lower FA
compared to the glioblastoma. In the glioblastoma patient there is infiltration of the
adjacent white matter tracts which is seen as gradual reduction in FA values in these
regions (arrowed). This is not seen in the low grade patient
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Diffusion tensor imaging in low-grade gliomas

Diffusion tensor imaging (DTI) is a modification of DWI that is sensitive to
the directional diffusion of water (anisotropy). It provides more information on
tissue architecture that is not available on DWI as reduced anisotropy can
occur with loss of tissue organisation (e.g as seen with demyelination), destruc-
tion of axonal processes, widening of extracellular spaces (e.g as seen with
tumour infiltration) and changes in cell size. The most commonly used param-
eter of DTI imaging is fractional anisotropy (FA) — a rotationally invariant mea-
sure of anisotropy.

Studies in tumours show that the FA values correlate with tumour cellu-
larity and vascularity [7] as a result low-grade gliomas tend to have lower FA
values. Using a threshold of 0.188, Inoue ¢z a/. could differentiate between high-
and low-grade gliomas [52]. Studies looking at the periphery around the tu-
mour have shown there is no reduction in FA in the white matter tracts
adjacent to low-grade gliomas, compared to the reduction in normal appearing
tracts adjacent to high-grade gliomas [43, 111] (Fig. 6). This difference has been
suggested as due to tumour infiltration — but since low-grade gliomas infiltrate,
especially oligodendrogliomas, it probably relates to white matter destruction
from tumours and the lack of sensitivity of these DTT measures. Recent biopsy
studies using novel tissue signature methods [106, 114] have shown that DTI
can identify this occult infiltration, even in low-grade gliomas [113].

Magnetic resonance spectroscopy

Unlike the other imaging methods, MR spectroscopy (MRS) allows the non-
invasive study of metabolism from either a single, small region of interest
(single voxel spectroscopy) or multiple regions (multivoxel or chemical shift
imaging). Virtually all clinical spectroscopy studies focus on the 'H nucleus
(which is essentially a proton) due to its abundance, its strong magnetic signal
and the fact it can be detected using standard MR equipment. Although up to
30 peaks can be identified in the 'H spectrum, fewer peaks are commonly
studied in clinical practice.

MR spectroscopy to differentiate high- and low-grade gliomas

All gliomas show a spectrum with an increased choline (a marker of membrane
turnover) and reduced N-acetyl aspartate (NAA — a neuronal marker) (Fig. 7).
Peaks of lipid (a marker of necrosis) and lactate (a marker of tumour hypoxia)
are rarely elevated in low-grade gliomas, but are elevated in higher grade glio-
mas [84, 90, 93, 97, 98] (Fig,. 8). Their presence in low-grade gliomas appears to
mirror the proliferative index; when the Ki67 labelling index is <4% no lipid or
lactate is detectable, when it is 4—8% lactate can be detected without lipids and
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TE =135ms

Choline

Lactate

Fig. 7. Single-voxel, proton spectra from 20 patients with WHO Grade Il astrocytomas
(solid line is mean, grey area is standard deviation). There is an increase in choline peak
with reduction of NAA (which still can be seen). Lactate, with this long echo time
(TE=135ms) is frequently seen in these patients as an inverted peak

Choline

Fig. 8. Mean spectra (with standard deviation) for five patients with WHO Grade IIl
anaplastic astrocytomas. Compared to Fig. 7 there is a higher choline peak with more
reduced NAA. Lipids and lactate can now be seen regularly

above 8% there is an increase in lipids [46]. Although creatine (Cr — a marker
of energy metabolism) is often used as a reference signal to express the other
peaks as a ratio to the creatine peak, it is actually decreased in brain tumours
[88, 90]. The reduction is, however, small and does not appear to be related to
the grade of tumour [90].

