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ABSTRACT

Postoperative ischemia is associated with reduced functional independence
measured by karnofsky performance score (KPS), which correlates well with overall
survival. Other studies suggest that postoperative hypoxia might initiate infiltrative
tumor growth. Therefore, aim of this study was to analyze the impact of infarct volume
on overall survival and progression free survival (PFS) of glioblastoma patients.

251 patients with surgery for a newly diagnosed glioblastoma (WHO IV) were
retrospectively assessed. Pre- and postoperative KPS, date of death/last follow-up
and histopathological markers were recorded. Pre- and postoperative tumor volume
and the volume of postoperative infarction were manually segmented.

A significant correlation of infarct volume with postoperative KPS decrease
(P = 0.001) was observed. Infarct volume showed a significant impact on overall
survival (P = 0.014), but not on PFS (P = 0.112) in univariate analysis. This effect
increased in the subgroup of patients with near-total tumor resection (> 90%) (overall
survival: P = 0.006, PFS: P = 0.066). Infarct volume remained as an independent
prognostic factor for overall survival in multivariate analysis (HR 1.013 [1.000-1.026],
P = 0.042) including other prognostic factors (age, extent of resection, postoperative
KPS).

Postoperative infarct volume significantly correlates as an independent factor
with overall survival after glioblastoma surgery. Besides the influence of perioperative
infarction on postoperative KPS, postoperative hypoxia might also have an effect on
tumor biology initiating infiltrative growth and therefore impaired survival.

INTRODUCTION

surgery [7-9]. These postoperative neurological deficits
usually can be explained by the following: surgical
tissue damage, hemorrhage, venous congestion, vessel
occlusion, and consecutive infarction [10]. A recent study
showed that postoperative ischemic changes occur in

Glioblastoma (GB) is the most frequent malignant
brain tumor in adults and, despite recent advances in
therapy, still has a poor overall survival with a 5-year

survival rate of only 5% [1, 2]. Extent of resection and
functional independence after surgery are well-known
prognostic factors and play an important role for overall
survival [3—6]. Therefore, maximum tumor resection
and preservation of motor and language function are
aims of surgery [5, 6]. About 5-19% of patients show
permanent or transient neurological deficits after glioma

31% of newly diagnosed and 80% of recurrent glioma
and have a high impact on neurological outcomes [10].
Due to postoperative changes, formation of scarred tissue,
altered vascular supply, and post radiogenic changes, the
risk of infarction is increased in patients with recurrent
surgery [7, 11]. Karnofsky performance score (KPS)
is an important prognostic factor for patients with
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glioblastoma and is routinely used to assess the functional
independence of tumor patients perioperatively and on
follow-up examinations [12—14]. Postoperative ischemic
changes are associated with neurological deficits and
consecutive reduction of functional independence, as has
been previously assessed by qualitative analysis [10, 15].
Studies showed that impaired postoperative KPS and new
postoperative neurological deficits caused by ischemic
changes are associated with shorter overall survival
[16, 17]. Another recent study showed that postoperative
ischemia was associated with a diffuse tumor recurrence
pattern, which however showed no correlation to overall
survival in this patient cohort but suggests hypoxia as a
factor for tumor growth [18].

Therefore, the aim of this study was to analyze
the impact of postoperative ischemic changes and
postoperative infarct volume on KPS and overall survival/
progression free survival after glioblastoma surgery.

RESULTS

Patient population

251 consecutive patients (100 female, mean age
at initial diagnosis 63.1 years) with surgery for a newly
diagnosed glioblastoma (WHO IV) were retrospectively
included in this study (Table 1). 10 patients received
previous stereotactic biopsy, 1 of these 10 patients also
received radiotherapy prior to surgery at the time of
data acquisition. The median preoperative KPS was 80
(IR 70-90), and the median postoperative KPS was 70
(IR 60—-90). During follow up, 178 out of the 251 patients
died. Median overall survival was 13.0 months (95%
CI 11.4-14.6) after initial diagnosis of a glioblastoma.
221/251 patients presented with recurrent disease.
Recurrent disease was proven by histopathological
analysis in 70/221 cases, according to the RANO criteria
in 49/221 cases, by advanced imaging methods including
O-(2-[18F]-Fluoroethyl)-L-Tyrosine-Positron Emission
Tomography in 22/221 cases and by death in 80/221
cases. Median PFS was 5.8 months (95% CI 4.9-6.7).
Histopathological analysis revealed MGMT-methylation
in 67/167 cases and IDH1/2-mutation in 3/133 cases.

