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Abstract
Objectives The aim of this study was to determine whether
diffusion and perfusion imaging parameters demonstrate dif-
ferent diagnostic values for predicting pseudoprogression be-
tween gl ioblas toma subgroups s t ra t i f ied by O6-
mythylguanine-DNA methyltransferase (MGMT) promoter
methylation status.
Methods We enrolled seventy-five glioblastoma patients that
had presented with enlarged contrast-enhanced lesions onmag-
netic resonance imaging (MRI) one month after completing
concurrent chemoradiotherapy and undergoing MGMT pro-
moter methylation testing. The imaging parameters included
10 or 90 % histogram cutoffs of apparent diffusion coefficient

(ADC10), normalized cerebral blood volume (nCBV90), and
initial area under the time signal-intensity curve (IAUC90).
The results of the areas under the receiver operating character-
istic curve (AUCs) with cross-validation were compared be-
tween MGMT methylation and unmethylation groups.
Results MR imaging parameters demonstrated a trend toward
higher accuracy in theMGMTpromoter methylation group than
in the unmethylation group (cross-validated AUCs=0.70–0.95
and 0.56–0.87, respectively). The combination ofMGMTmeth-
ylation status with imaging parameters improved the AUCs
from 0.70 to 0.75–0.90 for both readers in comparison with
MGMT methylation status alone. The probability of
pseudoprogression was highest (95.7 %) when nCBV90 was
below 4.02 in the MGMT promoter methylation group.
Conclusions MR imaging parameters could be stronger pre-
dictors of pseudoprogression in glioblastoma patients with the
methylated MGMT promoter than in patients with the
unmethylated MGMT promoter.
Key Points
• The glioblastoma subgroup was stratified according to
MGMT promoter methylation status.

• Diagnostic values of diffusion and perfusion parameters for
predicting pseudoprogression were compared.

• Imaging parameters showed higher diagnostic accuracy in
the MGMT promoter methylation group.

• Imaging parameters were independent to MGMT promoter
methylation status for predicting pseudoprogression.

• Imaging biomarkers might demonstrate different diagnostic
values according to MGMT promoter methylation.
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Abbreviations
CCRT Concurrent chemoradiotherapy
MR Magnetic resonance
CBV Cerebral blood volume
ADC Apparent diffusion coefficient
MGMT O6-mythylguanine-DNA methyltransferase
DWI Diffusion-weighted imaging
DSC Dynamic susceptibility contrast-enhanced
DCE Dynamic contrast-enhanced
IAUC Initial area under the time–signal intensity curve
ROC Receiver operating characteristic

Introduction

The evaluation of treatment response after concurrent chemo-
radiotherapy (CCRT) in glioblastoma has been advanced by
the development of new standardized criteria regarding
changes in tumour volume after therapy by the Response
Assessment in Neuro-Oncology Working Group (RANO
[1]). However, radiologic images obtained in the short time
interval after CCRT still contain biases for treatment response
evaluation due to increasing capillary permeability or tumour
cell damage by therapy [2]. Several studies using perfusion
magnetic resonance imaging (MRI) showed that changes in
cerebral blood volume (CBV) within tumours that occur dur-
i ng the ea r l y r ad io the r apy cou r s e can p r ed i c t
pseudoprogression [3] and survival [4]. Others reported that
the apparent diffusion coefficient (ADC) values are useful for
distinguishing between high-grade glioma and normal tissue
[5] and predicting treatment responses [6, 7]. However, the
exact clinical impact of advanced MR imaging techniques
including diffusion-weighted imaging (DWI), dynamic sus-
ceptibility contrast-enhanced (DSC) perfusion imaging, and
dynamic contrast-enhanced (DCE) perfusion imaging has
not been validated by large-series prospective studies conduct-
ed exclusively for post-treatment glioblastoma.

O6-mythylguanine-DNA methyltransferase (MGMT) pro-
moter methylation status was reported as a strong predictor of
pseudoprogression and prognosis [8–10]. According to sever-
al reports about the correlation between MGMT promotor
methylation status and imaging parameters, both of them
should be considered when interpreting enlarged contrast-
enhancing lesions on MR [3, 11]. Furthermore, the potential
association between MGMT promoter methylation status and
various imaging parameters may lead to the use of different
diagnostic values in assessing treatment response in
glioblastoma.

