
Neuro-Oncology Advances
3(1), 1–11, 2021 | https://doi.org/10.1093/noajnl/vdab171 | Advance Access date 19 November 2021

1

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), 
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

© The Author(s) 2021. Published by Oxford University Press, the Society for Neuro-Oncology and the European Association of Neuro-Oncology.

Michael T.C. Poon , Shivank Keni, Vineeth Vimalan, Chak Ip, Colin Smith, Sara Erridge, 
Christopher J. Weir, and Paul M. Brennan

Centre for Medical Informatics, Usher Institute, University of Edinburgh, UK (M.T.C.P.); Department of Clinical 
Neuroscience, Royal Infirmary of Edinburgh, NHS Lothian, UK (M.T.C.P., V.V., P.M.B.); Cancer Research UK 
Brain Tumour Centre of Excellence, CRUK Edinburgh Centre, University of Edinburgh, UK (P.M.B.); Edinburgh 
Medical School, University of Edinburgh, UK (S.K.); Royal Infirmary of Edinburgh, NHS Lothian, UK (C.I.); Centre 
for Comparative Pathology, University of Edinburgh, UK (C.S.); Clinical Oncology, Western General Hospital, 
NHS Lothian, UK (S.E.); Edinburgh Clinical Trials Unit, Usher Institute, University of Edinburgh, UK (C.J.W.) ; 
Translational Neurosurgery, Centre for Clinical Brain Sciences, University of Edinburgh, UK (P.M.B.)

†These authors contributed equally.

Corresponding authors: Paul Brennan, Centre for Clinical Brain Sciences, University of Edinburgh, Edinburgh BioQuarter, 49 Little 
France Crescent, Edinburgh EH16 4SB, UK (paul.brennan@ed.ac.uk). Michael T.C. Poon, Usher Institute, Nine BioQuarter, 9 Little 
France Road, Edinburgh, EH16 4UX, UK (mpoon@ed.ac.uk)

Abstract
Background. MGMT methylation in glioblastoma predicts response to temozolomide but dichotomizing methyla-
tion status may mask the true prognostic value of quantitative MGMT methylation. This study evaluated whether 
extent of MGMT methylation interacts with the effect of temozolomide on overall survival.
Methods. We included consecutive glioblastoma patients aged ≥16 years diagnosed (April 2012–May 2020) at a 
neuro-oncology center. All patients had quantitative MGMT methylation measured using pyrosequencing. Those 
with MGMT methylated tumors were stratified into high and low methylation groups based on a cut-off using Youden 
index on 2-year survival. Our accelerated failure time survival models included extent of MGMT methylation, age, 
postoperative Karnofsky performance score, extent of resection, temozolomide regimen, and radiotherapy.
Results. There were 414 patients. Optimal cut-off point using Youden index was 25.9% MGMT methylation. The 
number of patients in the unmethylated, low and high methylation groups was 223 (53.9%), 81 (19.6%), and 110 (26.6%), 
respectively. In the adjusted model, high (hazard ratio [HR] 0.60, 95% confidence intervals [CI] 0.46–0.79, P = 0.005) 
and low (HR 0.67, 95% CI 0.50–0.89, P < 0.001) methylation groups had better survival compared to unmethylated 
group. There was no evidence for interaction between MGMT methylation and completed temozolomide regimen 
(interaction term for low methylation P = 0.097; high methylation P = 0.071). This suggests no strong effect of MGMT 
status on survival in patients completing temozolomide regimen. In patients not completing the temozolomide reg-
imen, higher MGMT methylation predicted better survival (interaction terms P < 0.001).
Conclusions. Quantitative MGMT methylation may provide additional prognostic value. This is important when 
assessing clinical and research therapies.

Key Points

• Quantitative MGMT promoter methylation may provide additional prognostic value.

• The extent of MGMT promoter methylation modified the effect of temozolomide on 
survival in those receiving not completed the temozolomide regimen.

• Patients completing the temozolomide regimen had more favorable outcome regardless 
of MGMT promoter methylation.

Extent of MGMT promoter methylation modifies the 
effect of temozolomide on overall survival in patients 
with glioblastoma: a regional cohort study
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O-6 Methylguanine-DNA methyltransferase (MGMT) gene 
promoter methylation is an important biomarker in glio-
blastoma management. It is associated with better sur-
vival and is proposed to enhance efficacy of the alkylating 
agent temozolomide.1–4 Radiotherapy, with concurrent and 
adjuvant temozolomide, is the standard care “Stupp” reg-
imen for younger and fitter patients following glioblastoma 
diagnosis.