Postoperative ischemia and volumetric
measurements

Postoperative ischemic changes, including also
minor areas with restricted diffusion surrounding the
resection cavity, were present in 226/251 postoperative
MRI scans. Small rim-like infarctions surrounding the
resection cavity were present in 78/251 patients. Median
infarct volume was 2.0 cm?® (IR 0.6-6.9) (Table 2).

Median preoperative tumor volume was 30.7 cm?
(IR 12.9-54.5), while the median volume of residual tumor
after surgery was 0.0 cm® (IR 0.0-0.9). Complete tumor

resection was achieved in 127/251 cases (50.6%), while
95/251 (37.8%) had near-total tumor resection (< 10% of
initial tumor volume) and 29/251 (11.6%) subtotal tumor
resection (> 10% of initial tumor volume). Postoperative
infarct volume significantly differed between patients with
total / near total (> 90%) tumor resection (median 2.5 cm?
[IR 0.6-7.2]) and subtotal (< 90%) tumor resection
(median 1.0 cm?® [IR 0.0-1.8]) (P = 0.004).

No significant correlation of infarct volume to
MGMT-methylation status was observed. Median infarct
volume was 1.6 cm® (IR 0.4-7.6) in cases without MGMT-
methylation and 2.3 cm® (IR 0.6-6.4) in cases with
MGMT-methylation (P = 0.572).

Postoperative karnofsky performance score
(KPS)

Infarct volume was significantly higher in patients
with decreasing KPS after surgery (P = 0.001). Median
infarct volume was 3.1 cm® (IR 0.8-10.1) in patients
with decreasing KPS and 1.5 cm?® (IR 0.4-4.0) in patients
with stable or increasing KPS after surgery. A significant
correlation between postoperative KPS decrease and
infarct volume (» = 0.213, P = 0.001) was observed.
Figure 1 shows the distribution of infarct volume in
patients with or without postoperative KPS decrease.

Overall survival

Univariate model

Univariate analysis using Kaplan-Meier estimates
revealed that the following parameters show a significant
impact on overall survival: extent of resection (P < 0.001)
and postoperative KPS decrease (P =0.001). Significantly
impaired overall survival was observed for patients with
an infarct volume >/= 8 cm® (P = 0.014) (Figure 2).

Analyzing only patients with total and near-total
tumor resection dichotomized infarct volume (P = 0.006)
showed also a significant correlation to overall survival
(Figure 2). This effect remained significant in the subgroup
analysis excluding patients with small rim-like ischemic
changes (P = 0.022) and also in the groups of patients
with total and near-total tumor resection (P = 0.008)
(Supplementary Figure S1).

MGMT-methylation status did not show significant
impact on overall survival in this cohort, however the
MGMT-methylation status is missing in many cases
(P=0.369).

Multivariate model

Multivariate survival analysis was performed
using a proportional hazards regression analysis (Cox
regression model) for the following parameters: age at
initial diagnosis, postoperative KPS (> 80, </= 80), extent
of resection (complete, >/= 90% vs. < 90%), infarct
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Table 1: Baseline patient and tumor characteristics

Age at date of initial diagnosis

63.1 (+/-13.2)

Sex , female 100/251 (39.8%)
KPS preoperative 80 (70-90)
KPS postoperative 70 (60-90)

Postoperative KPS decrease

99/251 (39.4%)

MGMT-methylation 67/167 (40.1%)
Death during FU 178/251 (70.9%)
OS after ID 13.0 months (95% CI 11.4-14.6)

Recurrent disease
PFS after ID

221/251 (88.0%)
5.8 months (95% C1 4.9-6.7)

normally distributed variables shown as mean +/— standard deviation, non-normally distributed as median (interquartile range);
f, female; FU, follow up; OS, overall survival, ID: initial diagnosis.

Table 2: Postoperative ischemia and measurements of pre- and postoperative tumor volume and

volume of postoperative infarction

Postoperative ischemia
Postoperative infarct volume

226/251 (%)
2.0 cm® (0.6-6.9)

Preoperative tumor volume
Postoperative tumor volume
Complete tumor resection
Tumor resection > 90%
Tumor resection < 90%

30.7 cm? (12.9-54.5)
0.0 cm® (0.0-0.9)
127/251 (50.6%)
95/251 (37.8%)
29/251 (11.6%)

Non-normally distributed variables shown as median (interquartile range).

volume (cm?) for all patients and in a second step only for
patients with tumor resection > 90% (extent of resection
as variable was excluded in this analysis).

