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Magnetic resonance spectroscopy suggests key differences
in the metastatic behaviour of medulloblastoma
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ABSTRACT

Background: Metastatic medulloblastoma has a poorer prognosis than localised disease in
part due to inherent properties of the tumour. H magnetic resonance spectroscopy
(MRS) provides a powerful method for investigating tumour metabolism in vivo.
Methods: Magnetic resonance imaging and short echo time (Te 30 ms) single voxel MRS
were performed on the primary tumour of 16 children with medulloblastoma prior to sur-
gical resection. Tumour volumes were calculated using a segmentation technique and the
MRS was analysed using LCModel™.
Results: Patients with metastatic disease had primary tumours which were smaller (p = 0.01),
had higher levels of total choline (p = 0.03) and lower levels of mobile lipids (p = 0.04).
Conclusion: Metastatic medulloblastomas have metabolite profiles indicative of increased
cell growth and decreased cell death compared with localised tumours reflecting intrinsic dif-
ferences in underlying biology. Localised tumours with an MRS metabolite profile similar to
those with metastatic disease may be at increased risk of metastatic relapse.

© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

pathways.’™ The biological and clinical behaviour of medullo-
blastomas is determined by the downstream effects of these

The prognosis for medulloblastoma in children varies widely
depending on histology, stage and age at diagnosis. Increas-
ingly it has become clear that prognosis is related to the
underlying biology of the tumours and a number of genetic
markers have been identified together with their molecular

genetic alterations and it is increasingly apparent that bio-
markers which sample downstream effects can also provide
useful predictors of outcome. One such method is *H magnetic
resonance spectroscopy (MRS), an imaging modality closely
related to MRI, which determines in vivo concentrations of
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metabolites. MRS metabolite profiles have been shown to pro-
vide a powerful method for characterising brain tumours.®’

Predicting which children with ‘standard’ risk Medullo-
blastoma will fail therapy is of particular clinical import,
especially if this can be determined at diagnosis. The develop-
ment of ‘real time’ non-invasive biomarkers would be of sig-
nificant clinical benefit since they also have the potential to
allow treatment to be adapted according to the evolving nat-
ure of the disease. Furthermore, investigation of the down-
stream effects of genetic alterations enhances the potential
for discovering new targets for drug delivery.

Certain tumour metabolite levels determined by MRS
have been shown to provide useful prognostic information.
High total choline levels, total choline/creatine ratios and to-
tal choline/NAA ratios have been noted as markers of poor
prognosis for a number of tumours.®*?> MRS imaging has
also been used to identify the most active regions of brain
tumours in adults.”*** Myoinositol and mobile lipids levels
correlate well with grade in astrocytomas® and mobile lipid
levels show a correlation with malignancy across a range of
paediatric brain tumours.®’® Animal studies have shown
that choline/mobile lipid ratios in neuroblastoma correlate
with the viable tumour fraction and rate of tumour
growth.'

Increased levels of phosphocholine in particular have been
related to ras oncogene activation'® and increased activity of
choline kinase® giving potential therapeautic targets.? Inter-
est has also focused on lipids visualised by MRS, with high
levels noted in necrotic tumours such as grade IV astrocyto-
mas.'®?* However, mobile lipids have also been associated
with apoptosis®* and in vitro studies have identified the accu-
mulation of intracellular lipid droplets in the cells to account
for this.?> The demonstration of mobile lipids on MRS has
been associated with metabolic cell stress and loss of viability,
but the pathways underlying this process have not yet been
fully delineated nor histopathological markers been accu-
rately determined.

Here we test the hypothesis that biologically aggressive
medulloblastomas have a characteristic metabolite profile
by correlating MRS of the primary tumour with clinical fea-
tures, histopathology and tumour size.

2. Materials and methods

2.1. Patients

Patients undergoing MR imaging at Birmingham Children’s
Hospital as part of their clinical investigations for a suspected
brain tumour were eligible for entry into the study. Local and
multicentre research ethical approval was obtained and

informed consent taken from parents/guardians for
enrollment.