Measurements of methylation at the 5′-cytosine-
phosphate-guanine-3′ (CpG) sites along the MGMT pro-
moter determine the methylation status. Quantitative 
assays generate the percentage of methylated CpG sites, 
which is dichotomized against assay-specific thresholds.5 
This dichotomy may mask additional prognostic values as-
sociated with extent of MGMT methylation.

Some studies have reported a positive association be-
tween extent of MGMT methylation and survival,6–9 but 
their smaller cohorts precluded analyses adjusting for 
confounders. They were also underpowered for exam-
ining effect modification of MGMT methylation on 
temozolomide, as predicted by the postulated mechanism 
of molecular interaction. This study assessed the associ-
ation between extent of MGMT methylation and overall 
survival and evaluated the interaction between MGMT 
methylation and temozolomide.

Materials and Methods

Study Design and Setting

This retrospective cohort study included consecutive pa-
tients reviewed by a regional neuro-oncology multidis-
ciplinary team in Scotland, UK, between 1 April 2012 and 
31 May 2020. Data collection was approved by Southeast 
Scotland Research Ethics Committee (reference 17/
SS/0019).

Participants

We included patients aged ≥16  years with histologically 
confirmed glioblastoma following surgery (biopsy or 

debulking). All patients had a first diagnosis of glioblas-
toma without prior low-grade glioma. Eligible patients 
were identified from weekly neuro-oncology multidiscipli-
nary meetings. Data were collected from electronic patient 
records. Exclusion criteria included patients who: had in-
complete treatment data, were lost to follow-up (>1 year 
since last review/treatment without documented follow-up 
and no evidence of death), had unavailable pre-operative 
neuroimaging, and enrolled in a therapeutic clinical trial.

Variables and Data Sources

Clinical characteristics included age at radiological diag-
nosis, sex, postoperative Karnofsky Performance Status 
(KPS), extent of resection, temozolomide administration, 
and MGMT methylation. Primary outcome was overall sur-
vival from date of radiological diagnosis. Secondary out-
come was 2-year survival. Censoring date for survival data 
was 16 January 2021.

Experienced board-certified neuropathologists made 
the histopathological diagnoses of glioblastoma. 
Isocitrate dehydrogenase 1 (IDH1) mutation testing 
using immunohistochemistry or sequencing was rou-
tine since 2017 and 2020, respectively. Routine mag-
netic resonance imaging (MRI) is performed within 72  h 
postoperatively and extent of resection is reported by 
specialist neuroradiologists. A  core was taken from a 
region of the tumor sample with maximal tumor cel-
lularity for quantifying MGMT promoter methylation. 
Pyrosequencing using Qiagen MGMT assay generated the 
mean percentage methylation of the CpG sites (76–79) as 
the extent of MGMT methylation. The threshold for MGMT 
methylation was 6.4%, above which indicated the presence 
of MGMT methylation. We used the nonparametric method 
detailed in the Clinical and Laboratory Standards Institute 
guideline to generate the clinical threshold. Our institu-
tion offers patients radiotherapy with concurrent and ad-
juvant temozolomide as standard care.10 We recorded the 
number of weeks of concomitant and cycles of adjuvant 
temozolomide received. Temozolomide use was categor-
ized into none, not completed (less than 6 weeks of concur-
rent or six adjuvant cycles) and standard “Stupp” regimen 

Importance of Study

O-6 Methylguanine-DNA methyltransferase 
(MGMT) gene promoter methylation is asso-
ciated with better survival in patients with gli-
oblastoma. It is postulated that this increases 
efficacy of the alkylating agent temozolomide. 
Studies have yet to demonstrate this effect 
modification in clinical cohorts and to examine 
the biological gradient to substantiate this pro-
posed mechanism. This study included 414 con-
secutive patients with histologically diagnosed 
glioblastoma in Southeast Scotland between 
April 2012 and May 2020 where quantitative 

MGMT promoter methylation measurement 
was routine. Our findings did not demonstrate 
an interaction between MGMT methylation 
and completed temozolomide regimen, which 
suggests no strong effect of MGMT status on 
survival in patients completing temozolomide 
regimen. In patients not completing the 
temozolomide regimen, higher MGMT meth-
ylation predicted better survival. Quantitative 
MGMT methylation may provide additional 
prognostic information in clinical and thera-
peutic studies.
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(based on completed cycles). Whilst not specifically ana-
lyzed in this study, patients who had previously received 
temozolomide within 12  months received procarbazine, 
lomustine, and vincristine, or single agent lomustine on 
disease recurrence. Radiotherapy referred to the primary 
treatment received after glioblastoma diagnosis and was 
categorized into 60 Gy, <60 Gy (40 Gy in 15 fractions or 30 
Gy in six fractions over 2 weeks), and none.

