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CLINICAL STUDY
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Abstract
Introduction The aim of the present study is to assess whether postoperative residual non-enhancing volume (PRNV) is 
correlated and predictive of overall survival (OS) in glioblastoma (GBM) patients.
Methods We retrospectively analyzed a total 134 GBM patients obtained from The University of Texas MD Anderson Can-
cer Center (training cohort, n = 97) and The Cancer Genome Atlas (validation cohort, n = 37). All patients had undergone 
postoperative magnetic resonance imaging immediately after surgery. We evaluated the survival outcomes with regard to 
PRNV. The role of possible prognostic factors that may affect survival after resection, including age, sex, preoperative Kar-
nofsky performance status, postoperative nodular enhancement, surgically induced enhancement, and postoperative necrosis, 
was investigated using univariate and multivariate Cox proportional hazards regression analyses. Additionally, a recursive 
partitioning analysis (RPA) was used to identify prognostic groups.
Results Our analyses revealed that a high PRNV (HR 1.051; p-corrected = 0.046) and old age (HR 1.031; p-corrected = 0.006) 
were independent predictors of overall survival. This trend was also observed in the validation cohort (higher PRNV: HR 
1.127, p-corrected  = 0.002; older age: HR 1.034, p-corrected  = 0.022). RPA analysis identified two prognostic risk groups: 
low-risk group (PRNV < 70.2 cm3; n = 55) and high-risk group (PRNV ≥ 70.2 cm3; n = 42). GBM patients with low PRNV 
had a significant survival benefit (5.6 months; p = 0.0037).
Conclusion Our results demonstrate that high PRNV is associated with poor OS. Such results could be of great importance 
in a clinical setting, particularly in the postoperative management and monitoring of therapy.
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Introduction

Due to their poor prognosis and their disastrous impact on 
patients’ quality of life and cognitive function, malignant 
brain tumors are among the most feared types of cancer 
[1]. Glioblastomas (GBMs) are the most common type of 
primary malignant brain tumor, with a mean survival rate 
of 12–15 months with standard treatment, which includes 
maximal safe surgical resection, followed by radiation 
therapy and concomitant and adjuvant chemotherapy [1–3]. 
However, patients’ time to recurrence and overall survival 
varies, suggesting that therapy planning must become more 
individualized. To this end, research has focused on identify-
ing prognostic factors in GBM patients [1, 4, 5].

Young age and high preoperative Karnofsky performance 
status (KPS) are confirmed to be predictors of good prog-
nosis [5–11]. Donato et al. reported that age > 60 years is 
a poor prognostic factor [6]. A retrospective study of 416 
GBM cases identified young age and high preoperative KPS 
as favorable factors in patient survival [8]. Magnetic reso-
nance imaging (MRI) plays an important role in preoperative 
evaluation and monitoring the response to treatment in GBM 
patients [7, 8, 11–15]. Volumetric features identified with 
preoperative imaging have been identified as independent 
prognostic factors, including tumor volume at initial diag-
nosis [11, 16–19]. Iliadis et al. reported that higher preop-
erative enhancing tumor volume was associated with worse 
survival [16]. A higher volume of preoperative peritumoral 
edema/invasion was correlated with poor overall survival 
(OS) [17]. Zinn et al. demonstrated that combining preopera-
tive enhancing tumor volume with age and KPS resulted in 
a robust prognostic model [19]. Postoperatively, the extent 
of resection (EOR), as defined by the residual enhancing 
tumor component, is associated with survival [7, 8, 14], with 
an EOR of > 98% of the enhancing tumor demonstrating a 
better prognosis [8].