Our hypothesis is that diffusion and perfusion imaging pa-
rameters may demonstrate different diagnostic values for
predicting pseudoprogression in glioblastoma patients accord-
ing to MGMT promoter methylation status. The purpose of
this study was to determine whether diffusion and perfusion

imaging parameters demonstrate different diagnostic values
for predicting pseudoprogression between glioblastoma sub-
groups stratified by MGMT promoter methylation status.

Methods

Study population

Our institutional review board approved this retrospective
study, and the requirement for informed consent from the
study participants was waived. A retrospective review of our
database identified 211 consecutive patients with pathologi-
cally proven glioblastoma between December 2010 and
December 2014. Patients were included in our study if they
met all of the following criteria: (a) underwent methylation-
specific polymerase chain reaction (MS-PCR) of the tumour
specimens to determine MGMT promoter methylation status;
(b) underwent CCRT after surgery; (c) demonstrated new or
progressively enlarged contrast-enhancing lesions on the
follow-up MR at 4 weeks after CCRT, including DWI, DSC,
and DCE perfusion MR; (d) underwent serial follow-up MR
imaging with 2–3-month intervals; (e) not prescribed cortico-
steroid when MR imaging was performed; and (f) obtained
adequate image acquisition and quality without susceptibility
or motion artifacts.

We excluded 43 patients without MS-PCR results and six
patients not treated with CCRT. Additionally, 16 patients were
excluded due to the absence of DWI, DSC, or DCE images,
corticosteroid treatment at the time of MR, or poor quality;
another 71 patients with stable contrast-enhancing lesions af-
ter CCRT were also excluded. Finally, 75 patients were en-
rolled in this study. The 75 patients were dichotomized into
MGMT promoter methylation and unmethylation groups.
Fifteen of 75 patients were reported on previously, but this
prior study evaluated the diagnostic performance of
mul t iparametr ic imaging for s imply ident i fy ing
pseudoprogression [12]. The process flowchart for this study
population is shown in Fig. 1.

MGMT promoter methylation analysis

MGMT promoter methylation status was evaluated after
obtaining a specimen from surgery or biopsy. Unstained tissue
slides made from paraffin-embedded blocks of tumour tissues
were used to extract genomic DNA. MS-PCR with modifica-
tions was used to determine the DNAmethylation status of the
CpG islands at the MGMT promoter [13, 14]. The annealing
temperature was 59 ° C. Results from unqualified DNA that
yielded uncertain PCR results were abandoned. For negative
and positive controls, bisulfite-treated unmethylated and
methylated control DNAs were used (Qiagen, Hilden,
Germany). On 8 % polyacrylamide gels, the PCR products
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were separated, stained with ethidium bromide, and inspected
under ultraviolet illumination. For all steps, clinical informa-
tion was processed in a blind manner using a computerized
barcode.

Assessment

After the second-look surgery, nine cases were confirmed as
true progression and three as pseudoprogression. If the
second-look operation was unavailable, the progression was
decided based onMR, clinical assessment, and steroid use. An
experienced neuroradiologist (H.S.K.) blinded about clinical
information independently reviewed all MR images. The
clinico-radiological diagnoses of 27 cases of true progression
and 36 cases of pseudoprogression were established by con-
sensus between a neuro-oncologist (J.H.K., 20 years of clini-
cal experience in neuro-oncology) and a neuroradiologist
(H.S.K.) after completely reviewing images and medical
charts. Clinical and radiologic assessments were carried out
at pre-CCRT; 4 weeks after completion of the CCRT; during
cycles 2, 4, and 6 of the adjuvant temozolomide therapy; and
every 2 or 3 months thereafter. Pseudoprogression was de-
fined using prespecified criteria [1], and confirmatory imaging
was performed after two cycles of maintenance temozolomide
therapy. The diagnosis of pseudoprogression was made when
there was a decrease or stabilization of the contrast-enhancing
lesions on subsequent serial follow-up MR images, and com-
bined with no required change in treatment. This diagnosis
allows a slight increase in contrast-enhancing lesions as long
as no change in treatment occurs during this time period. A
final diagnosis of true progression was made if the enhancing

lesions gradually increased on more than two serial follow-up
MR images at 2-month intervals and were combined with
clear neurologic deterioration attributable to enlarging
contrast-enhancing lesions, causing a prompt change of
treatment.