One problem with MRS is that tumours are heterogeneous. Single voxel
techniques have the same problems with sampling error that is seen with
biopsies. Multivoxel techniques can over come this, and 3D techniques are
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2.0

4.0 2.0 4.0 2.0 4.0 2.0

Fig. 9. Multivoxel spectra from a 16x16 grid at TE 30 showing variation in NAA,
creatine and choline going from normal brain (in voxel 7) to pure tumour (in voxels
11 and 12).

becoming more widespread. An example of the heterogeneity of spectra across
a low-grade glioma is seen in Fig, 9.

Various studies have tried to understand what the MRS findings tell us of
the tumour biology. McKnight e# a/. have shown that the Choline/NAA ratio
correlates with cell density, proliferative index and the ratio of proliferation to
cell death [86]. Other groups have also shown that the Choline/NAA and
Choline/Cr correlate with the proliferation index and that the normalised
values of Choline correlate with both proliferation index and cell density. In
a cohort of low-grade gliomas Guillevin e 2/ showed that cellular atypia cor-
related with increased Choline/NAA ratio, a lower NAA /Cr ratio and the lipid
peak [46].

Using this information it can be shown that low-grade gliomas have a
significantly lower Choline/Cr ratio [71, 84, 93, 97, 98, 128], and an increase
in NAA [71, 85, 93, 97, 98, 128]. It is possible to differentiate between high-
and low-grade gliomas with sensitivity of 73—92% and specificity of 63—100%
[6, 37, 51, 71, 124]. Studies comparing the performance of MR spectroscopy
and perfusion imaging to correctly grade tumours provide mixed results. One
study suggested spectroscopy was superior to perfusion [37], while another
showed rCBV measurements were better, and the addition of metabolic infot-
mation did not improve the diagnostic yield [71].

Differentiating low-grade gliomas from other conditions

MRS has a role in differentiating low-grade gliomas from other conditions that
can present with similar clinical symptoms and appearances on conventional
imaging. Focal cortical developmental malformations (e.g cortical dysplasias
and dysembryoplastic neuroepithelial tumours) certainly have very similar con-
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ventional imaging findings. Vuori ¢ a/. showed that low-grade gliomas had a
more marked reduction in NAA and increase in Choline, while the focal
cortical developmental malformations exhibited less change (<30% difference
to normal brain) [146]. The NAA/Cr ratio, in particular, was markedly lower in
low-grade gliomas than in the focal cortical developmental malformations.
Tumefactive demyelinating plaques, however, have similar MRS appearances
to low-grade gliomas with increase in choline, reduced NAA and can contain
lactate. Repeat imaging after an interval shows the spectra returns to a more
normal appearance in MS, but remains abnormal in low-grade gliomas [13].
Most of the studies discussed so far have concentrated on peak height of a
very limited number of metabolites. A recent multicentre study — the
INTERPRET study (International Network for Pattern Recognition of
Tumours Using Magnetic Resonance — Ab#p:/ [azizu.uab.es/INTERPRET
[ indexc.html) developed a computer-based decision support system that analysed
the whole spectrum as a tool to assist with diagnosis. Their database could
correctly classify brain lesions in 89% of cases and has provided an infrastruc-
ture for other multicentre studies [137]. The eTUMOUR project (www.ctu-
mour.net) aims to further develop the database to provide more information to
improve differentiation of tumours that may appear similar on conventional

imaging,

Identification of low-grade glioma subtypes with MR spectroscopy

Just like diffusion and perfusion MR, there are differences in the MRS spec-
trum that can differentiate low-grade astrocytomas from oligodendroglial
tumours. Oligodendrogliomas exhibited a more marked increase in choline
and an increase in creatine. This is in contrast to astrocytomas where there
is a more modest increase in choline and a decrease in creatine [146]. Analysis
of the whole spectrum could also differentiate between these types of tumours
[137]. Unlike perfusion and diffusion imaging, however, spectroscopy cannot
differentiate between tumours with or without loss of chromosomes 1p19q

[57] (ct. Table 1).

