
Page 1/17

Contrast Enhancing Pattern on Pre-Treatment MRI
predicts Response to Anti-Angiogenic Treatment in
Recurrent Glioblastoma: Comparison of
Bevacizumab and Temozolomide Treatment
Hye Hyeon Moon 

Asan Medical Center
Ji Eun Park  (  jieunp@gmail.com )

Asan Medical Center https://orcid.org/0000-0002-4419-4682
Young-Hoon Kim 

Asan Medical Center
Jeong Hoon Kim 

Asan Medical Center
Ho Sung Kim 

Asan Medical Center

Research Article

Keywords: bevacizumab, glioblastoma, MRI, imaging biomarker, contrast enhancement

Posted Date: January 10th, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1233296/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Version of Record: A version of this preprint was published at Journal of Neuro-Oncology on March 11th,
2022. See the published version at https://doi.org/10.1007/s11060-022-03980-2.

https://doi.org/10.21203/rs.3.rs-1233296/v1
mailto:jieunp@gmail.com
https://orcid.org/0000-0002-4419-4682
https://doi.org/10.21203/rs.3.rs-1233296/v1
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s11060-022-03980-2


Page 2/17

Abstract
Objective: To evaluate the value of the contrast enhancing pattern on pre-treatment MRI for predicting the
response to anti-angiogenic treatment in patients with IDH-wild type recurrent glioblastoma.

Methods: This retrospective study enrolled 65 patients with IDH wild-type recurrent glioblastoma who
received standard therapy and then received either bevacizumab (46 patients) or temozolomide (19
patients) as a secondary treatment. The contrast enhancing pattern on pre-treatment MRI was visually
analyzed and dichotomized into contrast enhancing lesion (CEL) dominant and non-enhancing lesion
(NEL) dominant types. Quantitative volumetric analysis was used to support the dichotomization. The
Kaplan-Meier method and Cox proportional hazards regression analysis were used to stratify progression
free survival (PFS) according to the treatment in the entire patients, CEL dominant group, and NEL
dominant group.

Results: In all patients, the PFS of those treated with bevacizumab was not signi�cantly different from
those treated with temozolomide (log-rank test, P=.96). When the contrast enhancing pattern was
considered, bevacizumab was associated with longer PFS in the CEL dominant group (P=.031), whereas
temozolomide showed longer PFS in the NEL dominant group (P=.022). Quantitative analysis revealed
cut-offs for the proportion of solid-enhancing tumor of 13.7% for the CEL dominant group and 4.3% for
the NEL dominant group.

Conclusions: Patients with the CEL dominant type showed a better treatment response to bevacizumab,
whereas NEL dominant types showed a better response to temozolomide. The contrast enhancing pattern
on pre-treatment MRI can be used to stratify patients with IDH wild-type recurrent glioblastoma according
to the effect of anti-angiogenic treatment.

Introduction
Anti-angiogenic treatment targeting vascular endothelial growth factor (VEGF) signaling represents a
mainstay in the treatment of recurrent glioblastoma [1]. Although bevacizumab is increasingly being used
in recurrent glioblastoma, tumor responses vary substantially between patients, with a lack of effective
imaging biomarkers for predicting treatment response and selecting patients [2]. A predictive imaging
biomarker for bevacizumab is de�ned by that there is a clear bene�t of the bevacizumab in biomarker
subgroup (positive) but a clear lack of bene�t in the other biomarker subgroup (negative) [3, 4]. This
biomarker would be particularly useful for selecting those patients with recurrent glioblastoma who are
likely to bene�t from treatment with bevacizumab.

Previous imaging biomarkers used in studies on patients treated with anti-angiogenic therapy include low
pre-/post-treatment relative cerebral blood volume (rCBV), little change in rCBV during treatment, a low
pre-treatment Ktrans value, and a low pre-treatment apparent diffusion coe�cient (ADC) value [5–9].
However, because of the single-arm nature of the studies, which did not include a control treatment group,
these imaging biomarkers were prognostic rather than predictive [3, 4]. Furthermore, they are based on
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advanced MRI techniques, and the diversity of imaging acquisition protocols and post-processing
techniques used between institutions may impede the replication of single-center study results [10].