MR imaging protocol and image processing

The MR imaging studies were performed using a 3T system
(Achieva; Philips Healthcare, Best, The Netherlands) with an
8-channel sensitivity-encoded head coil. The order of our
brain tumour imaging protocol was as follows: T2-weighted
imaging, fluid-attenuated inversion recovery imaging, DWI,
non-enhanced T1-weighted imaging, DCE perfusion MR im-
aging, contrast-enhanced T1-weighted imaging, and DSC per-
fusion MR imaging. The rationale for the application of DCE
imaging prior to DSC imaging is that preloading contrast
agent injected during the DCE imaging can minimize T1 con-
trast agent leakage effects.

DWI was obtained in three orthogonal directions and com-
bined into a trace image. Using these data, ADC maps were
calculated using the b values of 0 and 1000 second/mm2 on a
voxel-by-voxel basis with the software incorporated into the
MR imaging unit. Further information about the protocols of
DWI, DSC, and DCE perfusion MR imaging are demonstrat-
ed in the supplementary material.

All MR imaging data were transferred from the MR imag-
ing unit to an independent personal computer. A dedicated
software package (Nordic ICE; Nordic Neuro Lab, Bergen,
Norway) and in-house software (Matlab 2010b; Mathworks,
Natick, MA) were used to obtain parametric perfusion maps.

Fig. 1 Flowchart of the accrual process for the study population
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The relative CBV (rCBV) was determined with the numeric
integration of the time–signal intensity (SI) curve for DSC
MR imaging after correcting contrast agent leakage. On a
pixel-by-pixel basis, normalized CBV (nCBV) maps were
computed by dividing the individual rCBV value by an unaf-
fectedwhite matter rCBV value. For DCEMR imaging, the SI
was normalized to the percentage change in comparison with
the baseline SI value. Then, we calculated the initial area un-
der the time SI curves (IAUCs) at 30 seconds after contrast
agent administration using the trapezoidal integration of the
normalized SI with time over the first 30 seconds after contrast
agent arrival in the enhancing voxels of interest. We chose this
model-free parameter because of our intention to maximally
decrease the dependence on complex modelling of the phar-
macokinetics, which can be sensitive to noise [15].

Image analysis

Intermodality coregistration and enhancing lesion seg-
mentation The ADC, nCBV, and IAUC maps were
coregistered to each of the three-dimensional contrast-en-
hanced T1-weighted images. Intermodality coregistrations
were performed using a non-linear transformation. For the
quantitative analysis of data acquired from the DWI, DSC,
and DCEMR imaging, a neuroradiology expert (H.S.K.; read-
er 1) and a neuroradiology fellow (J.E.P. with 5 years of ex-
perience in radiology; reader 2) segmented the entire volumes
of the contrast-enhancing lesions on the coregistered contrast-
enhanced T1 weighted images using a semi-automated adap-
tive threshold technique so that all pixels above a threshold
value were taken.

DWI analysis For the quantitative DWI analyses, the 10th
percentile of the histogram cutoff for the ADC value
(ADC10) was calculated. This parameter was selected be-
cause the 10th percentile parameter is analogous to the mini-
mum value, which is commonly used with the hot-spot
method.

DSC and DCE MR imaging analyses For the cumulative
nCBV and IAUC histogram parameters, the 90th percentile
cutoffs were derived (nCBV90 and IAUC90, respectively).
This kind of histogram parameter is more powerful than the
mean and maximum values of the overall histogram for iden-
tifying areas where tumorous lesions are intermingled with
treatment-associated changes and are less affected by random
statistical fluctuations [16].

Statistical analyses

The imaging data were initially assessed for normality using
the Kolmogorov-Smirnov test. To assess differences in demo-
graphic data between the MGMT promoter methylation and

unmethylation groups, the Student’s t test for continuous var-
iables and the chi-squared test for categorical variables were
used.

In the subgroup analyses stratified by MGMT pro-
moter methylation, differences in the mean values of
the imaging parameters between the two groups were
assessed using the Student’s t test. Receiver operating
characteristic (ROC) curve analysis was performed on
each imaging parameter to determine the optimum cut-
off for differentiating between the two groups and to
compare the area under the ROC curve (AUC).
Bonferroni correction was used to control for multiple
comparisons. Using the same population to select clas-
sifiers and estimate error rates can overfit the diagnostic
performances, so imaging parameters were further eval-
uated using leave-one-out cross-validation. Using this
method, all study patients (except for one patient) were
used as the training set, and the prediction error was
assessed for the excluded test set. This procedure was
repeated until every case was used once as the test set.

