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Abstract
Introduction: Accurate knowledge of O6-methylguanine methyltransferase
(MGMT) gene promoter subtype in patients with glioblastoma (GBM) is
important for treatment. However, this test is not always available. Pre-operative
diffusion MRI (dMRI) can be used to probe tumour biology using the apparent
diffusion coefficient (ADC); however, its ability to act as a surrogate to predict
MGMT status has shown mixed results. We investigated whether this was due to
variations in the method used to analyse ADC. Methods: We undertook a
retrospective study of 32 patients with GBM who had MGMT status measured.
Matching pre-operative MRI data were used to calculate the ADC within contrast
enhancing regions of tumour. The relationship between ADC and MGMT was
examined using two published ADC methods. Results: A strong trend between a
measure of ‘minimum ADC’ and methylation status was seen. An elevated
minimum ADC was more likely in the methylated compared to the unmethylated
MGMT group (U = 56, P = 0.0561). In contrast, utilising a two-mixture model
histogram approach, a significant reduction in mean measure of the ‘low ADC’
component within the histogram was associated with an MGMT promoter
methylation subtype (P < 0.0246). Conclusion: This study shows that within the
same patient cohort, the method selected to analyse ADC measures has a
significant bearing on the use of that metric as a surrogate marker of MGMT
status. Thus for dMRI data to be clinically useful, consistent methods of data
analysis need to be established prior to establishing any relationship with genetic
or epigenetic profiling.

Introduction
Currently, the median survival time for patients diagnosed
with glioblastoma (GBM) is less than 15 months and
92

patient treatment remains a significant clinical challenge.1
Recent literature has demonstrated the importance of the
epigenetic status of the primary tumour, with methylation
of the O6-methylguanine methyltransferase (MGMT) gene
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promoter improving survival.2–5 However, this MGMT
status information is only available if patients have a
resection, and, depending on the proximity and the
technicality of the laboratory, is unavailable until after
surgery and often only available well into treatment. There
has been other work suggesting a detailed molecular
profiling in GBM, in addition to MGMT status, codes for
benefit from specific therapies.6,7 Thus earlier knowledge
of molecular status could help more appropriate decisions
to be made on treatment and management. Recently, it
has been suggested that the pre-operative identification of
magnetic resonance imaging (MRI) and imaging
correlates of these specific molecular profiles is a plausible
methodology to provide more timely, accurate and
individualised treatment and management.8,9
As the most significant epigenetic profile on clinical
outcomes in GBM to date, imaging surrogates of the
MGMT promoter are of particular relevance. MGMT is
an enzyme-like DNA protein which confers cellular
resistance to alkylating agents effective in GBM such as
temozolomide (TMZ)1 by removing the methyl adduct
from the O6-position of guanine and subsequently
preventing
lethal
DNA
cross-link
formation.10
Interestingly, it has also been suggested that the survival
benefit of MGMT promoter methylation is not limited to
patients treated with radiation therapy and TMZ;
prolonged survival has also been reported in patients
with methylated MGMT promoters irrespective of
treatment modality.2 Consequently, MGMT promoter
methylation status has been widely accepted as a
powerful predictive and prognostic biomarker for
patients with GBM.3–5
Due to the ability of diffusion MRI to probe tumour
physiology on a macroscopic scale, a number of studies
have reported imaging markers of MGMT promoter
methylation status relating to quantitative indices such
as the apparent diffusion coefficient (ADC). The
rationale behind the use of this metric is based on the
premise that tumour cellularity is inversely related to
the ADC, that is, tumoural regions with low ADC
correspond to areas of high cellularity.11 This
assumption still requires further validation.7,12,13 Mean14
and minimum ADC values15,16 within the enhancing
region on contrast-enhancing (CE) T1-weighted MRI
have been reported to be elevated in GBM patients
with methylated MGMT promoters whilst other studies
employing histogram-based analyses have reported lower
ADC associated with methylated MGMT gene promoter
within the enhancing region.17 Given these previously
reported opposing associations, we aimed to investigate
the basis for the discrepancy in findings for the ADC
and MGMT methylation association by analysing data
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using both minimum ADC and a two-mixture model
histogram approach.18

Methods
The Institutional Ethics Review Board approved the study
and written informed consent was obtained from each
participant.

Patients
Data, collected during 2009–2012, from 32 patients (24
males, age range 38–69 years) with histopathologically
confirmed high-grade brain tumour (WHO grade IV) were
retrospectively analysed in this study. The patients were
selected for inclusion on the basis of (1) known MGMT
promoter methylation status, which was ascertained from
tumour tissue obtained at resection, and (2) the availability
of pre-operative CE, diffusion-weighted (DWI) and fluidattenuated inversion recovery (FLAIR) MRI data. Brain
extraction was employed before segmentation using the
FSL (FreeSurfer Library) BET (Brain Extraction Tool).