Handling of Variables

We reported categorical variables as frequencies with per-
centages and continuous variables as median values with 
quartiles and ranges. Postoperative KPS was categorized 
into <70 and ≥70 because of its relevance in informing 
treatment options. We classified the extent of resection 
into biopsy only, subtotal resection (<90% debulking), 
and gross total resection (≥90% debulking) of the contrast 
enhancing tumor, based on the residual volume identified 
in the standard care postoperative MRI. When considering 
the extent of MGMT methylation as a continuous variable, 
we applied a logarithmic transformation because of the 
positively skewed distribution. We performed stratifica-
tion of MGMT methylation to assess whether there was a 
secondary threshold of prognostic value among patients 
with a methylated (>6.4%) glioblastoma. We constructed a 
receiver-operating characteristic curve of logarithmically 
transformed MGMT methylation with 2-year survival as 
the dependent variable. We determined the optimal cut-
off by maximizing the Youden Index calculated paramet-
rically. The resulting stratified MGMT methylation groups 
included unmethylated, low methylation, and high meth-
ylation groups. Clinical MGMT status refers to the di-
chotomous MGMT status based on the clinical threshold 
(6.4%); logarithmically transformed MGMT level is the raw 
MGMT percentage methylation after natural logarithmic 
transformation.

Bias and Missing Data

In the literature, pre-operative KPS is usually reported as 
a prognostic marker. However, oncologists use postoper-
ative KPS as a marker of functional status to inform treat-
ment selection. The inclusion of postoperative KPS made 
our analyses more robust in reflecting clinical decision 
making but not consistent with some studies. We did not 
have missing data to report because of our inclusion and 
exclusion criteria.

Power Calculation

The hazard ratio (HR) of death associated with MGMT 
methylation was 0.49 (95% confidence interval 0.41–0.59) 
in a systematic review and meta-analysis of clinical trial 
participants.11 We expected attenuation of this effect size 
outside the clinical trial setting. To estimate the power of 
our cohort, we set the hypothesized HR as 0.7, α at 5% and 
proportion of participants who died during follow-up as 
95%. The calculated power was 94% with our sample size. 
We anticipated the power of our analyses for detecting 

difference in MGMT methylation subgroups and for as-
sessing interaction was lower.

Statistical Methods

We did not report P-values in descriptive tables to avoid 
multiple testing. We used the nonparametric Kaplan–Meier 
estimator to describe the survival function of MGMT 
methylation groups. We considered age, postoperative 
KPS, extent of resection, temozolomide use, and radio-
therapy as potential confounders based on the literature.12 
The primary survival analysis of the association between 
MGMT methylation and overall survival was performed 
using the parametric accelerated failure time (AFT) model 
with Weibull distribution because of suspicion of hazard 
nonproportionality. Time ratios were converted to HRs for 
easier interpretation. We further performed these analyses 
in patients who had methylated (>6.4%) glioblastoma to 
assess the relevance in this subgroup, and in patients who 
received 60 Gy of radiotherapy to assess confounding ef-
fect of radiotherapy. We also evaluated the effect of MGMT 
methylation in older patients aged 65 years or above.

For 2-year mortality, we used multiple logistic regres-
sion adjusting for the same confounders other than radi-
otherapy and postoperative KPS because of complete data 
separation. Collinearity between variables in the multiple 
logistic regression was checked by examining the variance 
inflation factors.