The multivariate model revealed the known
important variables like age at initial diagnosis (P <0.001,
Hazard ratio (HR): 1.044 [95% CI 1.030-1.059]) and
postoperative KPS (P < 0.001, HR: 0.479 [0.331-0.693])
as significant variables. The hazard ratio for tumor
resection < 90% instead of complete resection was 2.436
[1.538-3.857] (P < 0.001). The hazard ratio for infarct
volume was 1.013 [1.000-1.026] (P = 0.042).

Including only patients with tumor resection
> 90% hazard ratio as well as significance level of infarct
volume increased in multivariate analysis (HR 1.019
[1.005-1.032], P = 0.005), beneath other known
significant parameters like age (HR 1.051 [1.035-1.068],
P < 0.001) and postoperative KPS (HR 0.481
[0.327-0.707], P < 0.001).

Excluding patients with rim-like infarctions
infarct volume just missed statistical significance in
multivariate analysis for all patients (P = 0.063, HR: 1.013
[0.999—1.027]; age: P <0.001, HR: 1.047 [1.030—1.065],
postoperative KPS: P=0.016, HR: 0.562 [0.352—0.900],
extent of resection: P =0.001, HR: 2.533 [1.433—4.477]),
but showed significant results in the subgroup analysis of
patients with tumor resection > 90% (P = 0.007, HR: 1.019

[1.005-1.033]) beneath other significant parameters
such as age (P < 0.001, HR: 1.056 [1.036-1.076]) and
postoperative KPS (P = 0.022, HR: 0.572 [0.355-0.922].

Progression free survival
Univariate model

Extent of resection showed significant impact on
PFS in univariate analysis (P < 0.001). Postoperative
KPS decrease (P = 0.068) as well as dichotomized infarct
volume for all patients (P = 0.112) and for patients with
near-total tumor resection (P = 0.066) missed statistical
significance (Figure 3).

Multivariate model

Multivariate survival analysis was performed
analogous to overall survival including the following
parameters: age at initial diagnosis, extent of resection,
postoperative KPS (> 80, </= 80) and infarct volume
(em?®). Age (HR 1.025 [1.014-1.037], P < 0.001),
postoperative KPS (HR 0.686 [0.498—-0.944], P = 0.021)
and extent of resection (< 90% vs. complete resection;
HR 2.349 [1.504-3.667], P < 0.001) showed significant
impact on PFS, infarct volume was not shown as
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prognostic factor for PFS (HR 1.009 [0.997-1.021],
P =0.158). Similar results were observed for the subgroup
of patients with near-total tumor resection (infarct volume:
HR 1.010[0.997-1.023], P=0.131).

DISCUSSION

Postoperative infarct volume after glioblastoma
surgery is an independent prognostic factor for
postoperative functional independence and for overall
survival, but not for progression free survival. These data
suggest that reduction of infarct volume during gross total
tumor resection in glioblastoma surgery is desirable, not
only to avoid neurological deficits but to improve overall
survival as well. Further these data show that postoperative
ischemia causing hypoxia in the surrounding tissue might
be important for tumor growth.

The incidence of postoperative ischemic changes
varies between 19-80% depending on type of tumor,
tumor grading, or previous surgeries and has a high
impact on postoperative neurological status [10, 19-22].
To prevent ischemic postoperative changes associated

cause. Previous studies classified postoperative ischemic
changes in an attempt to refer the cause of ischemia
[10, 19]. Arterial infarctions corresponding to diffusion
restriction in areas of direct branches of the anterior/
middle/posterior cerebral artery are probably caused by
direct or indirect vessel damage or occlusion. Possible
surgical mechanisms are pressure by the spatula or direct
damage by bipolar coagulation [10, 23]. Infarction in
terminal branches is possibly caused by direct damage
of smaller vessels [10]. Venous infarctions including
hemorrhage were assumed to be direct or indirect damage
of veins causing a congestive ischemic lesion [10].

In this study the volume of postoperative infarction
was measured. In a way that differs from previous studies,
small areas with restricted diffusion surrounding the
resection cavity were measured and also classified as
postoperative infarction. This explains the high incidence
of ischemic changes in this study of about 90%.

