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Abstract

The promoter methylation status of the O°-methylguanine-DNA methyltransferase (MGMT) gene has been described as the most
important predictor of chemotherapeutic response and patients’ survival in glioblastomas (GBs). Therefore, prediction of the
MGMT promoter methylation status by imaging would help to preoperatively decide the overall treatment strategy as well as
surgical strategy. This study aimed to detect imaging parameters to predict MGMT promoter methylation in GBs by using a
commercially available software. We investigated three imaging features (ring enhancement, tumor location, and laterality) and
apparent diffusion coefficient (ADC) parameters in 48 newly diagnosed GBs treated at Keio University Hospital in 2006 or later.
For ADC, texture analyses were performed. Regions of interest (ROIs) were drawn manually with reference to contrast-enhanced
areas, excluding necrotic and cystic regions. Mean ADC value and ADC histogram parameters, including kurtosis, skewness, and
entropy, were compared with MGMT promoter methylation. Each parameter was evaluated to determine correlation with MGMT
promoter methylation, and the parameters with significant associations with the methylation status were correlated with the
MGMT-positive cell ratio determined by immunohistochemistry (IHC) analysis. The mean ADC value and ADC entropy were
significantly associated with MGMT promoter methylation. The combination of mean ADC value and ADC entropy predicted
MGMT promoter methylation, with a PPV of 81.2% and specificity of 88.9%. The mean ADC value and ADC entropy were
negatively correlated with the MGMT-positive cell ratio in the IHC analysis. This study demonstrated that texture analyses of
ADC histograms in GBs were predictive of MGMT promoter methylation.
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Introduction

Glioblastoma (GB) is one of the most common malignant
primary brain tumors [32, 33]. Despite multidisciplinary treat-
ments, the median overall survival (OS) ranges from 10 to
20 months [38, 42, 43]. The most important predictive marker
for chemotherapeutic response and survival of patients with
GBs is the promoter methylation status of the O°-
methylguanine-DNA methyltransferase (MGMT) gene [12,
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18, 19], which is the key enzyme in DNA repair and counter-
acts the genotoxic effects of alkylating agents [36, 47]. The
presence of MGMT promoter methylation is associated with
low levels of MGMT proteins, which consequently leads to
reduction in DNA repair activity against alkylating agents.
However, molecular information is informed only after inva-
sive surgical resection. If the MGMT promoter methylation
status is informed by imaging before initial surgery, such in-
formation would be useful for the overall treatment strategy as
well as surgical strategy, including placement of BCNU
wafers.

To date, it has been reported that certain magnetic reso-
nance imaging (MRI) features, such as ring enhancement
and tumor laterality, correlated with MGMT promoter methyl-
ation status [7, 9, 10]. Apparent diffusion coefficient (ADC)
also has been used as a potential predictor of MGMT promoter
methylation, but without expert consensus [5, 16, 17, 31, 34,
37, 44]. Recently, researchers drew attention to quantitative
methods, often with image texture analysis and machine-
learning algorithms, but these time-consuming methods were
unsuitable for daily clinical use.
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Therefore, the aim of the present study was to identify
imaging parameters to predict MGMT promoter methylation
in GBs by using commercially available software and routine
imaging data. We determined if there were significant associ-
ations between MGMT promoter methylation status and im-
aging parameters. The imaging parameters significantly asso-
ciated with MGMT promoter methylation were subjected to
correlation analysis to quantitatively assess any associations
with the MGMT-positive cell ratio in immunohistochemistry
(IHC) analysis. Finally, we also determined if any of the im-
aging parameters correlated with clinical outcomes of GB
patients.

Materials and methods
Clinical samples

Pathological and clinical records and imaging data of patients
treated at the Department of Neurosurgery, Keio University
Hospital between March 2006 and October 2017 were
reviewed. The following inclusion criteria were used: (a) new-
ly diagnosed, untreated GB of World Health Organization
(WHO) grade IV [24, 25, 28, 29]; and (b) patients who
underwent preoperative MRI, including diffusion-weighted
imaging (DWI; =0 s/mm? and b=1000 s/mm?).
Accordingly, we recruited 48 patients with newly diagnosed
and pathologically confirmed GB. This study was approved
by the Institutional Review Board of Keio University. Written
informed consent was obtained from all patients included in
this study.