2.2. Magnetic resonance imaging and spectroscopy
protocol

MRI and MRS were carried out on a 1.5 T Siemens Symphony
Magnetom. Standard imaging included T1 and T2 weighted
images of the brain followed by gadolinium contrast adminis-

tration and then T1 weighted images of the head and spine.
The conventional imaging set was used to delineate the mar-
gins of the primary tumour and the voxel for MRS was placed
entirely within this region. Point resolved single voxel spec-
troscopy was performed with an echo time of 30 ms and a
repetition time of 1500 ms. Cubic voxels of either 2 cm or
1.5 cm length were used depending on the size of the tumour.
Water suppressed MRS data were acquired with 128 repeti-
tions from the larger voxels and 256 repetitions from the
smaller ones. Water unsuppressed MRS data were also ac-
quired for eddy current correction and as a reference for cal-
culating concentrations.

Outer volume lipid suppression was not used in this study
due to a lack of availability. To ascertain the potential for lipid
contamination of the MRS signal from outside the tumour, li-
pid levels were compared between tumour and a set of con-
trols. The controls consisted of children in remission
following treatment for a posterior fossa tumour and MRS
was performed on non-involved cerebellum. In all MRS stud-
ies, images of voxel placement were saved and the closest
point of the voxel to scalp lipid was measured.

2.3.  Histopathology

Samples obtained at surgery from all patients were subjected
to histopathological examination using standard H&E stains
as well as a panel of immunohistochemical stains including
synaptophysin and GFAP. Tumour proliferation and apoptosis
were determined by immunohistochemical staining with
Ki67 (mouse monoclonal antibody, DAKO) and cleaved cas-
pase-3 (Rabbit polyclonal Ab, Asp 175, Cell Signaling), using stan-
dard techniques. The fraction of viable tumour was estimated
by combining the percentage of apoptotic cells as assessed by
staining for cleaved caspase-3 and the percentage of tumour
necrosis estimated from the H&E stains. The surface area of
tumour analysed to determine the viable tumour fraction
was noted. Five micrometer sections were obtained from each
sample. Following overnight incubation at 37 °C, the sections
were dewaxed in xylene and hydrated through lowering con-
centrations of ethanol. For antigen retrieval, the sections were
treated in sodium citrate buffer (pH 6.0) for 1 min at full pres-
sure in a pressure cooker. The sections were blocked for
endogenous peroxidase. Incubation of the Ki67 antibody was
carried out at 1:50 for one hour at room temperature. Cas-
pase-3 was incubated at 1:400, at 4 °C overnight. Positive Con-
trol tissue for Ki67 and caspase-3 were used, including
appendix and tonsil, respectively. Detection of the target anti-
gen was carried out using the DAKO Chemate Envision Detec-
tion Kit (DAKO, UK) and DAB was used for visualisation of the
target antigen. Finally, sections were counterstained with Har-
ris Haematoxylin, dehydrated and mounted for analysis (see
Fig. 1).

2.4.  Analysis of MR imaging and spectroscopy data

The magnetic resonance imaging and spectroscopy data
(including the free induction decay) were transferred to a ded-
icated Sun Sparc computer server. Tumour volumes were cal-
culated by a segmentation technique employing mostly
manual outlining applied on the whole set of 2D axial
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Fig. 1 - a (top left) and b (top right) Haematoxylin Eosin stained sections show classical and large cell medulloblastoma with
areas of necrosis (right side of a and centre of b) and apoptosis characterised by nuclear fragmentation. c (bottom left) and d
(bottom right) illustrate immunohistochemical staining for proliferation marker Ki67 (nuclear staining), and cleaved

Caspase3 (granular cytoplasmic staining), which is one of the key executioners of apoptosis. Note the wedge shaped area of

tumour necrosis (right side of d) which remains unstained.

images.?® For all children, preoperative volumetric axial post-
IV-contrast T1-weighted sequences with 1.62 mm thickness
were used for tumour measurement. While post-contrast
T1-weighted sequences were used to take advantage of the
contrast enhancement that most medulloblastomas exhibit,
T2-weighted MR images were consulted in parallel, to assist
in differentiation between tumour and the surrounding oede-
ma as best as possible. Attention was paid to areas of no or
mixed contrast enhancement, to avoid over or under estimat-
ing tumour volume. The outlines were performed initially by
one observer (DK) and independently verified by a second ob-
server (SS).

The raw MRS signals were processed using the LCModel
software package (version 6.0-1),>* an accurate and reliable
method for automatic quantitation of metabolite concentra-
tions from short TE in vivo proton MR spectra.?® LCModel fits
the in vivo spectrum to a linear combination of individual
metabolite spectra obtained under similar conditions from
solutions of expected metabolites that make up the basis
set. The basis set used contained 16 metabolites and 9 lipid
and macromolecular components. Estimated concentrations
for each metabolite, lipid and macromolecular component
were obtained by reference to a spectrum acquired without
water suppression from the same voxel. This reference spec-
trum was also used to correct for eddy current effects present
in the water suppressed spectra. The mean metabolite con-
centrations obtained from the LCModel analysis were com-
pared between the groups of patients with (N=8) and
without metastases (N = 8) using a series of two-tailed Stu-
dent’s unpaired t-tests.