Multivariable logistic regression modelling was used to
estimate the odds ratios for the association between the com-
bination ofMGMTpromoter methylation and imaging param-
eters with the final diagnosis. Cross-validation was also used
to determine the association between the imaging parameters
and final diagnosis. The ROC-based optimum cutoff values,
which were calculated based on the highest Youden index
[17], were used as exploratory analyses to dichotomize sub-
groups of each imaging parameter. The results are considered
significant at P < 0.05 and corrected for the number of
comparisons.

Inter-reader agreement was assessed using the intraclass
correlation coefficient (ICC) with 95 % confidence intervals
and by applying a two-way ICC with a random rater’s as-
sumption. Instances of P<0.05 were considered to indicate
significant statistical differences. Statistical analyses were per-
formed using SPSS (version 21.0; SPSS, Chicago, IL) and R
version 2.15.3 (R Project for Statistical Computing; http://
www.r-project.org).

Results

Clinical parameters of subgroups

Among 75 patients, 34 (45.3 %) were classified to the MGMT
promoter methylation group and 41 (54.7 %) to the MGMT
promoter unmethylation group. No clinical parameters were
significantly different between the two groups (Table 1).
Contrast-enhancing lesion-related clinical symptoms were
presented in 17 (50.0 %) of 34 MGMT promoter methylation
patients and 28 (68.3 %) of 41 MGMT promoter methylation
patients (P = 0.170). In total, 25 cases (73.5 %) of
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pseudoprogression and nine cases (26.5 %) of true progres-
sion were in the MGMT promoter methylation group, while
the MGMT promoter unmethylation group included 14 cases
(34.1 %) of pseudoprogression and 27 cases (65.9 %) of true
progression. This difference was statistically significant
(P=0.002) according to the chi-squared test. Representative
cases are shown in Figs. 2 and 3.

Diagnostic accuracy of the imaging parameters
in the subgroups

In the MGMT promoter methylation group, the mean values
of the DWI, DSC, and DCE MR imaging parameters were
significantly different between the true progression and
pseudoprogression groups for both readers (corrected

Table 1 Demographic data for
both the MGMT promoter
methylated and unmethylated
glioblastoma subgroups

Variables MGMT methylation
group (n = 34)

MGMT unmethylation
group (n = 41)

p value

Sex 0.967

No. of male patients 16 (47.1 %) 18 (43.9 %)

No. of female patients 18 (52.9 %) 23 (56.1 %)

Age (y)* 53.2 ± 12.3 53.9 ± 12.9 0.851

KPS* 94.7 ± 7.5 92.9 ± 6.5 0.605

CEL-related clinical symptom 17 (50.0 %) 28 (68.3 %) 0.170

Surgical extent before CCRT 0.962

Biopsy or partial resection 14 (41.2 %) 16 (39.0 %)

Gross total resection 20 (58.8 %) 25 (61.0 %)

Mean radiation dose at CCRT (Gy) 59.4 ± 2.1 59.7 ± 1.9 0.430

Mean interval between CCRT
and enlarged CEL (wks)

11.2 ± 3.6 10.3 ± 3.5 0.279

KPS = Karnofsky performance status; CEL = contrast-enhancing lesion; CCRT = concurrent chemoradiotherapy;
Gy = gray

*Data are expressed as the mean± standard deviation

Fig. 2 Images obtained from a
38-year-old female glioblastoma
patient with MGMT promoter
methylation and true tumour
progression. a Contrast-enhanced
T1-weighted image obtained
7 weeks after CCRT. A necrotic
contrast-enhancing lesion can be
observed in the right temporal
lobe. b, c Contrast-enhanced T1-
weighted image obtained
15 weeks after CCRT and 2 days
after surgery for a recurrent
tumour; b in this panel, the
contrast-enhancing lesion is
enlarged. The ADC map (d)
shows restricted diffusion in the
corresponding contrast-enhancing
lesion shown in (b). Both the
nCBV (e) and IAUC (f) maps
show increased perfusion pixel
values in the corresponding
contrast-enhancing lesion shown
in (b), suggesting true tumour
progression (i.e., true positive)
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P= .001–.006 for reader 1; corrected P= .001–.039 for reader
2). In the MGMT promoter unmethylated group, the mean
values of the nCBV90 and IAUC90 values were significantly
different between the two groups for both readers (corrected
P= .001–.003 for both readers). However, the mean ADC10

values were not significantly different between groups for
both readers (Table 2 and Fig. 4).

