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Original Article 

Purpose: To evaluate whether the added value of contrast leakage information 
from dynamic susceptibility contrast magnetic resonance imaging (DSC MRI) is a 
better prognostic imaging biomarker than the cerebral blood volume (CBV) value in 
distinguishing true progression from pseudoprogression in glioblastoma patients.
Materials and Methods: Forty-nine glioblastoma patients who had undergone 
MRI after concurrent chemoradiotherapy with temozolomide were enrolled in this 
retrospective study. Twenty features were extracted from the normalized relative 
CBV (nCBV) and extraction fraction (EF) map of the contrast-enhancing region in 
each patient. After univariable analysis, we used multivariable stepwise logistic 
regression analysis to identify significant predictors for differentiating between 
pseudoprogression and true progression. Receiver operating characteristic (ROC) 
analysis was employed to determine the best cutoff values for the nCBV and EF 
features. Finally, leave-one-out cross-validation was used to validate the best 
predictor in differentiating between true progression and pseudoprogression.
Results: Multivariable stepwise logistic regression analysis showed that MGMT (O6-
methylguanine-DNA methyltransferase) and EF max were independent differentiating 
variables (P = 0.004 and P = 0.02, respectively). ROC analysis yielded the best cutoff 
value of 95.75 for the EF max value for differentiating the two groups (sensitivity, 
61%; specificity, 84.6%; AUC, 0.681 ± 0.08; 95% CI, 0.524-0.837; P = 0.03). In the 
leave-one-out cross-validation of the EF max value, the cross-validated values for 
predicting true progression and pseudoprogression accuracies were 69.4% and 71.4%, 
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INTRODUCTION

High-grade gliomas (HGGs) are tumors diagnosed as grade 
III (anaplastic astrocytoma or anaplastic oligodendroglioma) 
or grade IV (glioblastoma) (1). Glioblastoma leads to a high 
premature mortality rate in adults younger than 60 years 
and children younger than 15 years. 

Currently, the standard of care for newly diagnosed 
glioblastoma is surgical resection followed by concurrent 
radiotherapy and chemotherapy with temozolomide 
(TMZ), and then maintenance TNZ for at least six months. 
Ionizing radiation induces free radical formation, which 
leads to double-stranded DNA damage and multiple modes 
of clonogenic cell death. Tumors endothelial cells are 
particularly vulnerable to radiation-induced damage, and 
the subsequent endothelial cell death can increase vascular 
permeability (2, 3). After the completion of concurrent 
chemoradiotherapy (CCRT) with TMZ, glioblastoma patients 
can show progressive contrast enhancement, followed by 
subsequent improvement or stabilization without further 
treatment, a phenomenon termed as “pseudoprogression” 
(4); when TMZ is added to radiation treatment, the incidence 
of pseudoprogression appears to be greater, activating its 
metabolite (methyltriazeno-imidazole-carboxamide) to 
methylate DNA within the cell and leading to apoptosis (2). 
The incidence of pseudoprogression varies between 12% 
and 64%, and this phenomenon usually happens in the first 
three months after CCRT with TMZ, sometimes persisting for 
up to six months after treatment (5). Thus, differentiating 
true progression from pseudoprogression is often difficult 
(6).

Glioblastomas are described by marked angiogenesis, 
which is marked for colonization and tumor growth 
in the brain (7). Dynamic susceptibility contrast (DSC) 
magnetic resonance imaging (MRI), as a surrogate marker 
for angiogenesis, can be used to assess glioma treatment 
response and differentiate pseudoprogression from 
tumor recurrence (8). The extraction fraction (EF) from 
DSC MRI is defined as the ratio of the permeability to 
perfusion (fractional tissue perfusion) and was proposed by 

Bjørnerud et al. (9, 10). In this method, both permeability 
and perfusion metrics are obtained by fitting appropriate 
kinetic models to the tissue residue function derived by 
deconvolution with an automatically received arterial input 
function (AIF) (11, 12).

Several studies have tried to distinguish true progression 
from pseudoprogression in patients with glioblastoma 
using advanced MR imaging techniques such as perfusion-
weighted imaging (PWI) (13, 14). To the best of our 
knowledge, there is no report on the value of contrast 
leakage information from DSC MRI that differentiates 
between pseudoprogression and true progression in 
glioblastoma patients. Thus, our study aimed to assess 
whether the added value of contrast leakage information 
from DSC MRI is a superior prognostic imaging biomarker 
than the cerebral blood volume (CBV) value in distinguishing 
true progression from pseudoprogression in glioblastoma 
patients.