The contrast enhancing portion and peritumoral non-enhancing portion on contrast-enhanced T1-
weighted imaging and T2-weighted �uid-attenuated inversion recovery (FLAIR) imaging are used to de�ne
radiologic phenotypes of progression in recurrent glioblastoma [11–14]. These radiologic phenotypes are
in�uenced by treatment, and are closely related to clinical outcomes. Nonetheless, whether the pre-
treatment contrast enhancement pattern on structural MRI can serve as a predictive imaging biomarker
has not been studied. Previous radio-pathologic correlation studies demonstrated that protein expression
patterns differ between enhancing and non-enhancing portions in glioblastoma, with enhancing portions
containing more protein species in the lower molecular weight range, which may indicate that enhancing
lesion is the site of increased proteolysis with destruction of the basement membrane and an increase in
vascular permeability associated with angiogenesis [15, 16]. A DNA microarray study revealed that the
contrast enhancing portion tends to overexpress genes associated with the hypoxia-angiogenesis-edema
pathway (such as that involving VEGF) compared with tumor showing incomplete contrast enhancement
[17]. Therefore, we speculate that patients with contrast enhancing dominant tumor will respond better to
anti-angiogenic treatment than patients with non-enhancing dominant tumor. In this study, we aimed to
radiologically characterize isocitrate dehydrogenase (IDH)-wild type recurrent glioblastoma according to
contrast enhancing and non-enhancing tumor, and investigated whether the type of radiologic predictive
imaging biomarker differs between responders to treatment with bevacizumab or temozolomide.

Materials And Methods

Study Population
This retrospective data evaluation was approved by the institutional review board of Asan Medical Center
(approval number:2021-1450), and the requirement for written informed consent was waived. The
patients underwent secondary treatment between July 2017 and January 2021. Patients in the neuro-
oncology databases of Asan Medical Center were retrospectively reviewed, with the inclusion criteria for
recurrent glioblastoma being: (1) patients had histologically con�rmed IDH wild-type glioblastoma; (2)
were subsequently diagnosed with recurrence on the basis of clinical data and MRI after standard
treatment of operation, concurrent chemoradiotherapy, and adjuvant temozolomide; (3) received
secondary treatment of bevacizumab or temozolomide; (4) pre-treatment (before secondary treatment
with bevacizumab or temozolomide) and sequential follow-up MRI including contrast-enhanced T1-
weighted imaging (CE-T1WI) and T2-weighted FLAIR imaging were available. Among 145 potentially
eligible patients, 45 who did not have adequate pre-treatment or sequential follow-up MRI, 10 with IDH
mutant type, 12 with unknown IDH status, 6 who received other secondary treatment including re-
operation, re-irradiation, or other immunotherapies, and 7 with concurrent bevacizumab and
temozolomide treatment were excluded. A study �owchart is presented in Figure 1.
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A total of 65 consecutive patients met the above criteria and were enrolled. All patients experienced a �rst
recurrence after standard treatment. The included patients had: (1) regular monotherapy treatment every
week with either bevacizumab (Avastin; Roche, 10 mg/kg body weight) or temozolomide (Temodal; MSD,
150 mg/m2/day for 5 days every 28 days); (2) pretreatment CE-T1WI and T2-weighted FLAIR; (3) �rst
follow-up CE-T1WI and T2-weighted FLAIR within 6 weeks after the treatment; and (4) were available for
sequential follow-up MRIs.

Response Assessment and Progression Free Survival
Patients were assessed by MRI at regular 2–3 month intervals. The diagnosis of tumor progression was
based on pathologic con�rmation following second look operation or clinico-radiological assessment.
Clinico-radiological diagnoses were made by consensus between two neuro-oncologists (J.H.K., Y.H.K;
with 28 and 13 years of clinical experience in neuro-oncology, respectively) according to Response
Assessment in Neuro-Oncology (RANO) criteria [18]. Radiologic progression was determined according to
both enhancing and T2/FLAIR abnormalities. A quantitative increase in enhancing area (de�ned as a 25%
or greater increase from baseline in the sum of diameter products within the contrast enhancing area),
the appearance of a new lesion, or a qualitative increase in non-enhancing T2/FLAIR abnormality de�ned
disease progression according to the RANO criteria [19].