Assessment of MGMT promoter methylation status

Tumor DNA was isolated from formalin-fixed paraffin-em-
bedded section. The methylation status of the MGMT promot-
er was assessed by methylation-specific polymerase chain re-
action (PCR) using the EZ DNA Methylation-Direct kit
(Zymo Research Corp., Orange, CA, USA) as previously de-
scribed [30, 40].

Then, we quantitatively evaluated the methylation ratio by
IHC of MGMT because it was a fast and less expensive meth-
od. MGMT THC was performed with mouse monoclonal anti-
MGMT antibody (MT 3.1; 1:100; Thermo Scientific,
Waltham, MA, USA) and an ImmPRESS Reagent kit
(Vector Laboratories, Burlingame, CA, USA) after antigen
retrieval for 20 min in a citrate buffer (pH 6). Normal brain
was used as a positive control, and a previously proven
MGMT-methylated GB was used as a negative control. The
positive cell ratio of MGMT was determined by counting >
1000 tumor cells from >3 HPFs (x200) showing the repre-
sentative appearance of each tumor. Histiocytes and

@ Springer

endothelial cells were excluded from the count as previously
described [20].

Image acquisition

Preoperative MR (contrast-enhanced T1 and DWI) images
were used for this study. All MR images were acquired by
using a 1.5-T MRI scanner (Signa HDx or Optima MR 450
w; GE Healthcare, Waukesha, WI, USA) or a 3-T MRI scan-
ner (SIGNA Pioneer or Discovery MR 750w Plus; GE
Healthcare, Waukesha, WI, USA). Contrast-enhanced T1-
weighted spin-echo (SE) images (repetition time (TR)/echo
time (TE)/flip angle (FA), 560/9/90; field of view (FOV),
200 x 200 mm; section thickness, 5 mm at 1.5 T; TR/TE/FA,
600/12/90; FOV, 200 x 200 mm; section thickness, 5 mm at
3 T) were acquired in the axial and coronal planes after intra-
venous administration of 0.1 mmol/kg gadolinium-based con-
trast media (Omniscan: Daiichi Sankyo Co. Ltd., Tokyo,
Japan, or Magnevist: Bayer Healthcare, Osaka, Japan, before
2015 and Gadovist: Bayer HealthCare, Osaka, Japan, or
ProHance: Bracco Eisai Co. Ltd., Tokyo, Japan, after 2016).

DWI was obtained in the axial plane according to the fol-
lowing parameters (b values, 0 and 1000 s/mm?; TR/TE,
5000/80; FOV, 200 x 200 mm; section thickness, 5 mm at
1.5 T; b values, 0 and 1000 s/mmz; TR/TE, 5000/86; FOV,
250 x 250 mm; section thickness, 5 mm at 3 T).

Image data processing and image analysis
(qualitative and quantitative image analysis)

First, as qualitative image analysis, the following three imag-
ing characteristics were assessed on the basis of previous re-
ports [7, 9, 10]: (a) ring enhancement of the majority of tumor
signals on contrast-enhanced T1-weighted images, ring versus
other; (b) tumor location, temporal location versus nontempo-
ral location versus callosal location; and (c) tumor laterality,
right versus left versus bilateral (Fig. 1). In case of mixed
features (e.g., a ring-enhancing tumor with nodular enhance-
ment or a left temporal tumor reaching the frontal lobe), the
predominant imaging feature was selected. Two of the authors
(HS and TK who have 28 and 8 years of experience, respec-
tively, in neurosurgery and neuroimaging) who were blinded
to the MGMT methylation status of the tumors independently
assessed these features, and the final judgment was made by
consensus of these evaluators for each imaging characteristic.