MRS to detect low-grade glioma transformation

Since high-grade gliomas can be differentiated from lower grade tumours by
their larger increase in Choline and decrease in NAA and the presence of
lactate and lipid, attempts have been made to use these features to identify
transformation in low-grade gliomas. One of the difficulties in using MR spec-
troscopy for follow up studies is the small region that is imaged in single voxel
spectroscopy — it is very possible the voxel is not located in the region of the
tumour where transformation occurs. Attempts to monitor tumours using this
method had a specificity of only 57.1% [3]. Even using multivoxel imaging
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techniques appears to have limited uses. Tedeschi e 2/ showed that progressive
tumours had a markedly increased (>45%) Choline compared to stable
tumours, but it did not appear before they could identify progression on
conventional imaging [138]. Reijneveld ¢# a/. found that in their seven progres-
sive patients, MRS could only detect a difference before conventional MR in 2
cases, and in 2 patients they failed to show any progression on MRS [116].
More worryingly, four of their seven patients with stable disease showed pro-
gression on MRS.

Using MRS to assess response to therapy in low-grade gliomas

As a tumour responds to chemotherapy changes in cell numbers/density can
occur before there is obvious change in tumour volume. As most studies report
little change in tumour volume, there is great interest in using advanced imaging
methods to detect early response to therapy. Murphy ez 2/ showed in a group of
12 patients with low-grade gliomas treated with temozolomide the decrease in
the choline peak correlated with a reduction in tumour volume [94]. They
suggested this was due to reduced cell density. They found some increase in
NAA, but this was only seen in 3 patients. A further case study that combined
MRS with DTT also reported a dectrease in choline and an increase in NAA
[127]. The decrease in choline correlated with increases in ADC — further evi-
dence that it is due to reduced cellularity. The increase in NAA also correlated
with increases in FA suggesting improvement in axonal structures. Further stud-
ies are needed to monitor treatment response in individual patients.

One of the major uses of MRS in a clinical setting is the differentiation of
radiation necrosis from tumour recurrence. Regions of radiation necrosis ex-
hibit lower NAA/Cr and NAA/Cho ratios and higher Cho/Cr ratios than
tumour progression [19, 119]. The presence of lactate can be seen with either
pathology and suggests that ischaemia is the underlying mechanism of radiation
injury [19]. Like the other modalities, although MRS can identify pure tumour
and pure radiation necrosis, it is not able to differentiate the mix picture, which
is probably the most common setting [119].

31p_Phosphate MR spectroscopy in low-grade gliomas

Although 'H-proton spectroscopy is the most used clinically, >'P-phosphate
spectroscopy can also be performed, with the appropriate equipment. It can
provide information on both phosphate metabolites (especially ATP and ener-
gy metabolites) and pH. Studies with low-grade gliomas show that they have a
similar phosphorus spectrum to normal brain, with essentially normal pH
values [49, 79]. The development of anaplastic changes results in a decrease
in both phosphocreatine and phosphodiesters peak, with pH showing increas-
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ingly alkaline values [49, 79]. With treatment there is a trend to increasingly
alkaline pH values, but studies have been done on limited patient numbers and
it is difficult to define a relationship with prognosis [79].

Positron emission tomography (PET) imaging

Opver the last decade PET imaging has developed with our improved knowl-
edge of cellular biochemistry and the development of new radiotracers that can
probe these biological processes. The multiple pathways involved in tumour
development can now be studied by these processes. Although a number of
PET tracers have been developed for cancer imaging, only three groups are in
routine clinical usage. These study glycolytic metabolism, protein synthesis and
nucleotide uptake as markers of tumour proliferation. Newer tracers that study
membrane turnover have been developed but their use has yet to be deter-
mined.