MATERIALS AND METHODS

Study Population
This retrospective study was approved by our institutional 

review board, and the requirement of informed consent was 
waived. We identified 404 newly diagnosed glioblastoma 
patients in the database of our institution who had 
undergone stereotactic biopsy or surgical resection at Seoul 
National University Hospital (SNUH) between October 
2010 and July 2019. The inclusion criteria were as follows: 
1) a histopathological diagnosis of glioblastoma based on 
the World Health Organization criteria before standard 
treatment; 2) baseline MRI with contrast enhancement 
within 24-48 hours after biopsy or surgery before 
subsequent CCRT with TMZ using 3T MRI scanners (Trio, 
Skyra or Verio, Siemens, Erlangen, Germany); 3) CCRT with 
TMZ after surgery or biopsy; 4) 1st follow-up 3T MRI with 
DSC MRI within two months (mean duration: 28.4 days; 
range: 5-47 days) after the end of CCRT with TMZ. The 
exclusion criteria were as follows: 1) no newly appeared 

respectively.
Conclusion: We demonstrated that contrast leakage information parameter from DSC MRI showed significance in 
differentiating true progression from pseudoprogression in glioblastoma patients.

Keywords: Dynamic susceptibility contrast MRI; Extraction fraction; Pseudoprogression; Glioblastoma; True progression
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enhancing lesion on the 1st follow-up MR images (n = 
222); 2) a newly appeared enhancing lesion that did not 
satisfy the criteria for measurable lesions according to the 
Response Assessment in Neuro-Oncology (RANO) criteria 
(15) on the 1st follow-up MR images after CCRT (n = 31); 3) 
other treatment regimens except the standard treatment (n 
= 32); 4) poor quality of the DSC MRI or contrast-enhanced 
(CE) T1 weighted image (WI) (n = 70). Forty-nine patients 
were classified into true disease progression (n = 21) and 
pseudoprogression (n = 28) groups according to the RANO 
criteria after CCRT during the standard treatment period. 
Among the 21 patients with true progression, six had 
undergone reoperation, and glioblastoma recurrence was 
confirmed. 

Imaging Protocol
For each patient, after the completion of CCRT with TMZ, 

the brain MRI protocol included a 3T MR system using a 
32-channel head coil. T1-weighted magnetization prepared 
rapid acquisition gradient echo (MPRAGE) sequences 
(repetition time [TR], 558 ms; echo time [TE], 1.9 ms; flip 
angle [FA], 9°; matrix, 256 × 232; field of view [FOV], 220 
× 250; section thickness, 1 mm; and number of excitations 
[NEX], 1), transverse T2 fluid-attenuated inversion recovery 
(FLAIR) sequences (TR, 9000 ms; TE, 97; ms; inversion time, 
2500 ms; FA, 130°; matrix, 384 × 348; FOV, 199 × 220; 
section thickness, 5 mm; and NEX, 1), and transverse T2WI 
with turbo spin echo (TSE) sequences (TR, 5160 ms; TE, 91 
ms; FA, 124-130°; matrix, 640 × 510-580; FOV, 175-199 
× 220; section thickness, 5 mm; NEX, 1), and structural 
imaging were performed.

Immediately following the acquisition of DSC-PWI, a 
single-shot gradient-echo echo-planar imaging sequence 
was performed during the intravenous injection of the 
contrast agent. DSC-PWI was performed using the 
following parameters: TR/TE, 1500/30-40 ms; FA, 35-90°; 
FOV, 240 × 240 mm; 15-20 sections; matrix, 128 × 128; 
section thickness, 5 mm; intersection gap, 1 mm; and voxel 
resolution of 1.86 × 1.86 × 5 mm. For each section, 60 
images were obtained at intervals equal to the repetition 
time. After four to five-time points, a bolus of gadobutrol at 
a dose of 0.1 mmol/kg of body weight and a rate of 4 mL/
sec was injected using an MR-compatible power injector 
(Spectris; Medrad, Pittsburgh, PA, USA). After injecting the 
bolus of the contrast material, a 30-mL bolus of saline was 
administered at the same injection rate.

Image Processing and Analysis
The MR data, including CE T1WI and DSC MRI, were 

transferred from the picture archiving and communication 
systems (PACS) workstation to a personal computer and 
processed using a software package (Nordic ICE v4.1.2; 
Nordic Neuro Lab, Bergen, Norway). The DSC perfusion MRI 
protocols were acquired using dedicated protocols in SNUH.