At the time of progression, imaging patterns were determined according to whether the increased contrast
enhancement or T2/FLAIR high signal intensity involved the primary site. This criterion was adopted from
previous studies describing radiographic progression patterns as local, diffuse, distant, and/or multifocal
progression [11, 20]. The three main patterns of progression recorded were: 1) local enhancing
progression: focus of the contrast enhancement at or within 3 cm of the primary site; 2) diffuse non-
enhancing progression: local contrast-enhancing tumor remains stable, but an area of abnormal FLAIR
hyperintensity is not concordant and extends more than 3 cm from the primary site; 3) distant
progression: new focus of contrast enhancement or an area of abnormal FLAIR hyperintensity extending
more than 3 cm from the primary site with intervening normal-appearing white matter. The judgment of
progression pattern was made by two neuroradiologists in consensus.

Progression free survival (PFS) was de�ned as the time from secondary treatment with bevacizumab or
temozolomide until the �rst imaging report indicating worsening/progression or death. Death was
ascertained via an institutional linkage to the national healthcare system. Patients were censored at the
date of medical record abstraction or the date of last imaging report, whichever came �rst.

Imaging Protocols
The brain tumor imaging protocol was acquired on a 3-T scanner (Ingenia 3.0 CX; Philips Healthcare,
Best, the Netherlands) with a 16-channel head coil, and included the following sequences: T2-weighted,
T2-weighted FLAIR, and precontrast and postcontrast T1-weighted images. T2-weighted and FLAIR
images were acquired using spin echo sequences with the following parameters; T2-weighted: repetition
time (TR)/echo time (TE) 3000/100 ms, �eld of view (FOV) 240 × 240 mm; matrix, 256 × 256; slice
thickness, 4 mm without a gap; FLAIR: TR/TE 10 000/130 ms, inversion time 2800 ms, FOV 240 × 240
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mm; matrix, 256 × 256; and slice thickness, 4 mm without a gap. High-resolution anatomical three-
dimensional (3D) volume images were acquired using gradient-echo T1-weighted sequences with and
without gadolinium-based contrast agent and with the following parameters: TR/TE 9.8/4.6 ms; �ip
angle, 10°; FOV, 256 × 256 mm; matrix, 512 × 512; and slice thickness, 1 mm with no gap.

Determination of contrast-enhancement within T2 FLAIR
high signal intensity
Determination of dominancy type – The contrast enhancing pattern on pre-treatment MRI was classi�ed
as contrast enhancing lesion (CEL) dominant type or non-enhancing lesion (NEL) dominant type (Figure
2A). The qualitative judgment (index biomarker) of contrast enhancing pattern was independently made
by two neuroradiologists (H.S.K. and J.E.P.; with 22 and 7 years of clinical experience in neuro-oncologic
imaging, respectively) who were blinded to the clinical information including treatment regimen, and did
not participate in any other imaging analysis.

Inter-reader agreement in the qualitative judgment (index biomarker) of contrast enhancing pattern was
assessed using kappa statistics. The kappa value for interobserver agreement in the qualitative judgment
(index biomarker) of contrast enhancing pattern was 0.66 (95% con�dence interval [CI] = 0.47–0.86),
indicating substantial agreement. Then, after a one-month wash-out period, cases with discrepancy were
reread with adjudication.