Imaging glycolytic metabolism: 2-["®F]-fluoro-2-deoxy-D-glucose
(FDG) PET

It has long been recognised that tumour cells have an increase in glucose
utilisation and glycolytic metabolism. Otto Warburg first noticed the relation-
ship between aggressive tumour behaviour and increased glycolysis [147]. It is
due to an increase in the expression of numerous genes and is regulated by the
hypoxia inducing factor HIF-1. In many tumours there is induction of HIF-1
due to disruption of its normal control that can occur in the absence of
hypoxia. The hyperglycolysis seen in tumours is due to increases in glucose
transport across the blood brain barrier and cell membranes (e.g. the glucose
uptake transporters GLUT-1 and GLUT-3) and increases in the principal
enzymes of glucose metabolism (e.g. hexokinase, phosphofructokinase, lactate
dehydrogenase and pyruvate dehydrogenase).

The fluorinated glucose analogue 2-['*F]-fluoro-2-deoxy-D-glucose (FDG)
has high sensitivity (although poor specificity) for identifying areas of increased
tumour metabolism. FDG uptake and metabolism in normal and tumour cells
are shown in Fig, 10.

Low-grade gliomas tend to have the same or lower uptake to normal grey
and white matter, whereas high-grade gliomas tend to exhibit increased uptake
of FDG [31, 1306]. Using a tumour-to-white matter ratio > 1.5, and tumour-to-
grey matter ratio > (0.6 it is possible to differentiate high and low grade tumours
with a sensitivity of 94% and specificity of 77% [29]. FDG uptake appears to
predict grade better than appearances on contrast enhanced CT [104]. In low-
grade gliomas areas of increased FDG uptake correlate with tumour anaplasia
[44]. Levivier e al. found that FDG PET could identify targets for stereotactic
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Fig. 10. FDG metabolism in normal and cancer cells. FDG is taken up into cells due to
the upregulated glucose transporters (e.g. GLUT-1 and GLUT-3) and is then phosphor-
ylated by hexokinase to FDG-6-phosphate. This does not undergo further enzymatic
reactions and, because of its negative charge, it accumulates within the cell

biopsies far better than contrast enhanced CT [76]. They found that 6/35
targets selected by CT were non-diagnostic, whereas 0/55 targets selected by
FDG PET were non-diagnostic. Follow up studies suggest that it might be
possible to detect the transformation of low-grade gliomas to a higher grade
with FDG PET before anatomical changes appear on CT [89, 121].

Studies that have looked at differences in FDG uptake in different histo-
logical subtypes of low-grade gliomas suggest that low grade astrocytomas have
a lower glucose metabolism than oligodendrogliomas [31]. In series that just
look at oligodendrogliomas, FDG uptake is significantly lower in WHO Grade
IT oligodendrogliomas than anaplastic oligodendrogliomas [30]. Increased glu-
cose metabolism was also seen in low grade oligodendrogliomas with loss of
1p19q heterogeneity [130]. Those with intact chromosomes 1p19q all had
reduced FDG uptake (cf. Table 1).

Since increased glycolytic metabolism appears to be a marker for and
promoter of a more aggressive phenotype, FDG PET has been investigated
as a prognostic marker. The survival of patients with hypermetabolic tumours
is worse than those with hypometabolic tumours |2, 27, 105]. Follow up studies
suggest increased glucose metabolism may predict tumour transformation [89].
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Currently, one of the main uses of FDG PET is the differentiation of
recurrent tumour from radiation necrosis. As both will enhance with contrast,
standard MR techniques cannot differentiate between these two problems.
Recurrent tumours have increased metabolic activity whereas areas of radiation
necrosis are hypometabolic [32]. FDG can differentiate between these two with
a sensitivity of 75% and specificity of 81% [20]. MR coregistration improves
the sensitivity of FDG as it can distinguish recurrence uptake in the normal
adjacent cortex. It can be misleading, however, as increased activity can be due
to accumulation of activated macrophages.