A recent study showed that the incidence of
postoperative ischemia was 80% in recurrent glioma
compared to 31% in newly diagnosed glioma [10]. This
is explained by the presence of scar tissue, by different

with neurological deficits, it is important to understand its postoperative vascularization patterns, by vessel
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Figure 1: Distribution of infarct volume in correlation to postoperative KPS dynamic.
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obliteration and reorganization by radiotherapy, which [7, 14, 25]. Postoperative decrease in KPS can occur due

is also used in therapy for arteriovenous malformation to many factors such as edema, hemorrhage, or structural
[10, 24]. In this study we only included patients with damage. Ischemic lesions were shown to have a high
initial tumor diagnosis and excluded patients with previous impact on deterioration of postoperative neurological
surgery to avoid bias to overall survival analysis. Further status and KPS [10]. Studies also showed that ischemic
studies with investigation of the distribution of infarct changes are associated with postoperative neurological
volume between patients with or without recurrent surgery deficits and reduced KPS [10].
might have to be performed. In accordance with these mentioned studies also in
Reduced functional independence classified by this study, worsening of postoperative performance status
the KPS is a known prognostic factor in patients with correlates significantly to ischemic changes. However
glioblastoma [13, 14]. Many factors contribute to the this study also showed that not only the presence of
KPS such as age, comorbidities, and neurological deficits, ischemic changes, but also the volume of ischemic
whether caused by the tumor or by surgical intervention changes correlates to postoperative KPS, suggesting that
A 1004 Infan(:;r\:lg’lume 100 Infan(:;'\'ll%lume
ed™1<8 led™1<8
eed™1>/=8 eed™¥>/=8
St vamored st vmmored
< 807 e < 807 >
§ P=0.014 16
s e s P=0.006
Z <
3 60 a 607
T s
o ]
S 5
2 407 o 40
g kS
3 3
E E
3 3
O 20 O 20
0 0
T T T T T T T U T T
0 20 40 60 80 0 20 a0 60 80
overall survival (months) overall survival (months)

Figure 2: Univariate overall survival analysis using Kaplan-Meier for dichotomized infarct volume in all patients (A)
and for patients with total and near-total tumor resection (> 90%) (B).
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Figure 3: Univariate progression free survival analysis using Kaplan-Meier for dichotomized infarct volume for
patients with total and near-total tumor resection (> 90%)

www.impactjournals.com/oncotarget 61949 Oncotarget



reduction of postoperative infarct volume is important for
postoperative functional independence of glioblastoma
patients.

The influence of many factors on survival of
glioblastoma patients has been well studied in the last
years. Besides molecular markers that are important
for responsiveness to chemotherapy and for overall and
progression free survival [26, 27], one important prognostic
factor is patients’ age. The less favorable outcome in
elderly patients is associated with different tumor biology,
comorbidities, and different therapy strategies [25, 28, 29].
Other important prognostic factors are extent of resection
and pre- and postoperative KPS [5, 6, 13, 14, 16, 17].

The results of this study are in common with these
previous results and reveal age, extent of resection, and
postoperative KPS as the strongest prognostic factors.

Besides these important factors, the postoperative
infarct volume also shows an impact on overall survival
in glioblastoma patients in multivariate analysis
independently of worsening of postoperative KPS.
Hypoxia is known to be a mediator of invasive tumor
growth also in glioblastoma [30-33]. It was recently
shown that ischemia after glioblastoma surgery correlated
to an infiltrative and diffuse tumor recurrence pattern
which is in common with the results of our study [18].
However in this previous study no impact on overall
survival of postoperative infarction was shown, which
might be explained by the lower patient number [18]. The
results of this study suggest in common with this previous
study that postoperative hypoxia could have an influence
on tumor biology, tumor growth and overall survival.
However of note, the prognostic value of postoperative
infarct volume is low compared to the impact of extent of
resection (HR 2.436 compared to 1.013 of infarct volume).
PFS also differed between patients with or without large
infarct volumes, but missed statistical significance in this
study cohort. This might be explained by the fact that
PFS is in contrast to overall survival susceptible to bias
depending on adjuvant therapy, surveillance intervals and
retrospective data analysis. Significance of postoperative
infarct volume on overall survival increased in patients
with total or near-total tumor resection only. This can be
explained by the lower infarct volumes in subtotal tumor
resections due to less (possible) aggressive surgery and
the poor survival of patients with residual tumor. These
results suggest that the reduction of infarct volume is an
important prognostic factor especially for patients with
near-total or total tumor resection.

Postoperative hemorrhage might also have a high
impact on outcome and survival, which might introduce
a bias in these results as the volume of hemorrhage was
not measured in this study. The impact of postoperative
bleeding on overall survival in glioblastoma has to be
assessed in further studies. Furthermore, it is known that
besides the infarct volume, the infarct location has a high
impact on neurological outcome [34, 35]. In particular, in

eloquent brain areas, small infarctions can cause relevant
neurological deficits.

There are several limitations of this study. The main
limitation is the retrospective design. Another limitation
might be the semiautomatic measurement of tumor and
infarct volume. However, manual segmentation and the
Cavalieri method have been shown to be precise and
reliable [36, 37]. To avoid observer bias, measurement
of infarct volume was performed blinded to neurological
outcome and overall survival.