On the ROC curve analysis, the AUCs were highest for
nCBV90 derived from DSC MR imaging and lowest for the
ADC10 derived from DWI in both groups for both readers

Fig. 3 Images obtained from a 59-year-old male glioblastoma patient
with MGMT promoter unmethylation and pseudoprogression. a, b
Contrast-enhanced T1-weighted images obtained before and 5 weeks
after CCRT. A newly developed contrast-enhancing lesion is seen
around the surgical cavity. c Contrast-enhanced T1-weighted images
obtained 10 weeks after CCRT. The size of the contrast-enhancing
lesion increased. The ADC map (d) shows equivocal finding of

restricted diffusion in the corresponding contrast-enhancing lesion
shown in (c). Both the nCBV (e) and IAUC (f) maps show no increase
of perfusion pixel values in the corresponding contrast-enhancing lesion
shown in (c), suggesting pseudoprogression. g Contrast-enhanced T1-
weighted images obtained 20 weeks after CCRT. The contrast-
enhancing lesion is stabilized, confirming pseudoprogression

Table 2 Comparison of imaging parameters between cases of true tumour progression and pseudoprogression in the subgroups stratified by MGMT
promoter methylation

Reader and Parameter MGMT methylation group (n = 34) MGMT unmethylation group (n = 41)

True progression
(n = 9)

Pseudoprogression
(n = 25)

Corrected
p value

True progression
(n = 27)

Pseudoprogression
(n = 14)

Corrected
p value

Reader 1

ADC10 (10−3 mm2

sec−1)
0.92 ± 0.09 1.04± 0.08 0.006 0.93± 0.05 0.96± 0.08 0.276

nCBV90 5.34 ± 1.26 2.69± 0.95 <0.001 4.48± 1.47 2.68± 0.78 0.001

IAUC90 23.58± 1.62 19.83 ± 3.23 0.006 22.88 ± 2.73 19.65 ± 3.00 0.003

Reader 2

ADC10 (10−3 mm2

sec−1)
0.92 ± 0.09 1.01± 0.09 0.039 0.94± 0.07 0.96± 0.07 0.862

nCBV90 5.50 ± 1.14 2.80± 0.93 <0.001 4.37± 1.32 2.55± 0.90 0.001

IAUC90 23.81± 2.05 19.57 ± 2.93 0.003 22.64 ± 2.32 19.56 ± 3.20 0.003

ADC10 = 10th percentile cutoff value of ADC; nCBV90 = 90th percentile cutoff value of nCBV; IAUC90 = 90th percentile cutoff value of IAUC

*Data are expressed as the median with maximum and minimum in the parentheses

For comparison of tumour progression vs. pseudoprogression, the P values were corrected for multiple comparisons using Bonferroni correction

260 Eur Radiol (2017) 27:255–266



(Table 3). For comparing two perfusion parameters in terms of
differentiating true progression from pseudoprogression, the
nCBV90 derived from DSC MR imaging showed a higher
AUC than the IAUC90 derived from DCE perfusion MR im-
aging in both MGMT methylation and unmethylation groups

for both readers. However, these results were not statistically
significant (Table 3). All of the three imaging parameters dem-
onstrated a trend towards higher AUCs in theMGMT promot-
er methylation group than in the MGMT promoter
unmethylation group for differentiating true progression from

Fig. 4 Box-and-Whisker plots for comparison of the values of the imaging parameters between true progression and pseudoprogression in subgroups
stratified by MGMT promoter methylation for both readers

Table 3 Diagnostic
performances of the imaging
parameters for predicting
pseudoprogression in the
subgroups stratified by MGMT
promoter methylation

Reader and Parameter MGMT methylation group (n = 34) MGMT unmethylation group
(n = 41)