The aforementioned studies illustrate the predictive value 
of MRI-based features. The current definition of gross total 
or subtotal resection is based on the enhancing portion of 
the tumor; thus, even in cases of gross total resection, the 
residual edema/invasion non-enhancing component of the 
tumor remains unresected [20]. Furthermore, 80% of recur-
rent GBMs occur within peritumoral T2/fluid-attenuated-
inversion-recovery (FLAIR) hyperintense non-enhancing 
component of GBM (≤ 2 cm from the primary tumor field) 
indicating that this FLAIR hyperintense portion, charac-
terized by a mixture of edema and tumor-infiltrating cells, 
plays an important role in symptoms and tumor progres-
sion [21–23]. Multiple studies have investigated the volume 
of preoperative peritumoral edema/invasion as prognostic 
factor of OS [11, 15, 17, 18, 20, 24]. However, there is 
insufficient knowledge about the independent contribution 

of postoperative residual volume of edema/invasion in 
patient outcome. To date, only one retrospective analysis 
by Grabowski et al. evaluated the impact of postoperative 
residual volume of edema/invasion in patient outcome using 
a single institution patient cohort [14].

The objective of this study was to determine whether the 
postoperative residual non-enhancing volume (PRNV) is 
predictive of GBM patient outcome using a multi-institu-
tional patient cohort. For this purpose, we retrospectively 
analyzed 98 patients from The University of Texas MD 
Anderson Cancer Center (Houston, Texas), and tested the 
final predictive model in a cohort of 37 patients obtained 
from The Cancer Genome Atlas (TCGA).

Materials and methods

Statement of ethics approval

This HIPAA-compliant retrospective study was approved 
by The University of Texas MD Anderson Cancer Center 
review board. All necessary approvals, authorizations, 
human subjects assurances, and informed consent docu-
ments were obtained.

Patient population

In this study, we retrospectively analyzed 134 patients with 
newly diagnosed GBM; all patients that had available post-
operative MRI studies were included. The training cohort 
was comprised of 98 newly-diagnosed GBM patients, 
obtained from The University of Texas MD Anderson Can-
cer Center (MDACC). Individuals were included from 2005 
to 2014. The validation cohort was comprised of 37 patients 
with newly-diagnosed GBM obtained from TCGA (http://
cance rgeno me.nih.gov) and corresponding MRI data from 
The Cancer Imaging Archive (TCIA) (http://www.cance 
rimag ingar chive .net). Patients’ age, sex, and Karnofsky per-
formance status (KPS) score were recorded. For both train-
ing and validation cohorts, both histopathologic confirma-
tion and postoperative MRI studies [at least a FLAIR image 
and a post-gadolinium contrast T1-weighted image (T1WI)] 
were available. All MR images were acquired using typical 
clinical sequences, within the first 72 h after the operation. 
The training and validation cohorts were compared using 
Chi square test for the categorical variables, t-test (two-
tailed) for the continuous variables, Wilcoxon rank-sum test 
for the KPS, and log-rank test for OS.

http://cancergenome.nih.gov
http://cancergenome.nih.gov
http://www.cancerimagingarchive.net
http://www.cancerimagingarchive.net
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Image analysis

For image analysis and segmentation, we used “3D Slicer” 
(version 4.3.1, http://www.slice r.org/), open-source software 
for medical image visualization and post-processing [25, 26]. 
Prior to manual image segmentation, the post-contrast T1WI 
and FLAIR images from each patient were registered to each 
other using affine registration (12 degrees of freedom). Affine 
registration is the standard method of choice for register-
ing anatomical images acquired for the same patient at the 
same time-point, it allows for correction of patient’s motion 
between different sequences without deforming the brain.

The segmented images were reviewed in consensus by two 
neuroradiologists (R.R.C., 9 years of experience, and A.E., 
5 years of experience) who were blinded to clinical data. The 
PRNV was defined as the FLAIR hyperintense portion of the 
tumor that was not enhancing on post-contrast T1WI. Necro-
sis within a residual enhancing tumor was evaluated using the 
post-gadolinium contrast T1WI and was defined as a region 
that did not enhance or that showed diminished enhancement. 
Enhancement was identified in most cases studied. According 
to the literature, approximately 30% of postoperative MRI 
scans show surgically-induced enhancement within the first 
72 h [27]. We were able to differentiate nodular enhance-
ment from surgically-induced reactive enhancement on the 
basis of its radiographic appearance on the post-gadolinium 
contrast T1WI; peripheral enhancement around the resec-
tion cavity reflects postoperative granulation or scar tissue 
(surgically-induced reactive enhancement), whereas larger 
areas of mass-like enhancement reflect residual tumor (nodu-
lar enhancement) (Fig. 1) [28].