Then, as quantitative image analysis, texture analyses were
performed. All DW MR images were transferred to a com-
mercially available analysis software (Synapse Vincent
Fujifilm, Tokyo, Japan). Using the DW MR images and the
software, we calculated ADC maps. Regions of interest
(ROIs) were drawn manually on the three representative
slices. Tumor boundaries were defined with reference to the
relatively higher signal on contrast-enhanced T1-weighted
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Fig. 1 MR images of representative cases. The arrows show contrast-
enhanced areas on ADC maps and ROI segmentation was determined
with reference to these areas. a, b Contrast-enhanced T1-weighted and
ADC map images of a 79-year-old man with a left temporal tumor. This
tumor was characterized by ring enhancement: ring, tumor location:
temporal, and tumor laterality: left. (This ring-enhancing tumor with
nodular enhancement was judged as ring because ring enhancement
was predominant.) The promoter region of the MGMT gene was
unmethylated. The mean ADC value is 1.00, and the mean ADC
entropy is 6.123. ¢, d Contrast-enhanced T1-weighted and ADC map
images of a 73-year-old man with a right temporal tumor. This tumor
was characterized by ring enhancement: ring, tumor location: temporal,
and tumor laterality: right. The promoter region of the MGMT gene was
unmethylated. The mean ADC value is 1.05, and the mean ADC entropy
is 6.231. e, f Contrast-enhanced T1-weighted and ADC map images of a

images and assessed independently by a single neurosurgeon
(TK) and a single neuroradiologist (YM, with 8 years of ex-
perience in neuroimaging). Necrotic and cystic regions were
excluded as previously reported [5, 17, 31, 34, 37, 44]. ADC
histograms were generated with a bin of 1 x 10~ mm?/s and a
range of 10 x 107 to 500 x 10~> mm?/s. The mean ADC value
and ADC histogram parameters indicating kurtosis, skewness,
and entropy were assessed from ROIs overlaid on the ADC
maps and calculated by the average of the two evaluators.

Statistical analysis

To compare mean differences between the two groups
(MGMT-methylated and MGMT-unmethylated groups), the
unpaired Student’s ¢ test was used for continuous variables,
and the Fisher’s exact and x? tests were used for categorical
variables. A cutoff value was determined by receiver-
operating characteristic (ROC) analysis. The predictive values
of statistically significant imaging parameters, including sen-
sitivity, specificity, positive predictive value (PPV), and neg-
ative predictive value (NPV), were calculated for MGMT pro-
moter methylation. The significance of associations between
MGMT promoter methylation and the imaging parameters
were evaluated in univariate analysis by Fisher’s exact test
and the x* test. Multivariate analysis was not applied consid-
ering the number of outcomes and variables. Then, the

48-year-old man with a corpus callosal tumor. This tumor was
characterized by ring enhancement: other, tumor location: callosal, and
tumor laterality: bilateral. The promoter region of the MGMT gene was
unmethylated. The mean ADC value is 0.94, and the mean ADC entropy
is 5.982. g, h Contrast-enhanced T1-weighted and ADC map images of a
41-year-old man with a left temporal tumor. This tumor was characterized
by ring enhancement: other, tumor location: temporal, and tumor
laterality: left. The promoter region of the MGMT gene was methylated.
The mean ADC value is 1.38, and the mean ADC entropy is 6.245. i, j
Contrast-enhanced T1-weighted and ADC map images of a 51-year-old
man with a left temporal tumor. This tumor was characterized by ring
enhancement: other, tumor location: temporal, and tumor laterality: left.
The promoter region of the MGMT gene was methylated. The mean ADC
value is 1.29, and the mean ADC entropy is 6.028

imaging parameters significantly associated with MGMT pro-
moter methylation were subjected to correlation analysis using
a Pearson linear regression model to determine if any param-
eters correlated with the MGMT-positive cell ratio in IHC
analysis. Finally, survival analysis was performed by using
the Kaplan—Meier method, and the associations of the imag-
ing parameters with progression-free survival (PFS) and OS
were compared by using the log-rank test. PFS and OS were
calculated from the date of the first operation. Patients lost to
follow-up were censored at the date they were last known to
be free from tumor progression or patient death.