AUC SE of AUC 95 %CI of AUC AUC SE of AUC 95 %CI of
AUC

Reader 1

ADC10 (10−3 mm2

sec−1)
0.85 0.07 0.69, 0.95 0.65 0.09 0.49, 0.79

nCBV90 0.95 0.05 0.81, 0.99 0.85 0.06 0.71, 0.95

IAUC90 0.86 0.07 0.70, 0.96 0.81 0.07 0.66, 0.92

Reader 2

ADC10 (10−3 mm2

sec−1)
0.76 0.10 0.59, 0.89 0.60 0.09 0.43, 0.75

nCBV90 0.95 0.05 0.82, 0.99 0.87 0.06 0.73, 0.96

IAUC90 0.86 0.06 0.70, 0.96 0.77 0.09 0.61, 0.88

AUC = area under the ROC curve; SE = standard error; CI = confidence interval; ADC10 = 10th percentile cutoff
value of ADC; nCBV90 = 90th percentile cutoff value of nCBV; IAUC90 = 90th percentile cutoff value of IAUC.
Parentheses indicate the 95 % confidence interval
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pseudoprogression. On the leave-one-out cross-validation, the
cross-validated AUCs and the accuracies of the imaging pa-
rameters demonstrated similar trends, as did the ROC curve
analyses using the same training and validation sets (Table 4
and Fig. 5).

Independence and added value of the imaging parameters
to MGMT promoter methylation status

Exploratory analyses using the optimum cutoff values based
on the highest Youden index were performed to test the inde-
pendence and added value of the imaging parameters to the
MGMT promoter methylation status for predicting
pseudoprogression. On multivariate logistic regression analy-
ses using MGMT promoter methylation status, all of the three
imaging parameters independently influenced the incidence of
pseudoprogression (P= .004–.001 for reader 1; P= .041–.001
for reader 2, respectively). The combination of MGMT pro-
moter methylation status with each imaging parameters im-
proved the AUCs from 0.70 to 0.75–0.90 for both readers in
comparison with MGMT promoter methylation status alone
(Table 5). The cross-validated AUCs and accuracies of the
imaging parameters demonstrated similar trends, as did the
ROC curve analyses using the same training and validation
sets (Table 6).

Probability of pseudoprogression using the decision tree

A diagnostic decision tree was constructed based on the ex-
ploratory analyses using our own optimum cutoff values
(Fig. 6). The probability of pseudoprogression was highest
(95.7 %) when nCBV90 was below 4.02 in the MGMT pro-
moter methylation group and lowest (0%)when nCBV90was
above 4.02 in the MGMT promoter unmethylation group. The
probability of pseudoprogression was 90.0 % when the

ADC10 was above 0.94 in the MGMT promoter methylation
group.

Inter-reader agreement for measuring imaging
parameters

The ICCs were 0.71, 0.86, and 0.74 for the calculations of
ADC10, nCBV90, and IAUC90, respectively.

Discussion

In our study, we found that the DSC and DCE perfusion pa-
rameters demonstrated significant differences between true
progression and pseudoprogression in glioblastoma demon-
s t ra t ing ei ther MGMT promoter methyla t ion or
unmethylation, although the ADC value demonstrated a sig-
nificant difference between these two entities in the MGMT
promoter methylation group only. Moreover, diffusion and
perfusion MR imaging parameters demonstrated better diag-
nostic performance to predict pseudoprogression in the
MGMT promoter methylation group compared to the
unmethylation group. When comparing perfusion parameters
obtained with both DCE and DSC techniques, we found that
the best overall diagnostic accuracy to predict pseudo-
progression was achieved with the combination of DSC per-
fusion MR imaging and MGMT promoter methylation. These
results suggest that the MR imaging protocol that includes
DSC perfusion MR imaging is most efficient in the prediction
of pseudoprogression in the MGMT promoter methylation

Table 4 Leave-one-out cross-
validation of the imaging
parameters in the subgroups
stratified by MGMT promoter
methylation

MGMT methylation group (n = 34) MGMT unmethylation group (n = 41)

Cross-validated AUC Cross-validated accuracy Cross-validated AUC Cross-validated
accuracy

Reader 1

ADC10 0.80 80.8 % 0.61 67.5 %

nCBV90 0.95 97.6 % 0.83 69.0 %

IAUC90 0.88 87.4 % 0.79 76.7 %

Reader 2

ADC10 0.70 75.1 % 0.56 32.5 %

nCBV90 0.94 93.8 % 0.86 84.1 %

IAUC90 0.87 74.9 % 0.71 74.5 %

AUC= area under the ROC curve; ADC10= 10th percentile cutoff value of ADC; nCBV90= 90th percentile
cutoff value of nCBV; and IAUC90= 90th percentile cutoff value of IAUC