The processed spectra were extracted from the LCModel
analysis to compute average spectra for the metastatic and
non-metastatic groups of patients. A principal components
anlaysis (PCA) was then performed on the points in the spec-
tra between 0.2 and 4 ppm. The principal component analysis
generates a plot in which the axes are chosen to encapsulate
the maximum amount of variance in the data without impos-
ing any prior knowledge about the data. Each spectrum is rep-
resented in the plot by a point and similar spectra cluster
together. This method of representing the data allows the
amount of variability and similarity in the spectra to be
visualised.

3. Results

3.1. Patient characteristics

Twenty patients were diagnosed with medulloblastoma be-
tween 1st September 2003 and 1st October 2005. At the time
of MRI and MRS, none of the patients had undergone surgery
to their tumour or received previous chemotherapy or radio-
therapy. Data from 4 patients were not eligible (80% accrual),
3 did not have MRS performed prior to surgery and the other
patient had MRS of a large metastatic lesion where the pri-
mary tumour was small. All patients underwent MRI of the
head and spine and this showed metastatic disease in 7 pa-
tients. One of these patients had supratentorial metastases
only (Chang stage M2), the other 6 patients had spinal metas-
tases (Chang stage M3). All patients with localised disease on
MRI had lumbar cerebral spinal fluid taken either at diagnosis
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or more than 14 days post surgery. One patient without met-
astatic disease on MRI had tumour cells in the cerebral spinal
fluid (Chang stage M1) giving 8 patients in the metastatic
group (Chang stages M1 to M3). Where bone marrow aspirates
and trephines were performed on the patients with meta-
static disease, the samples did not show any evidence of infil-
tration with medulloblastoma.

The patients ranged in age from 1 to 15 years with 6 of
them being under 5 years of age at diagnosis. All patients
underwent surgery to resect the primary tumour and the
diagnosis of medulloblastoma was made on histopathology.
14 had classic medulloblastoma and 2 patients had a large cell
anaplastic medulloblastoma, one of whom had metastatic
disease and the other had a localised tumour. All patients
had adjuvant treatment with chemotherapy and radiother-
apy. Those over 5 years of age had craniospinal radiotherapy,
whilst the younger children had focal radiotherapy. Cranio-
spinal radiotherapy doses (24-35 Gy) were lower for those
with localised disease than those with metastatic disease
(40 Gy). Younger children were treated on a regime with inten-
sive induction chemotherapy prior to focal radiotherapy
(45 Gy) followed by conventional chemotherapy. Since the
children were not treated according to a common protocol,
variations in treatment will strongly influence any formal
analysis of survival which is not attempted in this paper.
3.2.  Histopathology
Between 1 and 9 (mean 4) slides were analysed from each tu-
mour which equated to a range of 0.25-16 cm? (mean 3 cm?)
analysed. Ki67 values ranged from 12% to 70% with no signif-
icant difference between the metastatic and localised tu-
mours (see Table 1). Levels of necrosis ranged between 0%
and 20%. Thirteen tumours had a caspase3 value of less than
10%, whilst the other three had values of 35%, 50% and 55%.
Again there were no significant differences in the levels of
necrosis, caspase3 uptake or viable tumour fraction between
the metastatic and localised tumours (see Table 1).

3.3.  Magnetic resonance imaging and spectroscopy

A comparison of primary tumour volumes showed that the
localised tumours were significantly larger than the meta-
static tumours (p = 0.01), Table 1. In Fig. 2, an average MR spec-
trum derived from the patients with localised
medulloblastoma is compared with a spectrum from patients
with metastatic disease. Inspection of these spectra shows
that the total choline (at 3.2 ppm) is increased and mobile lip-
ids (1.3 and 0.9 ppm) are decreased in the metastatic com-
pared with the localised group. Analysis of the spectra by
LCModel confirms that the ratio of total choline to total lipid
concentration is significantly greater in the metastatic group
(p=0.01) with the choline concentration being raised
(p =0.03) and the lipid levels being reduced (p =0.04) (Table
1). The LCModel analysis also shows that the levels of lactate
are significantly higher in the non-metastatic group (p = 0.04)
whilst there is a tendency towards lower creatine (p = 0.09)
and taurine (p = 0.07) levels in these tumours. There was no
significant difference in the concentrations of any of the
metabolites between those >5 years and <5 years of age. Prin-
cipal component analysis was undertaken to determine the
variability in MRS profile in the patient cohort (Fig. 3). This
shows that there is a good separation between metastatic
and localised tumours with a greater variability in the local-
ised group.