All statistical analyses were performed by using IBM SPSS
Statistics 23.0 software. p values <0.05 were considered as
indicative of statistical significance. Multiple comparisons
were accounted for by using a false discovery rate (FDR)
adjustment at the o =0.05 level. FDR was considered more
appropriate than other conservative corrections, such as
Bonferonni, as a large number of associations were under
investigation in this study [13].

Interobserver agreement for qualitative image analysis (as-
sessment of ring enhancement) was calculated using the kappa
statistic, because evaluations of tumor location and laterality
were the same and reproducible between the two evaluators;
0 <k <£0.2 indicated slight agreement, 0.2 < x < 0.4 indicated
fair agreement, 0.4 < x <0.6 indicated moderate agreement,
and x > 0.6 indicated substantial agreement.
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Results

The genetic and pathological characteristics of 48 GB patients
of WHO grade IV based on the original institutional diagnoses
are summarized in Table 1 [24, 25, 28, 29]. These patient
populations comprised 31 men and 17 women, with a mean
age of 60.1 years at the time of surgery (range, 25-85 years).
According to the methylation status of the MGMT promoter
by methylation-specific PCR, 21 (43.8%) patients were meth-
ylated and 27 (56.2%) were unmethylated. Twenty-eight of
the 48 patients were examined by using 3 T MRI, and the
other 20 were assessed by using 1.5 T MRI.

Image analysis and MGMT methylation status

Interobserver agreement measurement for ring enhancement
was good (k =0.864 (0.788-0.940)). The qualitative image
features of the 48 GB patients are summarized in Table 1.
There were no significant differences in any of the imaging
features between the MGMT-methylated and MGMT-
unmethylated groups (Table 2).

From the texture analysis results, the mean ADC values
and each ADC parameter were calculated (Table S1). The
mean differences in each parameter between patients with
and without MGMT promoter methylation were tested using
the unpaired Student’s 7 test. The mean ADC value and ADC
entropy were significantly different between these patients
(mean ADC value, p =0.002; ADC entropy, p =0.013,
Table 2). Other textural parameters were not significantly dif-
ferent between the two groups (Table 2). A total of seven
correlations were performed. After FDR correction, two sig-
nificant associations (p < 0.05) were still statistically signifi-
cant (italicized in Table 2).

Mean ADC value and ADC entropy as predictive
markers for MGMT methylation status

The mean ADC value and ADC entropy were compared with
MGMT methylation status. The predictive values of these pa-
rameters, including sensitivity, specificity, PPV, and NPV,
were calculated for MGMT methylation status. The signifi-
cance of associations between MGMT promoter methylation
and these two parameters were evaluated by Fisher’s exact test
and the y” test. The mean ADC cutoff value was determined
and set at 1.12 according to ROC curve analysis (p =0.002,
AUC=0.764 (95% confidence interval 0.623-0.904), Fig.
S2). Mean ADC values > 1.12 predicted MGMT methylation
status, with a PPV of 70.8%, specificity of 74.1%, and sensi-
tivity of 81.0% (p =0.000, Table 3). Similarly, the ADC en-
tropy cutoff value was calculated and set at 6.243 (p =0.009,
AUC=0.721 (95% confidence interval 0.574-0.869), Fig.
S3). ADC entropy > 6.243 predicted MGMT methylation sta-
tus, with a PPV of 68.2%, specificity of 74.1%, and sensitivity
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0f71.4% (p = 0.002, Table 3). The combination of mean ADC
value and ADC entropy predicted MGMT methylation status,
with a PPV of 81.2%, specificity of 88.9%, and sensitivity of
61.9% (p =0.000, Table 3).

Negative correlation between ADC parameters
and MGMT-positive cell ratio in IHC

The mean ADC value and ADC entropy were correlated with
the MGMT-positive cell ratio in IHC to quantitatively assess
the association between these parameters and MGMT promot-
er methylation ratio using a Pearson linear regression model.
These two parameters revealed a negative correlation with the
MGMT-positive cell ratio in IHC (mean ADC value, R*=
0.153, p=0.006; ADC entropy, R’= 0.78, p=0.054, Fig. 2).