In this study, also small ischemic changes
surrounding the resection cavity were assessed as ischemia,
which might also lead to a bias due to many patients with
only very small infarct volumes. However to avoid this
bias subgroup analysis excluding patients with these rim-
like infarctions was performed and showed similar results.

Another limitation is the fact that methaemoglobin
was not registered in manual segmentation of infarct
volume. However, here we refer to the method of previous
published studies [10, 38].

MATERIALS AND METHODS

This retrospective, non-interventional single-
center study was approved by the local ethics committee
(5625-12). The study was in accordance with the ethical
standards of the 1964 Declaration of Helsinki and its later
amendments [39].

Patient population

From our database 529 consecutive glioblastoma
patients were identified. 251 patients with surgeries for a
newly diagnosed glioblastoma (WHO IV) between May
2008 and September 2015 with preoperative and early
postoperative MRI, including diffusion-weighted images,
were retrospectively included; the others were excluded
due to missing diffusion-weighted images or previous
surgeries. Clinical data, including pre- and postoperative
KPS, the date of initial tumor diagnosis, previous biopsies/
irradiation, were documented for each patient. The date
of death and the date of last contact in alive patients
were recorded. Overall survival and progression free
survival (PFS) were calculated from the date of initial
tumor diagnosis. Date of recurrent disease was assessed
in MR imaging according to the RANO criteria in an
interdisciplinary consensus (neurooncology, neurosurgery,
neuroradiology, radiotherapy). In cases without ensured
recurrence in MRI death was recorded as end point for PFS.

Histopathological analysis was performed according
to the WHO criteria of 2007. All patients included in this
study were diagnosed with a glioblastoma (WHO 1V).

Methylation status of Of-methylguanine DNA
methyltransferase (MGMT) was assessed in 167/251
cases, Isocitratdehydrogenase 1/2- (IDH1/2-) mutation in
133/251 cases.
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Magnetic resonance imaging

MRI scans were performed in the Department of
Neuroradiology at a 3 Tesla MRI scanner, either Philips
Achieva or Philips Ingenia (Philips Medical Systems, The
Netherlands B.V.) or Siemens Verio (Siemens Healthcare,
Erlangen, Germany). Images included diffusion-weighted
imaging or diffusion-tensor imaging, while isotropic
diffusion-weighted images and apparent diffusion
coefficient (ADC) maps were calculated automatically.
To differentiate methaemoglobin from ischemic changes,
either T2weighted (w) gradient echo sequences or T1w
sequences without contrast agent were obtained.

A

Image analysis

Image analysis was performed by a neurosurgeon
(9 years of experience) and a neuroradiologist (6 years of
experience) in consensus, blinded to neurological outcome
and overall survival. Areas of ischemic lesions were
defined by a focal hyperintensity on diffusion-weighted
images and a corresponding hypointensity on ADC maps,
excluding methaemoglobin and postoperative changes as
it was described before [10, 38] (Figure 4).

The volume of the contrast-enhancing tumor part in
the pre- and early postoperative MRI and the volume of
postoperative infarction were manually segmented using

Figure 4: Examples of postoperative ischemic changes. The first row (Figure A and B) shows a large area with restricted diffusion (A)
and corresponding hypointensity in the ADC map (B), the second row a smaller area with restricted diffusion (DWI) (C) and ADC (D) map.
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[Plannet (iPlan 3.0 cranial planning software, Brainlab
AG, Feldkirchen, Germany). Volumetric measures
were based on the Cavalieri principle with unbiased
volume estimates [37], as described before [36]. To
differentiate methaemoglobin from contrast enhancement
in early postoperative MRI, T1w images before and after
contrast injection were compared [40]. In two patients
measurement of the postoperative tumor volume was
not possible due to blurred pictures in 1 case and due to
missing contrast agent in the other case.

Statistical analysis

Statistical analysis, including descriptive data
analysis, was performed using IBM SPSS Statistics
Version 23.0 (SPSS Inc., IBM Corp., Armonk, NY, USA).
Non-normally distributed data are shown as median and
interquartile range (IR), normally distributed variables as
mean and standard deviation. Correlations were performed
using Spearman-rho, differences between groups were
analyzed using the Mann Whitney U test for comparison
of two groups. Overall survival and PFS distributions
were compared using the Kaplan-Meier estimates (Log-
rank) and a Cox proportional hazard regression model for
multivariate survival analysis. Dichotomization of infarct
volume was performed for univariate survival analysis.
Iterative data analysis was performed for dichotomization.
Differences with a type one error probability of less than
0.05 were considered statistically significant.