�Fig. 5 Leave-one-out cross-validation used to determine the diagnostic
accuracy of DWI, DSC, and DCE MR imaging for differentiating true
tumour progression from pseudoprogression in subgroups stratified by
MGMT promoter methylation for both readers a MGMT promoter
methylated group; b MGMT promoter unmethylated group
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patient, as compared with that which includes DCE perfusion
MR imaging. On the multivariate analysis, diffusion and per-
fusion MR imaging parameters were independent to MGMT
promotermethylation status for predicting pseudoprogression,
and provided added value in terms of diagnostic accuracy.
Among the three imaging parameters, nCBV90 showed the
highest diagnostic accuracy for predicting pseudoprogression
in both MGMT promoter methylation and unmethylation
groups. Lastly, the probability of pseudoprogression was
highest (22 of 23 patients; 95.7 %) when the nCBV90 was
below 4.02 in the MGMT promoter methylation group on our
exploratory analyses. These results imply that the role of the
imaging parameters for assessing treatment response could be
limited by MGMT promoter unmethylation, which leads to
predetermined chemoresistance of the tumour, regardless of
other tumour microenvironments estimated using various im-
aging parameters. However, imaging parameters (especially

perfusion parameters) could provide added value to MGMT
promoter methylation status for predicting pseudoprogression
in the MGMT promoter methylation group, which reflects the
early treatment response to CCRT. This suggests that tumour
vascularity and permeability might also be important for the
treatment response in glioblastoma demonstrating MGMT
promoter methylation.

In contrast to our results, a previous study reported that the
rCBV demonstrates more predictability in the MGMT pro-
moter unmethylation group than in the methylation group
[3]. However, this previous study demonstrated a remarkable
incidence of true progression in their MGMT promoter
unmethylation group, whereas we observed a remarkable in-
cidence of pseudoprogression in our MGMT promoter meth-
ylation group. Besides, we used the histogram parameters of
nCBV from the entire corresponding contrast-enhancing le-
sion instead of the Bhot-spot^ method. Regarding the DCE

Table 5 Multivariate logistic regression analysis for predicting pseudoprogression usingMGMT promoter methylation alone and in combination with
the indicated imaging parameters for both readers

Odds ratio of MGMT
methylation

Odds ratio of imaging
parameter

P value of imaging
parameter

AUC

MGMT promoter methylation 5.36 (1.97–14.54) 0.70

Reader 1

MGMT promoter methylation + ADC10 ≥ 0.94 × 10−3 mm2 sec−1 4.22 (1.46–12.24) 4.70 (1.64–13.45) 0.004 0.78

MGMT promoter methylation + nCBV90< 4.02 22.17 (2.70–182.21) 89.27 (9.62–828.74) <0.001 0.90

MGMT promoter methylation + IAUC90< 23.39 6.64 (1.91–23.13) 16.37 (4.09–65.47) 0.001 0.84

Reader 2

MGMT promoter methylation + ADC10 ≥ 0.96 × 10−3 mm2 sec−1 4.62 (1.65–12.94) 2.88 (1.04–7.96) 0.041 0.75

MGMT promoter methylation + nCBV90< 2.76 4.13 (1.29–13.22) 34.15 (4.11–283.97) 0.001 0.84

MGMT promoter methylation + IAUC90< 20.02 5.22 (1.55–17.57) 26.72 (5.21–137.06) 0.001 0.85

AUC = area under the ROC curve; ADC10 = 10th percentile cutoff value of ADC; nCBV90 = 90th percentile cutoff value of nCBV; and IAUC90 = 90th
percentile cutoff value of IAUC.

Parentheses indicate the 95 % confidence interval

Table 6 Cross-validation of
MGMT promoter methylation
alone in combination with the
indicated imaging parameters for
both readers

Cross-validated
AUC

Cross-validated
accuracy

MGMT promoter methylation 0.69 68.9 %

Reader 1

MGMT promoter methylation + ADC10 ≥ 0.94 × 10−3 mm2 sec−1 0.79 73.3 %

MGMT promoter methylation + nCBV90< 4.02 0.90 81.5 %

MGMT promoter methylation + IAUC90< 23.39 0.85 77.1 %

Reader 2

MGMT promoter methylation + ADC10 ≥ 0.96× 10−3 mm2 sec−1 0.74 66.9 %

MGMT promoter methylation + nCBV90 < 2.76 0.84 77.5 %

MGMT promoter methylation + IAUC90 < 20.02 0.86 77.1 %

AUC = area under the ROC curve; ADC10 = 10th percentile cutoff value of ADC; nCBV90 = 90th percentile
cutoff value of nCBV; and IAUC90 = 90th percentile cutoff value of IAUC.