Progression-free and overall survival

Finally, we determined if the mean ADC value and ADC
entropy might be correlated with the clinical outcomes of
GB patients by using the log-rank test. MGMT-methylated
patients were associated with longer PFS than MGMT-
unmethylated as previously reported [8, 19] (p =0.059,
Fig. 3). These parameters, however, did not show a statistical-
ly significant relationship with PFS (mean ADC value, p=
0.667; ADC entropy, p =0.797, Fig. 3). We also did not find
correlations between MGMT methylation status or these pa-
rameters and OS (not shown).

Discussion

The gold standard to detect the MGMT promoter methylation
status in GBs is genetic analysis using surgical or biopsy spec-
imens; however, such invasive procedures may cause severe
complications. Moreover, sampling errors due to heteroge-
neous GB increase the risk of erroneous molecular profiling
[6, 35]. Therefore, it would be helpful in deciding surgical
strategy as well as overall treatment strategy in GBs, if the
MGMT promoter methylation status can be evaluated nonin-
vasively by preoperative imaging; the MGMT-methylated tu-
mor could be subjected to resection together with implantation
of BCNU wafers weighting the safety rather than radicality,
and the MGMT-unmethylated tumor should perhaps be
resected as much as safely with the possible risk of functional
sequela. Indeed, several previous reports have suggested that
BCNU wafer implantation followed by adjuvant radiotherapy
and concomitant oral TMZ chemotherapy (the Stupp regimen)
has an advantageous effect in MGMT-methylated GB patients
compared with MGMT-unmethylated ones [27, 45], regardless
of a high rate of adverse effects [2]. Preoperative prediction of
MGMT methylation could also have an impact on the treat-
ment and surgical strategy for noncodeleted lower-grade
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Table 1 Molecular characteristics and qualitative imaging features of this cohort

Caseno. Age Sex IDH status  MGMT promoter WHO 2016 classification Ring enhancement Tumor location Tumor laterality
methylation