The arterial  input function (AIF) was detected 
automatically using the software. This was preferred 
over the manual method which has several limitations in 
determining AIF :1) the calculation results are subjective, 
therefore there is no consistency between different 
operators and between different time points with the same 
operator; 2) time-consuming (16). Some of the papers 
were written using automatic AIF detection (17, 18). The 
automatic AIF detection based on a cluster analysis was 
robust and fast and it showed very low variability (19).

First, normalized relative CBV (nCBV) maps were acquired 
without contrast leakage correction based on DSC MRI 
using established tracer kinetic models applied to the first-
pass data (20-23).

The contrast leakage information parameter (EF) from DSC 
MRI was obtained using a contrast agent extravasation-
correction method based on fitting the tissue residue 
function, including both apparent tissue extravasation and 
a perfusion component, to the two-compartment uptake 
kinetic model (10, 12, 21, 23, 24). Next, we reconstructed 
CE T1WI from the sagittal to the axial plane and resampled 
the size of the CE T1WI image using one of the maps (nCBV 
or EF) as a reference.

We carefully excluded the vessels when drawing a 
region of interest (ROI). The ROIs for the contrast leakage 
lesions were chosen on CE T1WI, and were drawn 
semiautomatically using threshold segmentation, seed 
growing, and manually (25), by a radiologist (E.P.) supervised 
by one expert radiologist (S.H.C.) with 18 years of neuro-
oncology imaging experience. ROI segmentation procedures 
were performed using the software tool NordicICE (v4.1.2). 
We used ROI analysis by the software to calculate EF and 
nCBV from all the pixels in the ROI (10). Twelve features 
were obtained from the nCBV and EF map of the contrast-
enhancing region per person.

Statistical Analysis
All statistical analyses were performed using SPSS for 

Windows 25.0 and R version 3.6.1 (R-core Team, Vienna, 
Austria). P < 0.05 was considered statistically significant. 
Each patient’s clinical characteristics, including sex, age, 
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Karnofsky performance score (KPS), date of CCRT ending, 
radiation dose, and genetic information including IDH1/2 
mutation and O6-methylguanine-DNA methyltransferase 
(MGMT) promoter methylation, were recorded. The data 
for each parameter were assessed for normality using the 
Kolmogorov-Smirnov test. Fisher’s exact or chi-square test 
was performed for categorical data. Unpaired Student’s 
t-test was employed to compare the data between the 
disease progression and pseudoprogression groups. Next, 
we used multivariable stepwise logistic regression analysis 
to determine the significant predictors for distinguishing 
pseudoprogression from true progression (26). Variables 
with P < 0.05 according to univariate analysis were used as 
input variables for multivariable stepwise logistic regression 
analysis, with the iterative entry of variables based on 
the test results (P < 0.05). Additionally, receiver operating 
characteristic (ROC) analysis was employed to determine 
the best cutoff values for the nCBV and EF features that 
proved to be significant predictors for differentiating 
true progression from pseudoprogression. Finally, leave-
one-out cross-validation was used to validate the best 

predictor for differentiating between true progression and 
pseudoprogression.

Tissue diagnosis and genetic analysis are given in the 
Supplementary Material.

RESULTS

We enrolled 49 glioblastoma patients according to the 
inclusion and exclusion criteria (Fig. 1); 23 patients were 
classified in the true progression group and 26 patients 
in the pseudoprogression group. The MGMT promoter 
methylation status in the pseudoprogression group was 
greater than that in the true progression group (17 of 
26 vs. 5 of 23, respectively; P < 0.01). The other clinical 
characteristics, including the radiation dose, age, sex, KPS, 
surgery method, and IDH 1/2 mutation status, were not 
significantly different between the two patient groups (all 
Ps > 0.05). The patient characteristics are detailed in Table 1.

Fig .  1 .  F lowchart  of  the  s tudy 
population selection. CE T1WI(GRE) = 
contrast-enhanced T1 weighted image 
(gradient-echo); CCRT = concomitant 
chemoradiotherapy; DSC = dynamic 
susceptibility contrast; FLAIR = fluid-
attenuated inversion recovery; TMZ = 
temozolomide; WHO = World Health 
Organization
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Univariable and Multivariable Analysis and Validation of 
the Best Pharmacokinetic Predictor for Differentiating 
True Progression from Pseudoprogression

After univariable analysis, multivariable analysis which 
included MGMT, EF max, and nCBV 5th percentile values, 
showed significant differences between the true progression 
and pseudoprogression groups (Table 2). Multivariable 
stepwise logistic regression analysis showed that MGMT 
and EF max were independently differentiating variables (P 
= 0.004 and P = 0.02, respectively) (26).