CONCLUSIONS

Postoperative ischemic changes occur frequently
after glioblastoma resection. Infarct volume is besides
other known factors (age, extent of resection, postoperative
KPS) an important prognostic factor for overall survival.
These results suggest that hypoxia might be a mediator
for invasive tumor growth that is associated with impaired
overall survival.
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DWI: diffusion weighted imaging, FLAIR: fluid
attenuated inversion recovery, MPRage: magnetization
prepared rapid gradient echo, GB: glioblastoma, ADC:
apparent diffusion coefficient, IDH: isocitratdehydrogenase,
MGMT: Of-methylguanin-DNA-methyltransferase, PFS:
progression free survival.

CONFLICTS OF INTEREST

CZ has served on scientific advisory boards for
Philips and Bayer Schering; serves as co-editor on the
Advisory Board of Clinical Neuroradiology; has received
speaker honoraria from Bayer-Schering and Philips
and has received research support and investigator fees

for clinical studies from Biogen Idec, Quintiles, MSD
Sharp & Dome, Boehringer Ingelheim, Inventive Health
Clinical UK Ltd., Advance Cor, Brainsgate, Pfizer, Bayer-
Schering, Novartis, Roche, Servier, Penumbra, WCT
GmbH, Syngis, SSS Internartional Clinical Research, PPD
Germany GmbH, Worldwide Clinical Trials Ltd., Phenox,
Covidien, Actelion, Medivation, Medtronic, Harrison
Clinical Research, Concentric, Penumbra, Pharmtrace,
Reverse Medical Corp., Premier Research Germany Ltd.,
Surpass Medical Ltd. and GlaxoSmithKline. SB, JG
and TH work as consultants for Brainlab (Brainlab AG,
Feldkirchen). All named potential conflicts of interest are
unrelated to this study.

GRANT SUPPORT

JSK received an ERC grant, BW funding from KKF
TU Munich. Both fundings are unrelated to this study.
This study received no financial support.

REFERENCES

1. Ostrom QT, Gittleman H, Liao P, Rouse C, Chen Y,
Dowling J, Wolinsky Y, Kruchko C, Barnholtz-Sloan J.
CBTRUS statistical report: primary brain and central
nervous system tumors diagnosed in the United States in
2007-2011. Neuro Oncol. 2014; 16:iv1-63.

2. Weller M, Cloughesy T, Perry JR, Wick W. Standards of
care for treatment of recurrent glioblastoma--are we there
yet? Neuro Oncol. 2013; 15:4-27.

3. Grabowski MM, Recinos PF, Nowacki AS, Schroeder JL,
Angelov L, Barnett GH, Vogelbaum MA. Residual tumor
volume versus extent of resection: predictors of survival
after surgery for glioblastoma. J Neurosurg. 2014;
121:1115-1123.

4. Keles GE, Chang EF, Lamborn KR, Tihan T, Chang CJ,
Chang SM, Berger MS. Volumetric extent of resection
and residual contrast enhancement on initial surgery as
predictors of outcome in adult patients with hemispheric
anaplastic astrocytoma. J Neurosurg. 2006; 105:34—40.

5. Stummer W, Pichlmeier U, Meinel T, Wiestler OD,
Zanella F, Reulen HJ, Group AL-GS. Fluorescence-
guided surgery with S-aminolevulinic acid for resection
of malignant glioma: a randomised controlled multicentre
phase III trial. Lancet Oncol. 2006; 7:392-401.

6. Stummer W, Reulen HJ, Meinel T, Pichlmeier U,
Schumacher W, Tonn JC, Rohde V, Oppel F, Turowski B,
Woiciechowsky C, Franz K, Pietsch T, Group AL-GS.
Extent of resection and survival in glioblastoma multiforme:
identification of and adjustment for bias. Neurosurgery.
2008; 62:564-576; discussion 564—-576.

7. Chang SM, Parney IF, McDermott M, Barker FG,
Schmidt MH, Huang W, Laws ER, Lillehei KO, Bernstein M,
Brem H, Sloan AE, Berger M, Investigators GO.
Perioperative complications and neurological outcomes of

www.impactjournals.com/oncotarget

61952

Oncotarget



10.

11.

12.

13.

14.

15.

16.

17.

18.

first and second craniotomies among patients enrolled in the
Glioma Outcome Project. Journal of Neurosurgery. 2003;
98:1175-1181.

Fadul C, Wood J, Thaler H, Galicich J, Patterson RH,
Posner JB. Morbidity and Mortality of Craniotomy for
Excision of Supratentorial Gliomas. Neurology. 1988;
38:1374-1379.