The immunohistochemical staining with Ki67 gives a mea-
sure of proliferating cells and may be used as a surrogate for
tumour growth. In Fig. 4 it is seen that there is a positive cor-
relation between Ki67 and tCho, which is significant for the
whole group of tumours but is stronger for localised tumours
than for metastatic tumours. There was no correlation be-
tween mobile lipid levels and histopathological parameters
frequently used to determine necrosis/apoptosis versus via-
ble tumour fraction. A highly significant correlation between
log(lipids/tCho) and tumour volume was found and this was
due entirely to a strong correlation in the localised group of
tumours (Fig. 5).

Table 1 - A statistical comparison between metastatic and non-metastatic medulloblastoma for various clinical and

histopathological characteristics along with metabolite concentrations measured using LCModel

Metastatic (M1-M3) Nonmetastatic (MO) P value
Mean SD Mean SD

Characteristic

Age (yrs) 9.0 4.1 5.4 3.3 0.07
Tumour volume (ml) 28 8 42 11 0.01°
Ki67 index 37% 15% 38% 20% 0.46
Viable tumour fraction 0.81 0.20 0.89 0.16 0.46
Metabolite

Total choline (mMol) 3.9 1.2 2.5 1.2 0.03"
Lipids (1.3 ppm + 0.9 ppm) (mMol) 27.2 10.2 55.5 35.3 0.04
Total choline/lipids 0.16 0.06 0.07 0.07 0.01°
Lactate (mMol) 1.4 0.8 4.1 3.3 0.04
Creatine (mMol) 3.7 1.0 2.3 2.0 0.09
Taurine (mMol) 1.9 0.6 1l 1.0 0.07
N-acetyl-aspartate (mMol) 0.3 0.2 0.2 0.2 0.31
Myo-inositol (mMol) 4.6 2.0 4.7 3.7 0.92

P values given are for Student’s t-test with a two-tailed distribution.
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Fig. 2 - Plots showing the mean MR spectra of (a) the
metastatic medulloblastoma group (N = 8) and (b) the
non-metastatic medulloblastoma group (N = 8). The spectra
were processed using LCModel and averaged after
subtracting the baseline and normalising with respect to the
water reference signal in each case.

In no patient was the nearest point of the voxel closer than
5 mm to the scalp. There was no significant difference in dis-
tance of the voxels from the scalp between metastatic tu-
mours, non-metastatic tumours and controls. Analysis of
the spectra from controls showed an average mobile lipid le-
vel of 7 mmol/l compared with 27.2 mmol/l for metastatic and
55.5 mmol/] for non-metastatic tumours.

4, Discussion

Significant differences exist in the metabolite profiles of met-
astatic compared to localised medulloblastoma at presenta-
tion. Metastatic tumours are characterised by higher tCho
consistent with increased cell turnover and tumour growth,
which is substantiated by a significant positive correlation be-
tween tCho and the Ki67 index. The observation of higher
mobile lipid levels in the localised tumours may reflect a
higher proportion of non-viable tumour in these cases.'” This

Principal Component 2

-2 1 1 .
-b -4 -2 0 2
Principal Component 1

Fig. 3 - Plot of principal component 1 against principal
component 2 resulting from a principal components analysis
of the MR spectra of the whole dataset (N = 16) between 0.2
and 4.0 ppm. The + symbols indicate the metastatic
medulloblastoma cases and the x symbols represent the
non-metastatic medulloblastoma cases. The ellipse is drawn
arbitrarily to contain all the metastatic cases.

finding is consistent with the tendency for localised tumours
to have higher lactate and lower creatine levels both of which
are associated with anaerobic stress. Taurine is present in
both metastatic and localised tumours but there is a tendency
to higher levels in the metastatic tumours, consistent with
previous findings in neuroblastoma that taurine is a marker
for more aggressive subtypes in neural tumours.?®

In addition to demonstrating that there is a significant dif-
ference in the average values of specific metabolites in the
metastatic and localised tumours, it is important to ascertain
the intra-group variability of the metabolite profiles. PCA re-
veals a good separation of the metastatic from localised
tumours with only one localised tumour falling within the
metastatic group. It is also seen that the variability of
the metabolite profiles is greater in the localised group than
the metastatic group with the metastatic tumours forming a
tight cluster but the non-metastatic tumours being dispersed.
This implies that the downstream effects of the genetic alter-
ations in metastatic tumours are more consistent than those
in localised tumours in which many pathways to tumourigen-
esis have been identified.”