1 57 Female WT U Glioblastoma, IDH wild type Other Temporal Left

2 58 Male WT M Glioblastoma, IDH wild type Ring Callosal Bilateral

3 28 Female WT 6] Glioblastoma, IDH wild type Ring Nontemporal ~ Right

4 63  Female WT M Glioblastoma, IDH wild type Ring Temporal Left

5 57 Male WT U Glioblastoma, IDH wild type Other Nontemporal Left

6 67 Female WT M Glioblastoma, IDH wild type Ring Temporal Right

7 79 Male WT U Glioblastoma, IDH wild type Other Temporal Left

8 50 Female WT U Glioblastoma, IDH wild type Other Nontemporal ~ Right

9 53 Male WT 6] Glioblastoma, IDH wild type Other Temporal Right

10 38 Male WT U Glioblastoma, IDH wild type Ring Nontemporal — Left

11 54 Male WT U Glioblastoma, IDH wild type Other Temporal Right

12 62 Male WT U Glioblastoma, IDH wild type Ring Temporal Left

13 55 Male WT M Glioblastoma, IDH wild type Ring Nontemporal — Left

14 49 Male WT U Glioblastoma, IDH wild type Other Callosal Bilateral

15 75 Male WT U Glioblastoma, IDH wild type Other Nontemporal ~ Right

16 75 Male WT M Glioblastoma, IDH wild type Ring Temporal Left

17 76 Male WT M Glioblastoma, IDH wild type Ring Temporal Right

18 61 Male WT U Glioblastoma, IDH wild type Other Temporal Left

19 68 Female WT U Glioblastoma, IDH wild type Ring Nontemporal — Left

20 80 Male WT U Glioblastoma, IDH wild type Ring Temporal Right

21 51 Male WT M Glioblastoma, IDH wild type Other Temporal Left

22 36 Male WT U Glioblastoma, IDH wild type Other Temporal Bilateral

23 79 Female WT M Glioblastoma, IDH wild type Ring Callosal Bilateral

24 62 Male WT U Glioblastoma, IDH wild type Ring Nontemporal ~ Right

25 63  Female WT U Glioblastoma, IDH wild type Ring Nontemporal — Left

26 53 Male WT M Glioblastoma, IDH wild type Ring Callosal Bilateral

27 61 Male WT U Glioblastoma, IDH wild type Ring Nontemporal — Left

28 62  Female Mut M Glioblastoma, IDH mutant Ring Temporal Right

29 62  Female WT M Glioblastoma, IDH wild type Ring Temporal Left

30 79 Male WT U Glioblastoma, IDH wild type Ring Temporal Left

31 60 Female WT U Glioblastoma, IDH wild type Ring Callosal Bilateral

32 70  Male WT U Glioblastoma, IDH wild type Ring Nontemporal ~ Right

33 67 Female WT M Glioblastoma, IDH wild type Other Nontemporal ~ Bilateral

34 82 Male WT M Glioblastoma, IDH wild type Ring Nontemporal ~ Right

35 73 Male WT U Glioblastoma, IDH wild type Ring Temporal Right

36 59 Male WT U Glioblastoma, IDH wild type Other Nontemporal ~ Left

37 53 Male WT M Glioblastoma, IDH wild type Ring Nontemporal — Left

38 85 Female WT U Glioblastoma, IDH wild type Ring Nontemporal — Left

39 35 Female WT M Glioblastoma, IDH wild type Other Nontemporal ~ Right

40 41 Male WT M Glioblastoma, IDH wild type Other Temporal Left

41 45 Male WT M Glioblastoma, IDH wild type Other Nontemporal — Left

42 25 Female WT M Glioblastoma, IDH wild type Ring Callosal Bilateral

43 48 Male WT U Glioblastoma, IDH wild type Other Callosal Bilateral

44 77 Female WT M Glioblastoma, IDH wild type Ring Nontemporal ~ Left

45 64  Female WT U Glioblastoma, IDH wild type Ring Nontemporal — Left

46 53 Male WT M Glioblastoma, IDH wild type Ring Temporal Right

47 63 Male WT U Glioblastoma, IDH wild type Ring Nontemporal ~ Right

48 74 Male WT M Glioblastoma, IDH wild type Ring Nontemporal — Left

Mut, mutant; WT, wild type; M, methylated; U, unmethylated; /DH, isocitrate dehydrogenase; MGMT, o° -methylguanine-DNA methyltransferase;

WHO, World Health Organization

gliomas [39], because the interim analysis of the phase I trial
in anaplastic gliomas lacking 1p/19q codeletion suggested that
MGMT methylation is independently associated with patient
survival with those tumors [46].

Prediction of methylation status of the MGMT gene in
GBs by imaging is challenging. To date, several MRI
features by visual assessment, including ring

enhancement, tumor location, and laterality, have been
reported to be associated with MGMT methylation status
[7, 9, 10], but there is no consensus on these associations
[15]. In the present study, we did not identify associations
between qualitative imaging features and MGMT methyl-
ation status. Ring enhancement has been used as the most
likely potential predictive marker for unmethylated
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Table2 Comparison of imaging parameters and MGMT promoter methylation status

MGMT-methylated (n=21) MGMT-unmethylated (n =27) p value
Ring enhancement Ring n=16, other n=5 Ring n=15, other n=12 0.138
Tumor location Temporal n =9, nontemporal n= 8, Temporal n = 10, nontemporal n = 14, callosal n=3 0.577

callosal n=4

Tumor laterality Right n=6, left n =10, bilateral n=5 Right n =10, left n =13, bilateral n=4 0.682
Mean ADC value 1.191+0.142 1.067 +0.120 0.002
ADC entropy 6.287+0.272 5.972+£0.506 0.013
ADC skewness 0.704 +£0.602 0.999 +1.755 0.465
ADC kurtosis 4.520+2.349 4.612+2.439 0.895

Italicized measures indicate measures that remained significant after false discovery rate (FDR) correction. Values are mean + standard deviation
ADC, apparent diffusion coefficient; MGMT, O° -methylguanine-DNA methyltransferase

MGMT promoter [7, 10]. In Drabycz’s study, >90% of
MGMT-unmethylated groups were evaluated as ring en-
hanced, but we found that only 55.6% of MGMT-
unmethylated groups were evaluated as the same. This
result may be partially attributed to the difference in ring
enhancement definitions (ring or nodular versus ring or
other). Previous studies have demonstrated that MGMT
promoter methylation correlated with the parietal and oc-
cipital lobes [10], the left hemisphere and temporal lobe
[9], and subventricular zone [17] or was independent from
tumor location [23]. In this study, tumor location, includ-
ing tumor laterality, was not significantly associated with
MGMT promoter methylation.