Sawaya R, Hammoud M, Schoppa D, Hess KR, Wu SZ,
Shi WM, Wildrick DM. Neurosurgical outcomes in
a modern series of 400 craniotomies for treatment of
parenchymal tumors. Neurosurgery. 1998; 42:1044-1055.
Gempt J, Forschler A, Buchmann N, Pape H, Ryang YM,
Krieg SM, Zimmer C, Meyer B, Ringel F. Postoperative
ischemic changes following resection of newly diagnosed
and recurrent gliomas and their clinical relevance. Journal
of Neurosurgery. 2013; 118:801-808.

Harsh GR, Levin VA, Gutin PH, Seager M, Silver P,
Wilson CB. Reoperation for Recurrent Glioblastoma and
Anaplastic Astrocytoma. Neurosurgery. 1987; 21:615-621.
Jakola AS, Sagberg LM, Gulati S, Solheim O. Perioperative
quality of life in functionally dependent glioblastoma
patients: A prospective study. British journal of neurosurgery.
2015:1-7.

Sacko A, Hou MM, Temgoua M, Alkhafaji A,
Marantidou A, Belin C, Mandonnet E, Ursu R, Doridam J,
Coman I, Levy-Piedbois C, Carpentier AF. Evolution
of the Karnosky Performance Status throughout life in
glioblastoma patients. J Neurooncol. 2015; 122:567-573.

Stark AM, Stepper W, Mehdorn HM. Outcome evaluation in
glioblastoma patients using different ranking scores: KPS,
GOS, mRS and MRC. European journal of cancer care.
2010; 19:39-44.

Jakola AS, Berntsen EM, Christensen P, Gulati S,
Unsgard G, Kvistad KA, Solheim O. Surgically acquired
deficits and diffusion weighted MRI changes after glioma
resection--a matched case-control study with blinded
neuroradiological assessment. PloS one. 2014; 9:¢101805.

Chambless LB, Kistka HM, Parker SL, Hassam-Malani L,
McGirt MJ, Thompson RC. The relative value of
postoperative versus preoperative Karnofsky Performance
Scale scores as a predictor of survival after surgical
resection of glioblastoma multiforme. J Neurooncol. 2015;
121:359-364.

McGirt MJ, Mukherjee D, Chaichana KL, Than KD,
Weingart JD, Quinones-Hinojosa A. Association of
surgically acquired motor and language deficits on overall
survival after resection of glioblastoma multiforme.
Neurosurgery. 2009; 65:463—469; discussion 469—470.
Thiepold AL, Luger S, Wagner M, Filmann N,
Ronellenfitsch MW, Harter PN, Braczynski AK,
Dutzmann S, Hattingen E, Steinbach JP, Senft C,
Rieger J, Bahr O. Perioperative cerebral ischemia promote
infiltrative recurrence in glioblastoma. Oncotarget. 2015;
6:14537-14544. doi: 10.18632/oncotarget.3994.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Gempt J, Krieg SM, Huttinger S, Buchmann N, Ryang YM,
Shiban E, Meyer B, Zimmer C, Forschler A, Ringel F.
Postoperative ischemic changes after glioma resection
identified by diffusion-weighted magnetic resonance
imaging and their association with intraoperative motor
evoked potentials Clinical article. Journal of Neurosurgery.
2013; 119:829-836.

Khan RB, Gutin PH, Rai SN, Zhang L, Krol G,
DeAngelis LM. Use of diffusion weighted magnetic
resonance imaging in predicting early postoperative
outcome of new neurological deficits after brain tumor
resection. Neurosurgery. 2006; 59:60—66; discussion 60—66.
Smith JS, Cha S, Mayo MC, McDermott MW, Parsa AT,
Chang SM, Dillon WP, Berger MS. Serial diffusion-
weighted magnetic resonance imaging in cases of glioma:
distinguishing tumor recurrence from postresection injury.
J Neurosurg. 2005; 103:428-438.

Ulmer S, Braga TA, Barker FG, 2nd, Lev MH,
Gonzalez RG, Henson JW. Clinical and radiographic
features of peritumoral infarction following resection of
glioblastoma. Neurology. 2006; 67:1668—1670.