Imaging protocols
MRI studies were acquired within 48 h before tumour
resection. MRI scans were acquired using a 3T
Siemens TimTrio (Siemens, Erlangen, Germany). Routine
diagnostic scans were supplemented with a CE T1-weighted
MRI acquired with a Magnetisation-prepared Rapid
Acquisition Gradient-echo (MPRAGE) sequence with the
following parameters (FOV 24 9 25.6 9 17.6 cm, TR/TE/
TI 2300/2.26/900 msec, flip angle of 9°, 1 mm isotropic
resolution). Images were acquired before and after
administration of a gadolinium-based contrast agent
(Gadovist; Bayer HealthCare Pharmaceuticals, Sydney,
Australia). DWI images were acquired in the axial plane
using a spin-echo echo-planar sequence with diffusion
gradient encoding in three orthogonal directions. The
sequence parameters used (TR/TE 4500/91 msec),
employed five averages and a maximum b value of
1000 sec/mm2. The image resolution was 1.1 9 1.1 9
5 mm. The diffusion scan was acquired before
administration of the contrast agent.

Molecular analysis
Molecular analyses were performed on freshly frozen
tissue obtained during tumour resection. MGMT
promoter methylation status was assessed by methylationspecific PCR (Qiagen, Valencia, CA) as per the assay
manufacturer’s instructions.
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Image processing
The quantitative image analysis was performed in a
blinded manner using image-processing software tools
available from the University of Oxford FMRIB Centre
software library (version 4.0, http://www.fmrib.ox.ac.uk/).
In this manner the ADC images were registered to each
patients corresponding CE T1-weighted MRI image using
a linear (affine) registration.19 The CE mask was extracted
using the Automated Segmentation Tool within FMRIB
employing a three-class segmentation model.20 This CE
mask was then transformed to the corresponding,
registered ADC map as shown in Figure 1. For each
patient, the accuracy of CE mask segmentation and
registration to the ADC map was carefully visually
assessed and manually corrected if required. For
extracting the region of contrast enhancement, we
compared the segmentation results using both three and
four classes.
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et al.,15 who reported significantly higher ADC values
were associated with MGMT methylation subtype. In
contrast, a ‘two-mixture normal distribution’ histogram
analysis and curve fitting of the ADC values within the
mask were also performed, with mean values for the
lower ADC distribution used for correlation with MGMT
promoter methylation.18 This analysis strategy was
employed by Pope et al.,17 who reported significantly
lower ADC values associated with MGMT methylation
subtype. It is proposed that the histogram approach is
less biased towards ADC outlier values, which may occur
due to possible registration error between the CE
T1-weighted MRI and ADC maps.18 Representative CE
masks delineated on registered CE T1-weighted MRI and
ADC maps along with a two-mixture distribution
histogram for the ADC indices are given in Figure 2.
ADC maps generated by the standard Siemens acquisition
and reconstruction algorithms were used.

Statistical analysis
ADC correlates
Two analysis approaches were employed to generate ADC
values for correlation with MGMT promoter methylation
status. First, the minimum ADC value within the CE
portion of the tumour was determined using FMRIB
statistical tools and expressed as a ratio to the minimum
ADC value in a manually segmented region of interest
within contra-lateral normal appearing brain parenchyma.
A similar analysis strategy was employed by Moon

Statistical analysis was performed using GraphPad Prism
5.0 (GraphPad Software, San Diego, CA). Data were
assessed for normality using the Shapiro–Wilk test and for
homogeneity of variance prior to statistical analysis. Where
data were normally distributed, parametric Student’s
t-tests were performed to determine whether there were
any significant differences between imaging features
and MGMT subtypes. Where the quantitative imaging
data did not fit a normal distribution, non-parametric

Figure 1. Defining the contrast enhancing mask for ADC analysis. Images include representative pre-operative FLAIR CET1 MRI, ADC and ADC
and mask images from two patients with newly diagnosed primary glioblastoma with methylated O6-methylguanine-methyltransferase (MGMT)
gene promoter (top) and unmethylated MGMT gene promoter (bottom). Associated masks highlighting the CE defined tumour region are given
in yellow superimposed on the ADC maps. FLAIR, fluid-attenuated inversion recovery; CET1, contrast-enhancing T1-weighted; ADC, apparent
diffusion coefficient.
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(a)

(b)

(c)

Figure 2. Generation of apparent diffusion coefficient (ADC) histograms and associated curves for data analysis. Representative images showing
a contrast enhancement mask (yellow) overlaid on a contrast enhancing (CE) T1-weighted MRI (A) and registered ADC map (B). The
corresponding histogram and curve fitting of ADC values within the CE mask is given in (C). The mean ADC values for the lower distribution
(ADCL) were used to determine the association between ADC induces and MGMT promoter methylation status. O6-methylguaninemethyltransferase (MGMT).

Mann–Whitney U-tests were used. Differences were
considered statistically significant at P < 0.050.