To assess the effect modification between MGMT meth-
ylation and temozolomide use on survival, we introduced 
an interaction term between the two variables in the 
AFT model. Interaction was considered using the Wald 
test of the interaction term, and by comparing the inter-
action model with the main effects model using likeli-
hood ratio test. We compared temozolomide cycles in 
patients receiving not-completed temozolomide reg-
imen by MGMT methylation groups using Kruskal–Wallis 
test. We performed all data analyses in R (v4.1.0)13 using 
packages “cutpointr” (v1.1.0),14 “survival” (v3.2.7),15 and 
“survminer” (v0.4.8).16

Results

Participant Characteristics

Of the 439 patients diagnosed with glioblastoma who 
met inclusion criteria, we excluded 25 patients due 
to: enrolment in a therapeutic clinical trial (N  =  7), lost 
to follow-up (N  =  15) and no pre-operative MRI scan 
(N = 3). The final study cohort included 414 patients with 
total follow-up of 526 person-years (Table 1). The me-
dian age at diagnosis was 61  years (interquartile range 
[IQR]: 54–68 years). Postoperative KPS was 70 or above 
in 352 (85.0%) patients. Most patients (N  =  256; 61.8%) 
had debulking surgery and 158 (38.2%) had biopsy only. 
Sixty-six (15.9%) received the complete concomitant and 
adjuvant temozolomide Stupp regimen regardless of ra-
diotherapy; 172 (41.5%) received fewer cycles. Most pa-
tients (59.9%) received 60 Gy radiotherapy, whilst 28.5% 
patients received a lower radiotherapy dose (36 patients 
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had 30 Gy in 6 fractions over 2 weeks and 82 patients had 
40 Gy in 15 fractions over 3 weeks). Of the 226 patients 
who had IDH1 mutation testing performed, 15 (6.6%) had 
an IDH1-mutant glioblastoma. Using the clinical threshold 
of 6.4% MGMT methylation, 191 (46.1%) patients had 
MGMT methylation. Characteristics of patients with 
unmethylated and methylated glioblastomas are pre-
sented in Supplementary Table 1.

MGMT Promoter Methylation

The median extent of MGMT methylation was 5.0% (IQR 
3.0–27.8%). Among the 191 patients with methylated gli-
oblastoma, the median MGMT methylation was 30.0% 
(IQR 16–42.8%). Figure 1 shows the distributions of MGMT 
methylation and its logarithmically transformed values. 
Based on the Youden Index, the optimal cut-off point of 
MGMT methylation for 2-year survival among patients 
with a methylated glioblastoma was 25.9% (3.25 in the 
logarithmic scale) with sensitivity and specificity of 67.8% 
and 46.6%, respectively. The resulting three groups com-
prised of unmethylated (N = 223), low methylation (N = 81), 

and high methylation (N  =  110) patients. Characteristics 
of these groups are presented in Table 1. Higher pro-
portions of patients in the low (23.5%) and high (28.2%) 
methylation groups received complete concomitant and 
adjuvant temozolomide compared to the unmethylated 
group (7.2%). Of the 15 patients with IDH1 mutation, 1 pa-
tient had unmethylated, 9 had low methylation, and 5 had 
high methylation glioblastoma.

Overall Survival and 2-Year Survival

There were 372 deaths observed during the follow-up 
period, of which 32 (8.6%) deaths occurred more than 
2  years after tumor diagnosis. The median follow-up 
time was 0.90  years (IQR 0.51–1.56  years). Patients in 
the low and high MGMT methylation groups had longer 
median follow-up (1.21 and 1.07  years) compared with 
the unmethylated group (0.84  year). The proportions 
of patients surviving 2  years in the unmethylated, low 
and high methylation groups are 6.7% (n/N  =  15/223), 
23.5% (n/N  =  19/81), and 36.4% (n/N  =  40/110), respec-
tively. Figure 2 shows the survival functions of patients 

  
Table 1. Demographic and Clinical Characteristics of 414 Consecutive Surgical Patients with Histopathologically Confirmed Glioblastoma in 
Southeast Scotland Between April 2012 and May 2020

MGMT promoter methylation subgroups

Characteristics Overall  
N = 414  
N (%)

Unmethylated†  
N = 223  
N (%)

Low methylation†  
N = 81  
N (%)

High methylation†  
N = 110  
N (%)

Age at diagnosis (median, IQR) 61 (54–68) 62 (54–68) 60 (52–68) 63 (54–68)

Sex     

Male 238 (57.5) 147 (65.9) 45 (55.6) 46 (41.8)

Female 176 (42.5) 76 (34.1) 36 (44.4) 64 (58.2)

Postoperative KPS     

<70 62 (15.0) 34 (15.2) 10 (12.3) 18 (16.4)