Quantitative volumetric analysis using deep learning- For the quantitative analysis, The CE-T1w and
FLAIR images were co-registered to de�ne brain regions. The co-registration process was performed using
Statistical Parametric Mapping (SPM12) and used a�ne transformations with six degrees of freedom
and 4th-degree B-spline interpolation. Skull stripping was then performed with an algorithm
(https://github.com/MIC-DKFZ/HD-BET). For tumour segmentation, masks of contrast-enhancing lesion
(CEL), T2 FLAIR high signal intensity region (representing both edema and in�ltrating tumor), and
necrosis (necrotic tumor) (Figure 2B) were generated on the CE-T1w and FLAIR images using the 3D
UNet-based method (https://github.com/MIC-DKFZ/nnUNet) [21] in the PyTorch package version 1.1
(Python 3.7 (www.python.org)). All image segmentations were validated by a radiologist (H.H.M, with 4
years of experience in neuroradiology). The parameter Qwhole tumor was calculated as [enhancing tumor/
(enhancing tumor + necrotic tumor + T2 FLAIR high signal intensity) ×  100], while Qsolid tumor was
calculated as [enhancing tumor/ (enhancing tumor + T2 FLAIR high signal intensity) ×  100]. These
parameters were used to support the determination of dominancy type.

Study Design and Statistical Analysis
The demographics and treatment responses of the patients with CEL dominant and NEL dominant types
were assessed using Student’s t-test, the chi-square test, or the Mann-Whitney test, as appropriate.

The Kaplan-Meier method was used to draw survival curves for PFS in all patients according to
secondary treatment (bevacizumab or temozolomide), and the log-rank test was used to compare curves
strati�ed by the secondary treatment. Subgroup analyses using the Kaplan-Meier method were performed

https://github.com/MIC-DKFZ/HD-BET
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separately in the CEL dominant and NEL dominant groups according to the secondary treatment, to
investigate whether the survival outcome (PFS) differed in patients with different contrast enhancement
patterns. Univariate Cox proportional hazards regression analysis was performed for all patients to
evaluate whether the index imaging biomarker or secondary treatment was associated with PFS.

The two quantitative imaging parameters (Qwhole tumor and Qsolid tumor) were compared between the CEL
dominant and NEL dominant groups using the Mann-Whitney test after assessment of normality. The
distribution of Qwhole tumor and Qsolid tumor in each group is displayed as a histogram.

Additionally, the effects of contrast enhancing pattern and/or secondary treatment on progression pattern
were assessed by chi-square test.

All statistical analyses were performed using MedCalc version 19.2.1 or R version 3.6.3, with P-values
<.05 considered statistically signi�cant.

Results

Patients
A �ow chart of the inclusion process is shown in Figure 1. Out of 65 enrolled patients, 46 (70.8%) were
treated with bevacizumab and 19 (29.2%) were treated with TMZ. Qualitative judgment of contrast
enhancing pattern resulted in 45 patients (69.2%) being classi�ed as CEL dominant and 20 patients
(30.8%) as NEL dominant. The patient demographics, treatments, and responses in the CEL dominant
and NEL dominant groups are summarized in Table 1. In the CEL dominant group, there were 19 men
(42.2%) and 26 women (57.8%). In the NEL dominant group, there were 12 (60%) men and 8 (40%)
women. There were no signi�cant differences in age at diagnosis, Karnofsky performance status at
recurrence, or O6-methylguanine-DNA methyltransferase (MGMT) promoter methylation status between
the CEL dominant and NEL dominant groups. In the CEL dominant group, 37 patients (82.2%) were
treated with bevacizumab and 8 (17.8%) were treated with temozolomide. In the NEL dominant group, 9
patients (45%) were treated with bevacizumab and 11 (55%) were treated with temozolomide. There were
no signi�cant differences in follow-up period after treatment, diagnosis of progression up until last visit,
progression free survival, or progression pattern between the CEL and NEL groups.
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Table 1
Baseline Patient Demographics and Responses

  CEL-dominant
Group

NEL-dominant
Group

P

Clinical data N = 45 N = 20  

Median age (years, IQR) 59 (51–66) 53 (47–61.75) .053

Sex (M/F) 19/26 12/8 .019

Median KPS at recurrence 80 (80–100) 90 (80–100) .874

MGMT promoter methylation status
(methylated/unmethylated/not available)