If the localised tumours are considered alone, some of the
tumours are seen to possess metabolite profiles similar to
those of the metastatic group. One of the localised cases falls
within the metastatic group, this patient is alive on treatment.
Two other localised cases have metabolite profiles similar to
metastatic cases, both children have subsequently relapsed
with metastatic disease suggesting that the metabolite profile
can be used to identify those tumours which possess an en-
hanced ability to metastasis compared to other localised tu-
mours or may have occult metastases at diagnosis.

An interesting finding in this study is that the primary tu-
mours are larger in patients with localised disease. The lower
total choline levels found in localised tumours imply that they
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Fig. 4 - Plot of Ki67 labelling index against total choline concentration (phosphocholine, PCh + glycerophosphocholine, GPC)
from LCModel analysis for metastatic medulloblastoma (solid circles) and non-metastatic medulloblastoma (open circles).
The lines show the correlation within the whole dataset (solid, R? = 0.21, P < 0.05), the non-metastatic group (dashed,

R? = 0.46, P < 0.05) and the metastatic group (dashed, R? = 0.17, not significant).
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Fig. 5 - Plot of tumour volume at time of diagnosis as measured from MRI scan against the ratio of the log of the lipid
concentration (peak at 1.3 ppm + peak at 0.9 ppm) to the total choline concentration from the LCModel analysis for metastatic
medulloblastoma (solid circles) and non-metastatic medulloblastoma (open circles). The lines show the correlation within
the whole dataset (solid, R? = 0.48, P < 0.005), the non-metastatic group (dashed, R? = 0.48, P < 0.05) and the metastatic group
(dashed, R* = 0.00).

are growing more slowly and the high lipid and lactate levels implies that localised tumours have a lower metastatic poten-
indicate a degree of anaerobic stress and loss of viability which tial rather than simply having been diagnosed earlier. Con-
increase as the tumour grows outstripping angiogenesis. This versely, the metastatic tumours have primaries which are
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smaller, with high total choline levels and lower lipid and lac-
tate levels. This implies that these tumours grow rapidly and
metastasis early when the tumour is still small and a high pro-
portion of the cells are metabolically active.

The absence of a correlation between mobile lipids and via-
ble tumour fraction in this study could result from the hetero-
geneity of these features within the tumour combined with
limited histopathological sampling of each tumour. MRS
determines metabolite concentrations averaged across a voxel
of at least 3.4 cm®, which is large compared with the size of
each biopsy. This possibility could be further explored using
in vitro magic angle spinning MRS, where small tissue samples
(less than 5 mg) can be analysed and left intact allowing histo-
pathology to be performed on the same sample.”” Alterna-
tively, the lack of correlation between mobile lipids and
viable tumour fraction may be due to the inability of the cur-
rent histopathological measures to detect early changes asso-
ciated with loss of cell viability. In vitro studies have shown
that the mobile lipids measured by MRS reside in lipid droplets
within cells as well as in necrotic tissue®” and such cells may
still be viable. Indeed, it has been noted previously that viable
tumour could be found in areas of tumour with high lipids on
MRS.%® Where levels of necrosis are low, as in this study, the
MRS mobile lipid levels are dominated by the intracellular lip-
ids and a reliable histopathological correlate of this cellular li-
pid accumulation has not yet been developed.

This study reveals that significant differences exist in the
metabolite profiles of metastatic versus localised medulloblas-
toma. Importantly, we provide preliminary evidence that local-
ised tumours with similar metabolite profiles to metastatic
cases are at increased risk of relapse. In order to confirm this
hypothesis and to establish metabolite profiles as an indepen-
dent prognostic marker, we now need to incorporate MRS in
prospective clinical trials with larger numbers of patients trea-
tedin a uniform manner. Such studies need to be carried outon
a multicentre basis. In the UK, we are pursuing this strategy
through the Children’s Cancer and Leukaemia Group.?®
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