≥70 352 (85.0) 189 (84.8) 71 (87.7) 92 (83.6)

Extent of resection‡     

Biopsy 158 (38.2) 90 (40.4) 30 (37.0) 38 (34.5)

Subtotal 88 (21.3) 43 (19.3) 18 (22.2) 27 (24.5)

Gross total 168 (40.6) 90 (40.4) 33 (40.7) 45 (40.9)

Temozolomide regimen§     

None 176 (42.5) 112 (50.2) 31 (38.3) 33 (30.0)

Not-completed 172 (41.5) 95 (42.6) 31 (38.3) 46 (41.8)

Standard 66 (15.9) 16 (7.2) 19 (23.5) 31 (28.2)

Radiation therapy     

None 48 (11.6) 26 (11.7) 8 (9.9) 14 (12.7)

<60 Gy 118 (28.5) 76 (34.1) 21 (25.9) 21 (19.1)

60 Gy 248 (59.9) 121 (54.3) 52 (64.2) 75 (68.2)

†High and low methylation groups generated using Youden Index with optimal cut-off point of 25.9%. Unmethylated group represented <6.4% meth-
ylation (clinical threshold). ‡Subtotal resection represented 50–89% resection of contrast-enhancing tumor, gross total resection represented ≥90% 
resection. §Standard temozolomide was in accordance with the Stupp protocol, not-completed regimen referred to less than the total dose of the 
standard regimen. MGMT = O-6 methylguanine-DNA methyltransferase; IQR = interquartile range; KPS = Karnofsky Performance Score. To avoid 
multiple testing, no P-values are reported in this table.
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stratified by MGMT methylation groups. The median sur-
vival of patients who completed concomitant and adjuvant 
temozolomide cycles using Kaplan–Meier estimator was 
24.7 months in unmethylated (N = 14), 37.0 months in low 
methylation (N = 19), and 36.3 months in high methylation 
groups (N = 29).

Extent of MGMT Methylation and Overall 
Survival

Considering the extent of MGMT methylation as a logarith-
mically transformed continuous variable, higher MGMT 
methylation was associated with better survival in both 
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Figure 1. Histograms showing the extent of MGMT promoter methylation in the study cohort. Vertical dashed line represents the clinical 
threshold of 6.4% in normal and logarithmic scale. Vertical dotted line represented the optimal cut-off point at 25.9% according to the Youden Index 
on 2-year survival. (A) Histogram of MGMT promoter methylation without transformation of data. (B) Histogram of logarithmically transformed 
MGMT promoter methylation level.
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Figure 2. Kaplan–Meier curves of survival functions in 414 glioblastoma patients stratified by MGMT methylation status. (A) Survival functions of 
patients with methylated and unmethylated glioblastoma based on clinical threshold (6.4%) of MGMT promoter methylation. (B) Survival functions 
of patients in the three methylation groups based on the clinical threshold and optimal cut-off point at 25.9%.
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unadjusted (HR 0.73, 95% CI 0.67–0.79, P < 0.001) and ad-
justed AFT models (HR 0.85, 95%CI 0.78–0.92, P < 0.001) 
(Table 2). When restricting the analyses to 191 patients 
in the methylated group, without stratifying into high 
and low extent of MGMT methylation, the logarithmi-
cally transformed MGMT methylation was not associated 
with overall survival (HR 0.89, 95% CI 0.71–1.12, P = 0.314) 
(Supplementary Table 2). Using the methylation subgroups 
informed by the Youden Index, both low methylation (HR 
0.67, 95% CI 0.50–0.89, P  =  0.005) and high methylation 
(HR 0.60, 95% CI 0.46–0.79, P < 0.001) groups were associ-
ated with better survival compared with the unmethylated 
group (Table 2). Sensitivity analyses in 248 patients who 
received 60 Gy of radiotherapy showed greater survival 
benefit associated with high methylation (HR 0.35, 95% 
CI 0.26–0.49, P  <  0.001) than with low methylation (HR 
0.56, 95% CI 0.39–0.81, P  =  0.002) (Supplementary Table 
3). In multiple logistic regression on 2-year mortality, 
MGMT methylation showed similar results (low meth-
ylation: odds ratio [OR] 0.30, 95% CI 0.12–0.76, P = 0.011; 
high methylation: OR 0.13, 95% CI 0.05–0.29, P  <  0.001; 
Supplementary Table 4).