18/16/11 5/12/3 .307

Extent of resection at pretreatment surgery     .289

Biopsy 4 1  

Partial/subtotal resection 14 3  

Gross total resection 27 16  

Adjuvant treatment     .002

Bevacizumab 37 9  

Temozolomide 8 11  

Response      

Follow-up periods after adjuvant treatment (median, IQR) 162 (77–311)
days

269 (87–358)
days

.255

Diagnosis of progression up until last visit 39 (86.7%,
[39/45])

17 (85%,
[17/20])

.859

Progression free survival (median, IQR) 97 (59–135)
days

98 (58–207)
days

.738

Progression pattern     .984

Local enhancing progression 17 7  

Diffuse non-enhancing progression 14 7  

Distant progression 8 3  

CEL = contrast enhancing lesion; NEL = non-enhancing lesion; IQR = interquartile range; KPS =
Karnofsky performance status; MGMT = O6-methylguanine-DNA methyltransferase; STR = subtotal
resection; GTR = gross total resection.

Progression Free Survival Strati�ed by Imaging Biomarker
and Secondary Treatment
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Figure 3A demonstrates Kaplan-Meier survival curves for all patients according to secondary treatment. In
the entire patients, the PFS of those treated with bevacizumab was not signi�cantly different from those
treated with temozolomide (log-rank test, P=.96).

Survival outcomes were then assessed separately for the CEL dominant and NEL dominant groups
(Figure 3B and C). In the CEL dominant group, the patients treated with bevacizumab showed longer PFS
than those treated with temozolomide (log-rank test, P=.031). Conversely, in the NEL dominant group, the
patients treated with temozolomide showed longer PFS than those treated with bevacizumab (log-rank
test, P=.022). The univariate Cox proportional hazards regression analysis showed that bevacizumab
was associated with longer PFS in the CEL dominant group (hazard ratio [HR] 0.418, 95% CI 0.184–.951;
P=.038), but shorter PFS in the NEL dominant group (HR 3.386, 95% CI 1.115–10.284; P=.031) (Table 2).

Table 2
Univariate Cox Proportional Hazard Analysis of Prediction of Progression Free Survival in Patients

Strati�ed by Imaging Biomarker and Secondary Treatment

    Hazard ratio 95% CI P-value

Entire patient Bevacizumab 1.082 0.605-1.936 0.790

Temozolomide ref    

CEL-dominant group Bevacizumab 0.418 0.184-0.951 0.038

Temozolomide ref    

NEL-dominant group Bevacizumab 3.386 1.115-10.284 0.031

Temozolomide ref    

Hazard ratios reported here indicate relative change in hazard from 1 unit increases in each treatment.

Prediction of Progression Pattern according to Imaging
Biomarker
In the entire patients, the progression patterns differed signi�cantly according to the secondary treatment
(chi-square test, P=.001). In the patients treated with bevacizumab (n=46), 40 showed progression, of
which 13 showed local enhancing progression, 20 diffuse non-enhancing progression, and 7 distant
progression. In the patients treated with temozolomide (n=19), 16 showed progression, of which 11
showed local enhancing progression, 1 diffuse non-enhancing progression, and 4 distant progression.
However, the progression patterns did not signi�cantly differ according to the initial contrast enhancing
pattern (chi-square test, P=.926).

Derivation of the Imaging Biomarker with Qualitative and
Quantitative Volumetric Analysis
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A histogram showing the distribution of Qwhole tumor and Qsolid tumor in the CEL dominant and NEL
dominant types is shown in Supplementary Figure 1. The average Qwhole tumor in the CEL dominant group
was 13.7% of contrast enhancement in the entire tumor portion (standard deviation [SD], 9.6%; range,
0.1–51.9%), whereas in the NEL dominant group it was 4.3% (SD 5%; range, 0.2–18.7%). Similarly, Qsolid

tumor was 15.1% (SD, 11.2%; range, 0.1–57.8%) in the CEL dominant group and 4.5% (SD, 5.4%; range,
0.2–20.2%) in the NEL dominant group. The volumetry of the CEL group was signi�cantly different to
that of the NEL group (Mann-Whitney test, largest P <.0001).