ADC also has been reported as a potential predictive
marker for MGMT promoter methylation [5, 16, 17, 31,
34, 37, 44], but there is no expert consensus on this point.
ADC indirectly reflects water proton movement. Greater
cellularity results in lower ADC value, because most wa-
ter motions occur in the extracellular space. Therefore,
ADC has been used as an imaging marker of cellularity
for various tumors [14, 41]. In the present study, texture
analysis showed that the mean ADC value and ADC en-
tropy were predictive of MGMT promoter methylation
with sufficiently high sensitivity and specificity. Similar
to our results, those of several previous reports have
shown that ADC values were higher in MGMT-methylated
tumors than in MGMT-unmethylated tumors [17, 31, 37,
44]. On the other hand, lower ADC values in MGMT-
methylated GBs were reported [34], but this might have
been because of the difference in cohorts (GBs only, not
newly diagnosed bevacizumab-treated GBs). With regard
to the association between ADC entropy and MGMT pro-
moter methylation, our previous study supported this re-
sult [22]. In lower-grade gliomas, we have reported the
association between tumor heterogeneity and MGMT pro-
moter methylation. These two results indicate that there
could be an association between tumor heterogeneity and
MGMT promoter methylation in all types of glioma.
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Several previous reports suggested that MGMT-methylated
GBs might have more heterogeneous or lower cellularity ac-
cording to the correlation between MGMT methylation and
ADC value/CT attenuation [3, 31]. These suggestions sup-
ported our results. However, despite vigorous literature
search, we could identify only one report on the
pathomorphological relation between ADC value and
MGMT promoter methylation [44]. Sunwoo et al. reported a
negative relationship between the 5th percentile ADC value
and the Ki-67 labeling index in GBs. In this report, Ki-67 IHC
was used for the evaluation of tumor cell density, and elevated
Ki-67 labeling index reflected increased cellularity (low ADC
value) in MGMT-unmethylated GB. But the Ki-67 index is not
representative of the entire tumor, because pathologists usual-
ly select the fields expressing the highest number of positive
cells. Further histopathological investigation is needed to clar-
ify the pathomorphological mechanism.

Our study also revealed that the mean ADC value and
ADC entropy were negatively correlated with the MGMT-pos-
itive cell ratio in THC analysis, which was almost the same
result as that found in a previously described study [44].
Sunwoo et al. reported a positive relationship between the
mean ADC value and the MGMT promoter methylation ratio
semiquantitatively analyzed by using methylation-specific
multiplex ligation-dependent probe amplification in GBs.
We used THC analysis to quantitatively evaluate the associa-
tion between the imaging parameters and MGMT promoter
methylation ratio because it was an easier and less expensive
method.

Furthermore, our result did not find correlations between
the mean ADC value or ADC entropy and PFS. These results
were different from those of Sunwoo’s report [44], but this
might be attributed to heterogeneity of postoperative treatment
in our case, which could affect clinical outcome data (MCNU
or TMZ; RT 40 Gy or RT 60 Gy).