Extent of MGMT Methylation in Older Patients

There were 168 patients aged ≥65 years at the time of glio-
blastoma diagnosis (Supplementary Table 5). Among the 76 
(45.2%) patients with methylated glioblastoma, 46 had high 
methylation. In the multivariable logistic regression, MGMT 
methylation in either logarithmic scale (HR 0.87, 95% CI 0.76–
1.00) or categories (low methylation: 0.64, 95% CI 0.41–1.01; 
high methylation: 0.70, 95% CI 0.45–1.09) was not associated 
with overall survival (Supplementary Table 6). Not-completed 
and standard temozolomide regimens were associated with 
better survival in the adjusted model; their corresponding 
HRs were 0.48 (95% CI 0.34–0.70, P < 0.001) and 0.15 (95% CI 
0.07–0.33, P < 0.001), respectively.

Effect Modification of Extent of MGMT Promoter 
Methylation by Temozolomide Regimen

Comparing models with and without interaction, likeli-
hood ratio tests showed preference for the models with 
interaction terms between the extent of MGMT promoter 
methylation and temozolomide regimen (P  <  0.001). In 

  
Table 2. Multivariable Survival Analyses of 414 Glioblastoma Patients Using Accelerated Failure Time Models

Variables No. of patients Model 1 Model 2

HR (95% CI) P-value HR (95% CI) P-value

MGMT promoter methylation†      

Logarithmic continuous 414 0.85 (0.78–0.92) <0.001 — —

Unmethylated 223 — — Ref —

Low methylation 81 — — 0.67 (0.50—0.89) 0.005

High methylation 110 — — 0.60 (0.46—0.79) <0.001

Temozolomide regimen§      

None 176 Ref — Ref —

Not-completed 172 0.49 (0.38–0.63) <0.001 0.49 (0.38–0.63) <0.001

Standard 66 0.17 (0.12–0.25) <0.001 0.17 (0.12–0.26) <0.001

Age at diagnosis (per year) 414 1.03 (1.02–1.04) <0.001 1.03 (1.02–1.04) <0.001

Post-operative KPS      

<70 62 Ref – Ref -

≥70 352 0.46 (0.33–0.63) <0.001 0.46 (0.33–1.63) <0.001

Extent of resection‡      

Biopsy 158 Ref – Ref -

Subtotal 88 0.92 (0.70–1.23) 0.580 0.92 (0.69–1.23) 0.578

Gross total 168 0.58 (0.45–0.75) <0.001 0.58 (0.45–0.74) <0.001

Radiation therapy      

None 48 Ref – Ref -

<60 Gy 118 0.37 (0.26–0.53) <0.001 0.36 (0.25–0.51) <0.001

60 Gy 248 0.33 (0.22–0.49) <0.001 0.32 (0.22–0.47) <0.001

Model 1 used the logarithmically transformed MGMT methylation values. Model 2 used the three methylation groups determined by clinical 
threshold and the Youden Index.
†High and low methylation groups generated using Youden Index with optimal cut-off point of 25.9%. Unmethylated group represented <6.4% methyl-
ation (clinical threshold).
‡Subtotal resection represented 50–89% resection of contrast-enhancing tumor, gross total resection represented ≥90% resection. §Standard 
temozolomide was in accordance with the Stupp protocol, not-completed regimen referred to less than the total dose of the standard reg-
imen. HR = hazard ratio; CI = confidence interval; MGMT = O-6 methylguanine-DNA methyltransferase; KPS = Karnofsky performance score; 
Ref = reference.
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the AFT model with additional interaction terms, loga-
rithmically transformed MGMT methylation showed in-
teraction with not-completed (interaction term P < 0.001) 
and completed (P = 0.028) temozolomide regimen (Table 
3). Interaction between MGMT methylation and not-
completed temozolomide regimen on overall survival was 
demonstrated when considering the three methylation 

groups (interaction terms P < 0.001; Table 3). The HRs as-
sociated with not-completed temozolomide regimen were 
0.79 (95% CI 0.58–1.09, P = 0.153) in unmethylated group, 
0.29 (95% CI 0.18–0.45, P < 0.001) in low methylation group 
and 0.27 (95% CI 0.18–0.40, P < 0.001) in high methylation 
group. There was no evidence for interaction between 
MGMT methylation and standard temozolomide regimen 

  
Table 3. Interaction Models Between MGMT Promoter Methylation and Temozolomide Use on Survival in 414 Glioblastoma Patients