Results
Patient demographics along with DW imaging metrics for
the various MGMT methylation tissue signatures are
given in Table 1. In our cohort, 11 of the 32 patients had
tumours with methylation of MGMT promoter (34%).
There was no significant difference between the groups in
age or gender, although there was a tendency for males to
have unmethylated tumours. For extracting the region of
contrast enhancement, we compared the segmentation

results using both three and four classes. On the CE T1
images we found a three-class model yielded the best
results for the entire cohort. With a three-class model
(normal tissue, necrosis and contrast enhanced tissue),
some cerebrospinal fluid was found to be classified as CE
tissue.
With regard to ADC–MGMT promoter correlations,
employing the use of the measure of minimum ADC, we
found a strong trend towards the ADCmin being elevated
within the methylated patient group compared to the
unmethylated MGMT group (U = 56, P = 0.0561).
Interestingly,
utilising
the
two-mixture
normal
distribution histogram analysis, we found that the mean
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Table 1. Patient demographics and image features.
O6-methylguanine-methyltransferase promoter methylation status

Age at diagnosis
mean (SD)
range
Male:female
Image metrics mean (SD)
ADCmin
ADCL (10 6 mm2/sec)

Methylated (n = 11)

Unmethylated (n = 21)

P value

57.54 (9.09)
38–68
6:5

57.71 (9.49)
37–69
18:3

0.961
0.087

1.236 (0.295)
1001 (95.10)

0.990 (0.289)
1142 (221.0)

0.0561
0.0246

ADCmin, minimum apparent diffusion coefficient; ADCL, mean of the lowest distribution of apparent diffusion coefficient measure generated from
the two-mixture model histogram approach.

ADCL was significantly lower in the methylated MGMT
patient group than in the unmethylated patient group,
(t = 2.385, P < 0.0242). Box-whisker plots showing these
distributions are given in Figure 3. These contrasting
results, obtained for the same patient cohort, highlight
the varying effect different analysis strategies can have on
the association between ADC indices and MGMT
promoter methylation status.

Discussion
In this study we have demonstrated that, within the same
patient cohort, the association between ADC indices and
MGMT promoter methylation status is dependent on the
choice of analysis method. This finding helps to explain
the contrasting reports in the literature regarding the
use of minimum ADC values15,16 or histogram-basedderived measures17 to identify surrogate markers of
MGMT subtype. As the histogram-based approach is less

susceptible to outlier values caused by possible
registration error, we believe that the histogram approach
maybe a more robust method for determining MGMT
promoter methylation status.
The aim of this study was to highlight that the
relationship between diffusivity measures with MGMT
status is dependent on the analysis method of choice.
Currently, the widely accepted view is that low ADC
values in newly diagnosed GBM are associated with a
higher degree of tissue cellularity.15–17 However, from this
study we cannot confirm whether reduced diffusivity is in
fact due to an increase in cellular density11,13 and thus it
is not clear whether increased cellularity is associated with
methylated MGMT tumour subtypes. The relationship
between such biological features needs to be explored in
future studies.
There were a number of limitations of this study;
firstly, it was a retrospective study with a relatively small
sample size. Furthermore, we only assessed the degree of

Figure 3. Box-whisker plots for imaging metrics relating to O6-methylguanine-methyltransferase (MGMT) methylation status. Plots showing the
distribution (mean and standard deviation) for the diffusion-weighted imaging metrics based on MGMT promoter methylation status. The boxwhisker plots represent the ADCmin (left) and ADCL (right). *Significant difference (P < 0.05). ADCmin, minimum apparent diffusion coefficient;
ADCL, mean of the lowest distribution of the apparent diffusion coefficient measure generated from the two-mixture model histogram approach.
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MGMT methylation from the resected tissue samples,
making it difficult to speculate on possible interactions
between other important factors such as tissue cellularity
or other genetic and epigenetic parameters. For the ADC
analysis, we analysed only the CE portion of the tumour
as defined by semi-automated segmentation of the CE
T1-weighted MRI image. This strategy was employed to
match previously described analysis methods.18–23
It is also possible that non-linear registration of ADC
to CE T1 images may have provided improved image
fusion. However, after comparing both rigid and nonrigid registrations for the entire patient cohort, in terms
of excessive warping of key anatomical features, we found
that affine registration gave adequate results in all cases.

Conclusions
The findings of this study corroborate previous reports
that elevated minimum ADC values and/or lower mean
ADC values as determined by histogram analysis of DW
images is associated with MGMT promoter methylation
status. The current findings indicate that care should be
taken when interpreting the link between diffusivity
measures and genetic factors as the association is highly
dependent of the method of ADC analysis. Overall, these
findings provide a basis for future research into predictive
and prognostic imaging biomarkers of genetic profiles in
GBM. The development of sensitive and non-invasive
imaging biomarkers could significantly help to further
improve treatment planning and subsequently overall
survival in patients with GBM.
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