The real limitation using FDG to assess brain tumours is that the uptake is
non-specific and can occur in any region with an increase in metabolic activity.
In the normal brain the cortex, basal ganglia, thalami, cerebellum and brain-
stem have increased uptake, whilst white matter and CSF have low uptake. The
uptake is also non-specific since other inflammatory diseases can exhibit in-
creased FDG uptake. In addition, FDG PET is a marker of glycolytic metab-
olism and not cellular proliferation. Studies have confirmed that the correlation
between FDG uptake and Ki-67 expression of tumours is poor [21, 59]. FDG
uptake does, however, show a regionally specific correlation with tumour vas-
cularity [5]. The information it provides is therefore complementary to other
imaging techniques.

Imaging protein synthesis: amino acid PET studies

In all cancer cells there is an increase in amino acid uptake due to both an
increased demand for amino acids due to increased protein synthesis, and an
increase in the transport of amino acid as a result of the malignant transfor-
mation [53].

Most amino acid labelling studies have used ''C since it does not change
the chemistry of the molecule. "' C-methionine (L—[rnethyl—l1C]—rnethionine)
or 11C—tyrosine (L—l—[“C]—tyrosine) are the most commonly used amino
acids. The major draw back of using "1C, however, is its short half life of
only 20.4 min which means production has to be made when it is required, in
a unit with an on site cyclotron. This is in contrast to '¥p compounds that
have a half life of 109 min that can be produced in a central cyclotron and
transported to a number of units for use later in the day. Currently there is
much interest in the use of O-2-['*F]fluoroethyl-L-tyrosine (FET) as a PET
tracer.

In vitro studies have shown good correlation between methionine uptake
and cellular proliferation markers [66], a finding confirmed in a cohort of
patients who underwent glioma resection [60]. In comparison to FDG PET,
methionine PET appears to provide better delineation of tumours [100, 145].
In tumours that are iso-/hypometabolic to glucose, 90% have increased me-
thionine uptake [23]. Low-grade gliomas commonly show methionine accumu-
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lation [101], although quantitative values are usually similar to that of normal
brain [31]. The uptake in low grade oligodendrogliomas, however, appears to
be greater than that of low grade astrocytomas [30, 31]. As the tumour grade
increases methionine uptake increases in a more heterogeneous pattern
[30, 101]. Methionine PET has a 97% sensitivity for detecting high grade
and a 61% sensitivity for detecting low-grade gliomas [101], and it appears
to be a more sensitive marker than FDG [30, 41]. Overall, Herholz e¢# a/. found
that in a series of 196 patients, ' C-methionine PET could differentiate low-
grade gliomas from non-neoplastic problems in 79% of cases [50]. As there is
little uptake into inflammatory cells, methionine appears to be particularly
sensitive in differentiating radiation necrosis from recurrent tumour [139],
and tumours from inflammatory lesions.

As a prognostic marker, WHO Grade II and Grade III gliomas have a
shorter survival time if they exhibit increased methionine uptake [20].
Similar results have been reported using FET [38] This survival prediction
is true for both low grade astrocytomas [99] and oligodendrogliomas [117,
118]. Follow up studies show that low-grade gliomas undergoing malignant
transformation show increased methionine uptake [121]. Tumours that
show stable or reduced methionine following radiotherapy have a more
favourable outcome [99].

Since methionine uptake appears to correlate with proliferation and is
increased in the higher grade areas, various groups have used it to guide
image-guided brain biopsies. Go e al described cases where biopsies taken
from areas of increased uptake of L-[1-'"C|Tyrosine provided better diagnostic
yield than conventional MRI in lesions that did not enhance with gadolinium
[42]. Goldman e al. compared targets determined from FDG PET with me-
thionine PET and found that methionine could differentiate active tumour
from necrosis better than FDG. This group has subsequently shown that
combining MRI and PET for biopsy targeting improves the diagnostic yield
in brainstem tumours [81], paediatric brain tumours [109] and in tumours with
little uptake of FDG [108]. They have also suggested that PET-guided resec-
tions could remove the part of the tumour with the largest potential for trans-
forming into a more malignant form, although they have not presented any
data that this affects clinical outcome [107].