Parentheses indicate 95 % confidence interval
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MR, to the best of our knowledge, no previous studies report-
ed the diagnostic performance of DCE MR imaging parame-
ters for predicting pseudoprogression in glioblastoma strati-
fied by MGMT promoter methylation. We found a similar
trend with the results of DSCMR imaging, which demonstrat-
ed a higher diagnostic performance for IAUC90 in theMGMT
methylation group. Therefore, we suggest that perfusion im-
aging parameters could provide added diagnostic value for
predicting pseudoprogression in the MGMT promoter meth-
ylation group.

Although it remains unclear as to why different diagnostic
values of the imaging parameters were observed between
MGMT promoter methylation and unmethylation groups,
one possible explanation is that the higher diagnostic perfor-
mance of the imaging parameters in the MGMT promoter
methylation group might be associated with a higher propor-
tion of pseudoprogression in the MGMT methylation group,
whereas a relatively even distribution of true progression and
pseudoprogression is seen in the unmethylation group.
However, even if the correlation between the MGMT promot-
er methylation status and incidence of pseudoprogression may
lead to a decrease in the power of the relationship between
imaging parameters and pseudoprogression, there was a sig-
nificant relationship between the three imaging parameters
and the incidence of pseudoprogression in the MGMT pro-
moter methylation group.

Interestingly, the combination of MGMT methylation and
perfusion parameters provided additional diagnostic value for
predicting pseudoprogression compared to the combination of
MGMT promoter methylation and diffusion parameter. A pre-
vious study proposed that tumours with low ADC values can

be enriched in MGMT promoter-methylated tumour cells
[18], in which elevated minimum ADC values and/or lower
mean ADC values were associated with MGMT promoter
methylation status. Therefore, the lowest diagnostic accuracy
of ADC for predicting pseudoprogression in subgroups might
be attributed to the stronger association between MGMT pro-
moter methylation status and ADC values than those of per-
fusion parameters. Regarding the perfusion MR, one previous
study reported that the MGMT promoter methylation status in
glioblastoma is not associated with the rCBV ratio [19]. In
contrast, a recent study suggested that the MGMT protein
modulates angiogenesis of glioblastoma by changing the
levels of vascular endothelial growth factor receptors [20],
and accordingly, different rCBV ratios could be expected with
respect to the MGMT methylation status of the tumour.
Thereby, it may explain why the diagnostic values of the per-
fusion parameters differed between the MGMT promoter
methylation and unmethylation groups in our study.

On our exploratory analyses, we found that the combina-
tion of MGMT promoter methylation and nCBV90 below
4.02 can predict pseudoprogression with a probability of
95.7 %. A previous study also reported that there is a
91.3 % probability of pseudoprogression in patients with the
methylated MGMT promoter if the first MR image after
CCRT shows enlargement of the enhancing lesion [8].
Therefore, these results also imply that the setting of the mo-
lecular profile and imaging parameters may reflect treatment-
induced blood–brain barrier disruption, which is related to the
efficacy of CCRT.

Our study has several limitations. First, it was a retrospec-
tive study with relatively small number of populations which

Fig. 6 Diagnostic decision tree constructed based on exploratory analyses that used the combination of MGMT promoter methylation status with our
own optimum cutoff values of the imaging parameters to determine the probability of pseudoprogression
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causes uneven categorization of patient groups. Therefore, a
further prospective study is needed to validate our results.
Second, the pathophysiological mechanisms that underlie
the different diagnostic values of the imaging parameters be-
tween the two subgroups remain unclear, and future investi-
gation with an experimental approach for tumorigenesis and
genomics is warranted.

In conclusion, diffusion and perfusion imaging parameters
may demonstrate different diagnostic values for predicting
pseudoprogression in glioblastoma subgroups stratified by
MGMT promoter methylation status. Our results suggest that
MR imaging parameters could be stronger predictors of
pseudoprogression in glioblastoma patients with the methyl-
ated MGMT promoter than in patients with the unmethylated
MGMT promotor. Among the three imaging parameters, DSC
perfusion MR imaging shows the highest diagnostic accuracy
for predicting pseudoprogression in both MGMT promoter
methylation and unmethylation groups. Therefore, the addi-
tion of DSC perfusion MR imaging may provide increased
accuracy in glioblastoma demonstrating MGMT promoter
methylation for predicting pseudoprogression.
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