No. of patients HR (95% CI) P-value

Model 1—log(MGMT)    

 Interaction between MGMT and TMZ§    

No TMZ — Ref —

log(MGMT) + no TMZ 176 1.07 (0.95–1.21) 0.258

log(MGMT) + not-completed TMZ regimen 172 0.79 (0.55–1.13) 0.197

log(MGMT) + standard TMZ regimen 66 0.25 (0.13–0.46) <0.001

Model 2—MGMT groups    

 Interaction between MGMT and TMZ§    

No TMZ    

Unmethylated 112 Ref —

Low methylation 31 1.20 (0.79–1.81) 0.392

High methylation 33 1.18 (0.79–1.76) 0.428

Not-completed TMZ    

Unmethylated 95 0.79 (0.58–1.09) 0.153

Low methylation 31 0.29 (0.18–0.45) <0.001

High methylation 46 0.27 (0.18–0.40) <0.001

Standard TMZ    

Unmethylated 16 0.23 (0.13–0.42) <0.001

Low methylation 19 0.13 (0.07–0.25) <0.001

High methylation 31 0.13 (0.08–0.22) <0.001

Model 3—patients with 60 Gy radiotherapy    

 Interaction between MGMT and TMZ§    

No TMZ    

Unmethylated 30 Ref —

Low methylation 13 0.81 (0.42–1.57) 0.528

High methylation 10 0.50 (0.24–1.03) 0.059

Not-completed TMZ    

Unmethylated 77 0.77 (0.50–1.19) 0.235

Low methylation 20 0.36 (0.19–0.68) 0.002

High methylation 36 0.21 (0.12–0.35) <0.001

Standard TMZ    

Unmethylated 14 0.19 (0.09–0.38) <0.001

Low methylation 19 0.10 (0.05–0.21) <0.001

High methylation 29 0.09 (0.05–0.16) <0.001

All models adjusted for age at diagnosis, post-operative Karnofsky Performance Score, extent of resection and radiotherapy. Hazard ratios were 
parameterized from the models. Model 1 used the logarithmically transformed MGMT methylation values; Model 2 used the 3 methylation groups 
determined by clinical threshold and the Youden Index. §Standard temozolomide was in accordance with the Stupp protocol, not-completed 
regimen referred to less than the total dose of the standard regimen. Model 3 was the same as Model 2 but included patients who received 60 
Gy radiotherapy only. HR = hazard ratio; CI = confidence interval; MGMT = O-6 methylguanine-DNA methyltransferase; TMZ = temozolomide; 
Ref = reference.
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(interaction term for low methylation group P = 0.097; high 
methylation group P  =  0.071). The HRs associated with 
standard temozolomide regimen in all MGMT methylation 
groups were similar (Table 3). Supplementary Tables 7 and 
8 show the adjusted HRs for other variables in the models. 
Sensitivity analysis of patients who received 60 Gy of ra-
diotherapy suggested a gradient across unmethylated (HR 
0.77, 95% CI 0.50–1.19, P = 0.235), low methylation (HR 0.36, 
95% CI 0.19–0.68, P = 0.002) and high methylation (0.21, 
95% CI 0.12–0.35, P < 0.001) groups in those receiving not-
completed temozolomide (Table 3), though the smaller co-
hort precluded robust testing of an interaction.

We examined whether the interaction with not-
completed temozolomide regimen was due to differ-
ences in the number of temozolomide cycles received in 
each methylation group. Comparison between the groups 
did not demonstrate evidence of differences (P  =  0.092) 
(Supplementary Figure 1).

Discussion

This retrospective cohort study of surgical patients diag-
nosed with glioblastoma in Scotland (UK) showed that 
MGMT promoter methylation was associated with better 
survival, but this effect was lost in patients aged ≥65 years 
old. MGMT promoter methylation modified the effects 
of temozolomide on survival for not-completed, but not 
standard temozolomide regimen, suggesting the interac-
tion effect waned with increasing temozolomide up to the 
standard dose. This has implications for our interpretation 
of observational studies and clinical trials where MGMT 
status is only dichotomized and completion of standard 
temozolomide regimen is not considered. We need to 
clarify the presumptions about molecular mechanisms be-
tween MGMT methylation and temozolomide and whether 
the optimal number of temozolomide cycles vary between 
patients.