Discussion
This study investigated the predictive value of the contrast enhancing pattern on pre-treatment MRI for
stratifying patients with IDH-wild type recurrent glioblastoma according to treatment response on anti-
angiogenic treatment. In the CEL dominant group, bevacizumab showed a clear bene�t (longer PFS)
compared with temozolomide, but in the NEL dominant group, bevacizumab showed no bene�t, but
rather harm (shorter PFS) compared with temozolomide. These results suggest that patients with the CEL
dominant type might have a better treatment response to anti-angiogenic treatment, and that the contrast
enhancing pattern seems to be a promising predictive imaging biomarker for pre-treatment strati�cation
of patients according to predicted treatment response on anti-angiogenic treatment.

Contrast enhancing tumor represents the angiogenic component of glioblastoma,, which tends to be
driven by VEGF [22]. Overexpression of VEGF in contrast enhancing tumor promotes angiogenesis,
forming immature tumor vessels with excessive leakiness, which can contribute to disruption of the
blood–brain barrier (BBB) [23, 24]. Furthermore, contrast enhancing tumor is thought to be the site of
increased proteolysis, with the presence of matrix metalloproteinases, destruction of the basement
membrane, and increased vascular density and permeability [16]. Therefore, the combination of increased
VEGF level and e�cient drug delivery with increased vascular permeability and microvascular density in
CEL dominant type glioblastoma might result in favorable treatment outcomes with anti-angiogenic
treatment targeting VEGF signaling. Pope et al. [25] revealed that anti-VEGF therapy suppresses contrast
enhancing tumor more effectively than non-enhancing tumor in the same patient. Liu et al. [26] described
a subgroup of patients with elevated perfusion features (angiogenic subgroup) that were associated with
poor overall survival, but signi�cantly better survival when treated with anti-angiogenic treatment than not
treated.

There are several potential imaging biomarkers for antiangiogenic treatment, with a low pre- or post-
treatment rCBV, low change in rCBV during treatment, low pre-treatment Ktrans, low pre-treatment ADC
values for the lower peak of bimodal histogram anlalysis, and small ADC volume changes during
treatment all indicating a good prognosis [6–9, 27]. However, these observations are limited because the
imaging studies describing them did not include a temozolomide treatment group as a comparison, and
they can only be considered as prognostic markers, rather than predictive markers of treatment.
Furthermore, their predictions were based on advanced MRI techniques (including perfusion-weighted
imaging and diffusion-weighted imaging) or differences in MRI features between pre- and post-treatment
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examinations. Here, we describe a potential predictive imaging biomarker using the contrast enhancing
pattern on conventional MRI for the pre-treatment strati�cation of patients according to the predicted
treatment effect of anti-angiogenic therapy in comparison with temozolomide.

Non-enhancing tumor that appears as T2 FLAIR hyperintensity represents the invasive or migratory
component of glioblastoma, from which viable and proliferating tumor cells invade adjacent highly
vascularized normal tissue [22]. Tumor cells in such areas can co-opt the pre-existent normal vasculature
to acquire their blood supply and metabolic support [28]. These co-opted vessels are refractory to anti-
angiogenic treatment and offer an e�cient escape mechanism against anti-angiogenic therapy [29].
Disruption of the BBB is an important factor in transendothelial diffusion of anticancer agents, because
large molecules have di�culty passing the BBB if it is not fully disrupted [30, 31]. Non-enhancing tumor
tends to have a relatively intact BBB, and this might explain the low treatment e�cacy of bevacizumab
(molecular weight = 149 kDa) in comparison with temozolomide (molecular weight = 194 Da) in patients
with NEL dominant type glioblastoma. Although the importance of non-enhancing tumor in glioblastoma
has been emphasized in recent studies [32, 33], the prognostic and predictive values of non-enhancing
tumor in recurrent glioblastoma are poorly understood. Molecular imaging techniques such as amide
proton transfer imaging [34] may produce helpful imaging biomarkers for NEL after antiangiogenic
therapy, but further study is required to investigate their use as predictive imaging biomarkers for
stratifying patients with NEL dominant type glioblastoma according to treatment response.