ROC analysis yielded the best cutoff value of 95.75 for the 
EF max value for differentiating between the two groups of 
patients (sensitivity, 61%; specificity, 84.6%; the area under 
the ROC curve [AUC], 0.681 ± 0.08; 95% confidence interval 
[CI], 0.524-0.837; P = 0.03; Fig. 2). Representative cases are 
shown in Figures 3 and 4. 

In the leave-one-out cross-validation of the EF max value, 
the cross-validated values for predicting true progression 
and pseudoprogression accuracies were 69.4% and 71.4%, 

Table 2. Comparison of the Parametric Values of the True 
Progression and Pseudoprogression Groups

Parameters
True Progression

(n = 23)
Pseudoprogression

(n = 26)
P Value

Mean_EF 12.9 ± 10.9 9.8 ± 10.0 0.15

Median_EF 9.4 ± 8.6 7.2 ± 7.6 0.18

5 percentile_EF 1.4 ± 1.4 1.0 ± 1.4 0.23

95 percentile_EF 35.1 ± 29.6 27.2 ± 29.0 0.17

Min_EF 0.1 ± 0.1 0.1 ± 0.1 0.35

Max_EF 105.6 ± 64.7 63.8 ± 50.9 < 0.01

Mean_CBV 3.3 ± 1.4 3.9 ± 2.3 0.14

Median_CBV 2.7 ± 1.2 3.3 ± 2.3 0.1

5 percentile_CBV 0.6 ± 0.5 1.0 ± 1.0 0.05

95 percentile_CBV 8.2 ± 4.3 8.6 ± 4.2 0.36

Min_CBV 0.1 ± 0.1 0.3 ± 0.7 0.09

Max_CBV 15.1 ± 13.2 14.2 ± 8.1 0.4

Calculated using unpaired Student’s t-test.

Table 1. Clinical Characteristic of the Study Population

Characteristic Total (n = 49) True progressiongroup (n = 23) Pseudoprogressiongroup (n = 26) P value

Mean age (y) 53 ± 12.8 51.4 ± 12.2 54.5 ± 13.4 0.2*

Sex 0.55†

Male 24 11 13

Female 25 12 13

Karnofsky Performance Scale score 0.11†

<70 12 8 4

≥70 37 15 22

Surgery 0.61‡

Biopsy 7 3 3

Subtotal resection 7 2 5

Gross total resection 35 17 18

Mean radiation dose (Gy) 56.8 ± 7.3 56.2 ± 8.0 57.3 ± 6.8 0.29*

Methylated MGMT promoter < 0.01†

Positive 22 5 17

Negative 27 18 9

IDH1/2 mutation 0.15†

Positive 3 0 3

Negative 45 22 23
IDH = isocitrate dehydrogenase; GTR = gross total resection; KPS = Karnofsky performance score; MGMT = O6-methylguanine-DNA methyltransferase; STR = subtotal resection
Unless otherwise specified, the data represent the number of patients.
The data are expressed as means ± standard deviation.
*Calculated using unpaired Student’s t-test.
†Calculated using Fisher’s exact test.
‡Calculated using the chi-squared test.
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respectively.

DISCUSSION

In the present study, added value contrast leakage 
information from DSC MRI was analyzed to differentiate 
between true progression and pseudoprogression in 
glioblastoma patients after CCRT with TMZ. The significant 
finding of this study was that estimation of the contrast 
agent EF can help to differentiate between true progression 
and pseudoprogression. In particular, we found that the EF 
max value was higher in the true progression group than 
in the pseudoprogression group. The best cutoff of the EF 
max value from the ROC analysis was 95.75. Additionally, 
multivariable stepwise logistic regression analysis showed 
that the EF max value and MGMT promoter methylation 
status had higher diagnostic performance in differentiating 
the two groups of patients compared with nCBV.

Differentiating true progression from pseudoprogression 
in glioblastoma patients after CCRT with TMZ is an 
important clinical problem. In some reports, advanced MRI 
showed high levels of diagnostic accuracy in differentiating 
pseudoprogression from true progression, but these studies 

are generally retrospective, small and heterogeneous (27, 
28). The underlying mechanism of pseudoprogression and 
true progression is the destruction of the blood-brain barrier 
(BBB), which causes an increase in the nonspecific contrast-
enhancing lesion on MRI (29). Vascular permeability in 
pseudoprogression is likely secondary to proinflammatory 
mediators, direct endothelial damage, cellular hypoxia, 
and exaggerated radiation-induced reactive changes 
(30). Therefore, pseudoprogression is highly likely to be 
misdiagnosed, leading to inadequate treatment (29).