Finally, all volumes were calculated by multiplying the 
voxels within the outlined region by the volume of the voxel 
(Fig. 1).

Statistical analysis

We examined the association between PRNV and OS. OS 
was calculated from the time of surgery to the time of death. 
Patients who had no entry for the time of death but had last 
follow-up data were considered alive and were censored at 
the time of last follow-up. We did not evaluate the associa-
tion between PRNV and progression-free survival due to 
insufficient annotation of progression-free survival data.

Factors potentially associated with OS were assessed, 
singly and together, by fitting Cox proportional hazards 
models; a backward elimination procedure was used to 
identify the final model. The performance metrics included 
the estimated hazard ratio (HR), 95% confidence limits 
on HR, and p-values for the significance of HR [29]. 
Although, stepwise methods, such as backward elimi-
nation, are primarily used for determination of the final 
model, their limitations should be acknowledged: (i) they 
only rely on the significance level, (ii) excluded factors 
cannot be re-entered in the final model, thus evaluating 
only a subset of possible models [30].

Recursive partitioning analysis (RPA) was used to 
identify prognostic groups; the classification and regres-
sion trees (CRT) partitioning technique was selected [31, 
32]. OS curves were calculated using the Kaplan–Meier 
method. A log-rank test was used to compare survival 
curves between patient groups; the performance metric 

Fig. 1  Representative magnetic resonance imaging scans and volume 
segmentation. Segmentation of postoperative residual non-enhancing 
component (blue) and residual enhancement (yellow). Left and mid-

dle panel: post-gadolinium contrast T1-weighted. Right panel: fluid 
attenuated inversion recovery (FLAIR) image

http://www.slicer.org/
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was the p-value of the test. All tests were two-sided, and 
p-values were corrected for multiple comparisons using 
the false discovery rate (FDR) approach. P-corrected of 
0.05 or less were considered statistically significant.

Summary statistics and survival analyses were carried 
out using SAS software, version 9.3 (SAS Institute, Cary, 

NC). RPA analysis and plotting were carried out using R 
software, version 3.1.1 (R Foundation, Vienna, Austria; 
rpart package version 4.1-11).

Results

Patient demographics

A total of 134 patients were analyzed in this study (97 
patients from MDACC and 37 patients from TCGA). Their 
characteristics are shown in Table 1. All patients had under-
gone surgical resection and tissue diagnosis. The training 
cohort (MDACC) included 61 men and 36 women who 
were aged 21–84 years at initial diagnosis (average age, 
60.0 years; standard deviation, 13.1 years), and the valida-
tion cohort (TCGA) included 22 men and 15 women aged 
18–80 years (average age, 55.2 years; standard deviation, 
15.1 years). On the basis of postoperative MR images, 40 
patients (41.2%) had nodular enhancement and 5 (5.2%) had 
residual necrotic tissue at MDACC, and 18 patients (48.6%) 
had nodular enhancement and 3 (8.1%) had residual necrotic 
tissue in TCGA. Age, and sex did not statistically differ 
between MDACC and TCGA, while median KPS score was 
significantly higher in MDACC cohort (median KPS score 
90 vs 80 in MDACC and TCGA, respectively, p = 0.0003).

Statistical analysis

At the time of analysis, in the training cohort, 71 patients 
(73.2%) had died and 26 patients (26.5%) were either still 
alive or had been lost to follow-up and thus were categorized 
as censored. The median OS was 1.54 years (95% confi-
dence interval 1.95–2.85 years). In the validation cohort, 
31 patients (84%) had died, with a median OS of 0.97 years 
(95% confidence interval 0.55–1.73 years). The median sur-
vival times in the MDACC cohort were substantially longer 
than were those in the TCGA cohort, as indicated by the 
results of the log-rank test (Table 1; p = 0.0003).