In this study, we performed quantitative volumetric analysis using deep learning segmentation, which
segmented the enhancing tumor region, necrotic tumor region, and T2 FLAIR high signal intensity region
on CE-T1WI and FLAIR images. This quantitative analysis matched with the qualitative determination
(index biomarker) of the contrast enhancing pattern, which showed substantial agreement between two
readers. This result suggests that the contrast enhancing pattern is a reliable and reproducible imaging
biomarker that can be generally accepted in multicenter clinical practice.

Radiographic progression patterns have been categorized using standard-of-care imaging into local
enhancing, diffuse non-enhancing, and distant progression types [11, 20]. Our study found the
frequencies of these progression patterns varied depending on the secondary treatment. A substantial
proportion of patients treated with bevacizumab showed diffuse non-enhancing progression, whereas a
substantial proportion of patients treated with temozolomide showed local enhancing progression.
Diffuse non-enhancing progression is promoted by prolonged blockade of vascular proliferation and
tumor escape through vascular co-option, whereas local enhancing progression indicates failure of local
disease control [34]. Several previous studies have shown that anti-VEGF therapy facilitates co-option of
the normal vasculature and tumor invasion, consequently promoting non-enhancing diffuse tumor
in�ltration [35, 36]. Our �ndings are consistent with a previous meta-analysis, in that high-grade glioma
patients tend to show non-local or non-enhancing radiologic patterns of recurrence after bevacizumab
[14], which may suggest that bevacizumab effectively controls local tumor growth, but either fails to
control or actually promotes distant and diffuse recurrences.
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This study has several limitations in addition to those due to its retrospective nature. First, histological
con�rmation was not possible at the time of radiographic progression because of the invasiveness of the
required procedures. Second, the number of patients treated with temozolomide was relatively small
because bevacizumab is the major standard treatment for recurrent glioblastoma in our institution. Third,
we did not incorporate the results of advanced MRI, including DWI and perfusion-weighted imaging,
which increase the diagnostic accuracy of progression and help to assess treatment response. However,
the lack of standardization in advanced imaging protocols has prevented their use as reproducible
imaging biomarkers in multicenter practices.

In conclusion, we found that patients with CEL dominant type recurrent glioblastoma had a better
treatment response to bevacizumab than those with the NEL dominant type. The contrast enhancing
pattern on pre-treatment MRI can be used as a reliable and reproducible imaging biomarker to stratify
patients according to treatment response on anti-angiogenic treatment, and to personalize treatment
planning in patients with IDH wild-type recurrent glioblastoma.
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Figure 1

Flowchart showing the inclusion and exclusion process 
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Figure 2

(A) Representative patient images for classi�cation of contrast enhancing pattern on pre-treatment T2
FLAIR and contrast-enhanced T1-weighted images. A contrast enhancing lesion dominant type is shown
on the left and a non-enhancing lesion dominant type on the right. (B) Representative patient images for
quantitative volumetric analysis. Color code for segmentations: red = necrotic tumor region, green =
enhancing tumor region, blue = T2 FLAIR high signal intensity region. Parameter values were Qwhole tumor,
15.1%, and Qsolid tumor, 15.6% for contrast enhancing lesion dominant type (left); and Qwhole tumor, 0.1%,
and Qsolid tumor, 0.1% for non-enhancing lesion dominant type (right). 
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Figure 3

Kaplan-Meier survival curves for (A) bevacizumab versus temozolomide-treated patients in the entire
patients (n = 65), and (B) CEL dominant type and (C) NEL dominant type patients. Cross-hatches
represent censored data. (A) Strati�cation based on secondary treatment in patients with IDH wild-type
glioblastoma did not result in signi�cant differences in PFS. (B) In patients with CEL dominant type
tumor, survival was better in those treated with bevacizumab (n=37) than in those treated with
temozolomide (n=8). (C) In patients with NEL dominant type tumor, survival was better in those treated
with temozolomide (n=11) than in those treated with bevacizumab (n=9). 
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