Thiex R, Hans FJ, Krings T, Sellhaus B, Gilsbach JM.
Technical pitfalls in a porcine brain retraction model. The
impact of brain spatula on the retracted brain tissue in a
porcine model: a feasibility study and its technical pitfalls.
Neuroradiology. 2005; 47:765-773.

van Beijnum J, Bhattacharya JJ, Counsell CE,
Papanastassiou V, Ritchie V, Roberts RC, Sellar RJ,
Warlow C, Al-Shahi Salman R, Scottish Intracranial Vascular
Malformation Study C. Patterns of brain arteriovenous
malformation treatment: prospective, population-based study.
Stroke; a journal of cerebral circulation. 2008; 39:3216-3221.

Arvold ND, Reardon DA. Treatment options and outcomes
for glioblastoma in the elderly patient. Clinical interventions
in aging. 2014; 9:357-367.

Siegal T. Clinical impact of molecular biomarkers in
gliomas. J Clin Neurosci. 2015; 22:437-444.

Wiestler B, Capper D, Hovestadt V, Sill M, Jones DT,
Hartmann C, Felsberg J, Platten M, Feiden W, Keyvani K,
Pfister SM, Wiestler OD, Meyermann R, et al. Assessing
CpG island methylator phenotype, 1p/19q codeletion, and
MGMT promoter methylation from epigenome-wide data
in the biomarker cohort of the NOA-04 trial. Neuro Oncol.
2014; 16:1630-1638.

Wiestler B, Claus R, Hartlieb SA, Schliesser MG,
Weiss EK, Hielscher T, Platten M, Dittmann LM,
Meisner C, Felsberg J, Happold C, Simon M, Nikkhah G,
et al. Malignant astrocytomas of elderly patients lack
favorable molecular markers: an analysis of the NOA-08
study collective. Neuro Oncol. 2013; 15:1017-1026.

Zarnett OJ, Sahgal A, Gosio J, Perry J, Berger MS, Chang S,
Das S. Treatment of elderly patients with glioblastoma:

a systematic evidence-based analysis. JAMA neurology.
2015; 72:589-596.

WWW

.impactjournals.com/oncotarget

61953

Oncotarget



30.

31.

32.

33.

34.

35.

Jensen RL. Brain tumor hypoxia: tumorigenesis, angiogenesis,
imaging, pseudoprogression, and as a therapeutic target.
J Neurooncol. 2009; 92:317-335.

Semenza GL. Hypoxia-inducible factors: mediators of
cancer progression and targets for cancer therapy. Trends in
pharmacological sciences. 2012; 33:207-214.

Vaupel P. Hypoxia and aggressive tumor phenotype: implications
for therapy and prognosis. The oncologist. 2008; 13:21-26.
Yang L, Lin C, Wang L, Guo H, Wang X. Hypoxia and
hypoxia-inducible factors in glioblastoma multiforme
progression and therapeutic implications. Experimental cell
research. 2012; 318:2417-2426.

Saunders DE, Clifton AG, Brown MM. Measurement of
infarct size using MRI predicts prognosis in middle cerebral
artery infarction. Stroke; a journal of cerebral circulation.
1995; 26:2272-2276.

Wu O, Cloonan L, Mocking SJ, Bouts MJ, Copen WA,
Cougo-Pinto PT, Fitzpatrick K, Kanakis A, Schaefer PW,
Rosand J, Furie KL, Rost NS. Role of Acute Lesion
Topography in Initial Ischemic Stroke Severity and Long-
Term Functional Outcomes. Stroke; a journal of cerebral
circulation. 2015; 46:2438-2444.

36.

37.

38.

39.

40.

Gempt J, Bette S, Buchmann N, Ryang YM, Forschler A,
Pyka T, Wester HJ, Forster S, Meyer B, Ringel F. Volumetric
Analysis of F-18-FET-PET Imaging for Brain Metastases.
World neurosurgery. 2015.

Mayhew TM, Olsen DR. Magnetic resonance imaging
(MRI) and model-free estimates of brain volume determined
using the Cavalieri principle. Journal of anatomy. 1991;
178:133-144.

Gempt J, Gerhardt J, Toth V, Huttinger S, Ryang YM,
Wostrack M, Krieg SM, Meyer B, Forschler A, Ringel F.
Postoperative ischemic changes following brain metastasis
resection as measured by diffusion-weighted magnetic
resonance imaging. Journal of Neurosurgery. 2013;
119:1395-1400.

General Assembly of the World Medical A. World Medical
Association Declaration of Helsinki: ethical principles for
medical research involving human subjects. The Journal of
the American College of Dentists. 2014; 81:14—18.

Meyding-Lamade U, Forsting M, Albert F, Kunze S,
Sartor K. Accelerated methaemoglobin formation: potential

pitfall in early postoperative MRI. Neuroradiology. 1993;
35:178-180.

www.impactjournals.com/oncotarget

61954

Oncotarget