Finally, the main theme of this study was to identify imag-
ing parameters to predict MGMT promoter methylation in
GBs by using a commercially available software (Synapse
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Table 3 Predictive values for MGMT promoter methylation by ADC parameters and the combination of these parameters

PPV (%) NPV (%) Sensitivity (%) Specificity (%) p value
Mean ADC value 70.8 (17/24) 83.3 (20/24) 81.0 (17/21) 74.1 (20/27) 0.000
ADC entropy 68.2 (15/22) 76.9 (20/26) 71.4 (15/21) 74.1 (20/27) 0.002
Mean ADC value and ADC entropy 81.2 (13/16) 75 (24/32) 61.9 (13/21) 88.9 (24/27) 0.000

ADC, apparent diffusion coefficient; PPV, positive predictive value; NPV, negative predictive value

Vincent Fujifilm, Tokyo, Japan) and daily imaging data.
Almost all previous texture analyses were performed by using
in-house software. The widely used methodology is, there-
fore, suitable for routine clinical work. Currently, regardless
of the time-consuming methods, machine-learning techniques
are increasingly applied to predict MGMT methylation status
from neuroimaging parameters in GBs [4, 21, 26]. These re-
ports suggested that MGMT methylation status in GBs could
be predicted with an accuracy of about 80% by using
machine-learning algorithms. The sensitivity and specificity
in our study may, therefore, be sufficiently high.

Study limitations

First, in the present study, the MR images were not acquired at
the same magnetic field. At our institution, 1.5 T (before 2010)
and 3 T (after 2011) MR imaging scanners were used. The
difference in signal intensities on DW and ADC map images
at different magnetic fields was not, however, important be-
cause molecular movement was independent from the magnetic
field [1]. Of course, 3 T MR imaging was better than 1.5 T MR
imaging in that the improvement of the signal-to-noise ratio
made detection of tumor boundaries easier. However, manual
ROI segmentation was not difficult even for 1.5 T MRL

Second, this was a retrospective study with a relatively
small sample size because patients without preoperative DW
images (both 5 =0 and 1000 s/mm?) were excluded. It is rec-
ommended to validate our results using multivariate analyses
in a larger cohort of patients prospectively.

Third, the current study had several limitations with
regard to ROI application. ROI segmentation was deter-
mined by reference to the relatively higher signal on
contrast-enhanced T1-weighted images, excluding cystic
and necrotic regions. We evaluated only areas of enhanc-
ing tumor as previously reported because it was a more
reproducible method [5, 17, 31, 34, 37, 44]. Despite the
established method, possible bias due to manual drawing
and visual positioning of ROIs was unavoidable. Then, in
the current study, slice thickness on contrast-enhanced T1-
weighted images was 5 mm. As slice thickness increases,
the error in ROI delineation may increase because of par-
tial volume effects [11]. Furthermore, ROI segmentation
needed co-registration of contrast-enhanced T1-weighted
images with ADC maps. The co-registration can even en-
hance these effects, if slices are not perfectly aligned be-
tween both image types. High-resolution 3D T1-weighted
images (e.g., section thickness, 1 mm) would provide
more accurate measurements.

Fig. 2 Negative correlations between ADC parameters and MGMT-
positive cell ratio in IHC. The Pearson linear regression plot revealed
negative associations between ADC parameters and MGMT-positive
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Fig.3 Kaplan—Meier progression-free survival (PFS) curves based on the
MGMT methylation status, mean ADC value, and ADC entropy in GB
patients. a Time to tumor recurrence. MGMT-unmethylated patients
showed earlier recurrence than MGMT-methylated patients (p = 0.059).

b Time to tumor recurrence. “A,” categorized by a mean ADC value >
1.12; “B,” categorized by a mean ADC value <1.12. The mean ADC

Finally, although the assessment consistency for quali-
tative analysis between the two observers (HS and TK)
was good (k=0.864 (0.788-0.940)), interobserver bias
still existed.

Conclusions

In conclusion, we used a commercially available software to
demonstrate that the mean ADC value and ADC entropy
could be used for predicting MGMT promoter methylation
with sufficiently high PPV and specificity. These image

@ Springer

value did not show a statistically significant relationship with PFS (p =
0.667). ¢ Time to tumor recurrence. “A,” categorized by an ADC entropy
>6.243; “B,” categorized by ADC entropy < 6.243. The ADC entropy
did not also show a statistically significant relationship with PFS (p=
0.797)

parameters may be useful in designing personalized treatment
preoperatively in GB patients.
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