Imaging DNA synthesis with labelled pyrimidine analogues

Since thymidine is only incorporated into DNA and not RNA it has long
been used as a measure of DNA synthesis and is an obvious target for
labelling for PET studies. Cells obtain thymidine from both a de novo pathway
that synthesises thymidine from glutamine and a salvage pathway where exog-
enous thymidine is transported to the cells and is then phosphorylated by
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thymidine kinase to thymidine monophosphate. In all cells the de novo path-
way provides most of the thymidine used in cells, although there is some
evidence, however, that the brain may be deficient in the de novo pathway
[39]. Since the ratio of both pathways is relatively constant, there is a
constant fraction of thymidine derived from the salvage pathway.

Initial attempts at pyrimidine imaging used ''C-thymidine. This is challeng-
ing to produce, involves the short lived ''C isotope and is broken down into
metabolically active metabolites. Initial studies in gliomas showed that in half of
patients studied the information derived was significantly different in some way
from either FDG PET or conventionally MRI [35]. Active tumour could be
identified in areas demonstrating little FDG uptake, and within the non-specific
area of enhancement on MRI within the tumour bed.

3'-deoxy-3'-fluorothymidine (FLT) was initially developed as an antiretro-
viral drug, In vitro studies of FLT metabolism have shown that it enters cells
using the nucleoside transporters but at half the rate of thymidine [64]. FLT is a
selective substrate for TK-1 and it is phosphorylated by TK-1 to FLT mono-
phosphate (FLTMP), again at a rate slower than thymidine [92]. The metabo-
lism of FLT is shown in Fig, 11. As the rate of TMPK is 23-times slower than
TK-1 [45] FLT accumulates greater than thymidine in proliferating cells [125].
The small amount of FLTTP produced is not incorporated into DNA due to
the modification at the 3’ site.

Clinical validation studies of this model have been performed in patients
with lung tumours and has shown that FLT uptake values obtained from com-
partmental analysis correlate with Ki67 expression in resected tumour specimens
[96]. More detailed kinetic analyses in gliomas suggest that although the trapping
of FLT-MP by thymidine kinase-1 is involve, the most important factor determin-
ing FLT accumulation was the rate of transport into the cell [54].

For gliomas a few studies have been recently reported. FLT uptake is
markedly increased in high-grade gliomas [21, 22, 54, 112]. Low grade glio-
mas frequently show no FLT uptake [112] (see Fig. 12). For patients where

TK1 TMPK NDPK Polym-a

FLT < FLT «— FLTMP ~— FLTDP ~— FLTTP —%— DNA

dNT

Extracellular Intracellular

space sSpace

Fig. 11. FLT metabolism in cells. In dividing cells the uptake of FLT is increased. The
main metabolism of FLT involves phosphorylation to FLT-MP which is only slowly
metabolised further. As a result it accumulates in dividing cells
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Fig. 12. FLT images in two patients. The upper row shows the FLT in a patient with a
WHO Grade Il astrocytoma (a). The FLT image (b) shows some uptake in the skull bones
and within the sagittal sinus posteriorly. There is no obvious uptake into the tumour. In
the lower row this tumour did not enhance with contrast (c). FLT, however, shows a
region in the posterior aspect of the tumour that has increased FLT uptake (d). Biopsies
were taken from this region which showed anaplastic features sufficient for a diagno-
sis of WHO Grade Il anaplastic astrocytomas

histological material was available, the maximal FLT uptake correlates with
the highest MIB-1 labelling index in the tumour [21, 22, 54]. Uptake appears
to be a good predictor of tumour progression and overall survival [21].
Compared to FDG PET, FLT is more a sensitive in detecting tumour due
to the improved contrast-to-background ratio [21, 22]. False positive results,
however, can occur as increased uptake can occur in regions of blood brain
barrier disruption — this especially occurs in recurrent low grade tumours
tfollowing radiotherapy [122].