Our findings are consistent with previous studies that 
reported temozolomide is more beneficial in patients with 
MGMT methylated glioblastoma than in those with MGMT 
unmethylated glioblastoma.17–20 There is evidence sup-
porting the biological mechanism of this observation. The 
MGMT protein removes alkyl groups from the O-6 guanine 
position, repairing the DNA damage caused by alkylating 
chemotherapies, such as temozolomide.21 Downregulating 
MGMT expression by methylation of the MGMT promoter 
sequence therefore increases temozolomide sensitivity.21,22

Previous studies have reported an association between 
higher extent of MGMT promoter methylation and better 
overall survival.6–8,23 We observed longer survival in the 
higher methylation group compared with the low methyla-
tion group. Our larger cohort also demonstrated an interac-
tion between the effect of multimodal therapy and MGMT 
methylation on overall survival. This contrasted a study 
using clinical trial data that reported no evidence of interac-
tion, though the authors recognized the lack of power to test 
for effect modification.17 In our study, MGMT methylation 
modified the effect of temozolomide when the total con-
comitant and/or adjuvant dosage was less than the standard 
therapy. The absence of evidence for an interaction with 

standard temozolomide regimen may reflect the ceiling of 
benefit at this dose. This may have implications for our as-
sumptions about the mechanism of interaction between 
temozolomide and MGMT methylation.

Two analyses have investigated the value of contin-
uing temozolomide beyond adjuvant cycles after standard 
radiotherapy in glioblastoma.24,25 Both studies used a 
binary MGMT methylation status and reported no ev-
idence of benefit from extended temozolomide in pa-
tients with methylated glioblastoma compared those with 
unmethylated glioblastoma (HR 0.89, 95%CI 0.63-1.2624 
and HR 1.45, 95%CI 0.89-2.33).25 We observed similar ben-
efit from standard temozolomide regimen across MGMT 
methylation groups (Table 3, Model 3). However, there 
may be a gradient effect (lower HRs with higher methyl-
ation) across methylation groups in those receiving not-
completed temozolomide regimen. If this represents a 
biological interaction between MGMT methylation and 
temozolomide and our findings suggested a ceiling effect 
with standard temozolomide, the mix of patients with high 
and low methylation might have masked the benefit of ex-
tended temozolomide in previous studies. This warrants 
further interrogation.

Temozolomide administration in MGMT unmethylated 
patients remains controversial. Secondary analyses 
of the EORTC-NCIC trial data suggested minimal ben-
efit for addition of temozolomide to radiotherapy in 
MGMT unmethylated patients.17 That study reported 
median survival of 11.8 months with radiotherapy only 
and 12.7 months with multimodal therapy. Withholding 
temozolomide based on MGMT methylation is debated 
because of limitations in methylation assays and lack 
of alternative therapies.26 We have shown that median 
survival for patients with unmethylated glioblastoma 
completing multimodal therapy was 26.1  months. The 
median survival for these patients was 17.1  months in 
another retrospective study.7 These observations may 
reflect careful patient selection for multimodal therapy 
in those with unmethylated tumors, although our anal-
ysis adjusted for factors affecting decision making 
such as age at diagnosis, functional status, and extent 
of resection. Standard multimodal therapy is still val-
uable for selected patients with MGMT unmethylated 
glioblastoma.

Strengths and Limitations

Our study measured quantitative MGMT methylation in 
consecutive glioblastoma patients over 8  years, which 
allowed better power to examine the interaction be-
tween MGMT methylation and temozolomide. Because 
measuring MGMT methylation was routine, there was 
no missing data that would introduce bias. Residual con-
founding from other molecular markers and clinical vari-
ables could affect our results. However, we adjusted for 
the most relevant variables associated with survival and 
showed there was no differential distribution of IDH1 
mutation in the high methylation group. Selecting pa-
tients based on their clinical characteristics could have 
inflated benefits from multimodal therapy, particularly in 
the unmethylated group. Due to smaller cohort size and 

different distributions in treatment received in this study, 
future work should clarify the role of MGMT promoter 
methylation in older patients.

Conclusion

Quantitative extent of MGMT promoter methylation has 
prognostic value in those receiving 60 Gy radiotherapy. 
Patients receiving completed standard temozolomide reg-
imen have comparable benefit regardless of MGMT meth-
ylation level. Assessing the extent of MGMT methylation 
in observational studies and clinical trials is necessary to 
permit accurate interpretation.
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