PWI is a method that reflects information on cerebral 
physiology at the capillary level (31). DSC MRI is a PWI 
technique in which the first pass of a bolus of gadolinium-
based contrast agent through brain tissue is tracked using 
a series of T2- or T2*-weighted MR images (32). This 
technique is useful in discriminating between recurrent 
tumors and radiation-induced necrosis (33). DSC MRI 
provides map noninvasive measurements of relative CBV 
(rCBV), defined in brain tumors as the ratio between CBV 
within the tumor and CBV in the white matter of the 
contralateral hemisphere (31). The CBV parameter reflects 
angiogenesis; thus, it is elevated in tumors with a high rate 
of pathologic neoangiogenesis (31, 34). Several reports have 
demonstrated that CBV is significant in differentiating HGG 
recurrence from the posttreatment radiation effect (6, 35). 
In the present study, the 5th percentile of nCBV showed 
significance in differentiating between the two groups of 
patients (P = 0.05), but multivariable logistic regression 
demonstrated no relationship with an outcome of interest. 
Patients with treatment-induced necrosis showed lower CBV 
than those with recurrent tumor patients (36). Recurrent 
tumors are likely to show high VEGF expression, leading to 
high vascularization compared with radiation necrosis (37).

We used a contrast agent extravasation-correction 
method based on analysis of the tissue residue function 
(9) in this study. Initially, this method corrected only T1-
dominant leakage and then was modified to correct 
T2*dominant leakage (9, 11). T2*-dominant leakage results 
in a positive tail, and T1-dominant leakage results in a 
negative tail in the residue function (9). The evaluation of 
perfusion theoretically is independent of leakage, change in 
the contribution of two relaxation effects postextravasation 
would directly affect the magnitude of the resulting EF 
value (9, 10). Thus, EF parameters from DSC-MRI cannot 
replace parameters from the DCE-MRI even if both were 
obtained using a contrast agent extravasation-correction 
method. Nevertheless, the EF may be a more sensitive 
parameter that is influenced by the T2* effect to contrast 

Fig. 2. ROC curve of the EF max value to differentiate 
between true tumor progression and pseudoprogression 
(AUC = 0.681). AUC = the area under the ROC curve; EF = 
extraction fraction
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leakage (10). Studies have demonstrated the opportunity 
for contrast leakage information parameters to predict 
prognosis after standard treatment in glioblastoma patients 
(10) and differentiate primary central nervous system 
lymphoma from glioblastoma (11).

Among the various genetic markers related to gliomas, the 
MGMT gene promoter is related to glioblastoma prognosis 
(38). MGMT encodes a protein that inhibits DNA repair 
by the treatment effect by removing alkyl groups from 
guanine, a target site for alkylating chemotherapy agents 
such as TMZ. Epigenetic silencing of the MGMT protein by 
promoter methylation may suppress the repair mechanism, 
consequently increasing the CCRT and TMZ cytotoxicity 
(39). Brandes et al. (40) showed that pseudoprogression was 
dependent on the methylated MGMT promoter. Similarly, 
in our study, 17 (77.3%) patients with a methylated MGMT 

promoter showed pseudoprogression (P < 0.01).
This study has several potential limitations. First, it was 

a retrospective study, which could have resulted in some 
sample selection bias and small sample size. Second, there 
lacked histological confirmation of pseudoprogression 
and true progression. Third, we semiautomatically drew 
ROIs using image-analysis software, which might have 
resulted in observer bias. However, we tried to draw the 
ROIs carefully, and all ROIs were checked by an expert 
(neuroradiologist). Fourth, in our study, DSC perfusion MRI 
protocols were used, which were acquired using dedicated 
protocols at our institute. Therefore, changing the imaging 
parameters may lead to different results.

In conclusion, our findings demonstrated that one dose 
of contrast agent can achieve combined perfusion- and 
permeability-related metrics from DSC MRI, which can 

Fig. 3. Axial images of a 34-year-
old patient with GBM who had true 
progression after CCRT with TMZ. (a) 
Contrast-enhanced T1WI pre-CCRT 
with TMZ revealed a focal enhancing 
lesion in the left insular lobe. (b) 
Contrast-enhanced T1WI at one month 
after CCRT with TMZ showed increased 
enhancing lesions. The parametric 
maps of nCBV (c) and EF (d). The EF 
max value of the enhancing lesion 
was 116.02. (e) Follow-up contrast-
enhanced T1WI was performed after 
continuing TMZ for six months and 
showed an increase in the extent of 
the enhanced lesion.

a

d e

b c
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be easily used in clinical practice. Application of the EF 
max value can help differentiate true progression from 
pseudoprogression and therefore enable adequate treatment 
in glioblastoma patients after CCRT with TMZ.
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