Imaging hypoxia

One of the main drivers of a ‘high-grade’ phenotype is hypoxia. A number of
markers have been developed for this purpose. Most work has used BE_fluor-



Advances in imaging low-grade gliomas 23

omisonidazole (‘*F-FMISO), a nitroimidazole derivative whose metabolites
accumulate in hypoxic cells. PET studies have shown that it accumulates in
high grade tumours [10, 144] and can differentiate it from other tumours
where hypoxia is less of a problem [11]. Studies are needed in low-grade
gliomas.

One problem with '*F-MISO is that it is only taken up into viable cells — it
will not identify necrotic areas. A promising new marker *’Cu-diacetyl-bis(N*-
methylthiosemicarbazone) (“’Cu-ATSM) overcomes this issue. Although stud-
ies have been done in man, no studies have yet reported on its use in brain
tumours [102].

Imaging membrane turnover

As we have previously seen with MR spectroscopy, imaging membrane turn-
over correlates with cellular proliferation. Two different PET approaches
have been used for this. The first, like proton spectroscopy, uses choline.
Although both ''C and "F based tracers have produced, the fluorinated
version has a higher tumour-to-normal ratio [47]. In low-grade gliomas the
uptake is low — similar to normal brain. More aggtessive/mote anaplastic
areas within a glioma show increased uptake and, as a result, may guide
biopsies [47].

The second method uses 1-''C-acetate. This tracer was originally used for
measuring oxidative metabolism in the myocardium. In the brain acetate is
preferentially taken up into and metabolised by glial cells. In tumour cells
acetate can be transformed into acetyl-CoA, or used as a precursor of mem-
brane fatty acids [151]. In low-grade gliomas there is little uptake of acetate; the
uptake is significantly increased in high-grade gliomas, even in tumours with
little FDG uptake [142, 150].

The future: imaging molecular expression

Compared to our increased understanding of the molecular biology of low
grade tumours, the imaging modalities that are currently available could be
considered as relatively crude. There is a lot of largely preclinical work that is
trying to develop imaging methods to image gene expression. These techni-
ques, extensively reviewed elsewhere [82, 83], mostly use reporter genes that
are inserted into tumours using either cells or via viral vectors. Most studies
identify gene expression using optical imaging. A recent PET study showed
that it is possible to detect expression of the Herpes simplex thymidine kinase
gene (HSV1 tk) in a patient with a glioblastoma undergoing immunotherapy
using CD8" T-cell engineered to express 11.-13 and the HSV1 tk gene with a
"®F-radiolabelled  9-[4-fluoro-3-(hydroxymethyl)butyljguanine  (*F-FHBG)
[149]. There is a great need for improvements in detection technology and
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the development of more sensitive and specific reporters before these tech-
niques are used in the routine clinical management of patients with low-grade
gliomas.

Conclusions

Application of these new MR and PET techniques can help greatly in con-
firming a diagnosis, providing prognostic information, guiding biopsies and
treatment. Perfusion and diffusion MR can be performed on all modern MR
machines — most will also do proton spectroscopy. These are becoming stan-
dard methods of assessing low-grade gliomas in a clinical setting. The avail-
ability of PET is more limited, but the development of PET/CT and the
increasing utility of this in cancer treatment will ensure that they will be avail-
able in most cancer centres and will be come in increasingly important tool in
the management of these difficult tumours.

As we now begin to understand what information these imaging techniques
tell us, the next stage is to use these methods to individualise treatment. Such
starting points may be differentiating those tumours that are likely to progress
rapidly from those that have a more indolent course. The former group may be
suitable for more aggressive therapy at diagnosis. In addition, markers that
provide warning of likely transformation may allow eatly intervention.
Clinical trials are needed to determine the utility of these imaging biomarkers
in a clinical setting,
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