High PRNV is predictive of poor survival

To assess whether volumetric data extracted from the MR 
images and other clinical parameters are independent prog-
nostic factors for OS in GBM patients who have undergone 
surgery, we performed univariate and multivariate analyses 
using the Cox proportional hazards regression model. In 
the training cohort, our univariate results showed that older 
age (HR 1.032, 95% CI 1.013–1.052; p = 0.0009), increased 
PRNV (HR 1.072, 95% CI 1.020–1.127; p = 0.0094), and 
decreased KPS (HR 0.800, 95% CI 0.658–0.970; p = 0.0257) 
were significantly associated with poor prognosis (Table 2). 
The backward elimination process resulted in a model with 

Table 1  Summary of patient demographics and MR characteristics

MDACC  MD Anderson Cancer Center, TCGA  The Cancer Genome 
Atlas, KPS Karnofsky performance status, CI confidence interval, 
PRNV postoperative residual non-enhancing volume
*Indicates significant p-value ≤ 0.05
a p-value is based on Chi square test for categorical variables, two-
sided t-test for continuous variables, Wilcoxon rank-sum test for KPS, 
and log-rank test for OS

Characteristics MDACC TCGA p-valuea

Number of patients 97 37
Sex, n (%) 0.14
 Male 61 (63) 22 (60)
 Female 36 (37) 15 (40)

Age at initial diagnosis 
(years)

0.071

 Average 60.0 55.2
 Standard deviation 13.1 15.1
 Range 21–84 18–80

KPS 0.00033*
 Median 90 80
 Range 50–100 40–100
 Not available 0 patients 2 patients

Overall survival event, n (%) 71 (73.2) 31 (83.8) 0.00313*
 Median 1.54 0.97
 95% CI 1.95–2.85 0.55–1.73

PRNV  (cm3) 0.838
 Mean 71.85 73.91
 Standard deviation 45.98 65.88
 Range 2.73–221.89 2.21–289.80

Nodular enhancement 0.0089*
 Presence, n (%) 40 (41.2) 18 (48.6)
 Mean  (cm3) 3.00 6.61
 Standard deviation  (cm3) 3.43 6.78
 Range  (cm3) 0.17–13.9 0.14–22.0

Surgically induced enhance-
ment

0.36

 Presence, n (%) 63 (64.9) 20 (54.1)
 Mean  (cm3) 1.38 0.96
 Standard deviation  (cm3) 1.94 1.33
 Range  (cm3) 0.05–11.86 0.08–6.11

Necrosis 0.77
 Presence, n (%) 5 (5.2) 3 (8.1)
 Mean  (cm3) 3.19 2.16
 Standard deviation  (cm3) 5.00 3.51
 Range  (cm3) 0.14–12.0 0.09–6.2
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two significant prognostic factors, age and PRNV. In the 
final model, with each year of age increase, the HR increased 
by 3.1% (p-corrected = 0.006, multivariate Cox regression 
analysis) (Table 3). Accordingly, we found that with an 
observed increase in PRNV by 10 cm3, the HR increased 
by 5.1% (p-corrected = 0.046, multivariate Cox regression 
analysis) (Table 3).

We used the TCGA cohort to validate the final model 
obtained using the training cohort (Table 4). Based on our 
findings, the validation cohort replicated the significant 
results obtained from the MDACC cohort (Table 4). Our 
result showed that both age (HR 1.034, 95% CI 1.007–1.063; 
p-corrected = 0.022; multivariate Cox regression analy-
sis) and PRNV (HR 1.127, 95% CI 1.051–1.195; p-cor-
rected = 0.002; multivariate Cox regression analysis) were 
independent predictors of poor prognosis in GBM patients 
who underwent tumor resection (Table 4).

Subsequently, we performed an RPA analysis to identify 
a cut-off value for PRNV that can separate patients in high- 
versus low-risk groups. In the 98 patients in the training 
cohort, we identified 70.2 cm3 as the cut-off value. As shown 
in patients with PRNV > 70.2 cm3 had significantly shorter 
OS durations than did those with PRNV < 70.2 cm3 (median 
OS, 1.22 vs 1.69 years respectively); GBM patients with 
low PRNV (< 70.2 cm3) have a significant survival benefit 
(5.6 months; p = 0.0037, log-rank test) (Fig. 2a). We used 
the same cut-off value derived from the training cohort to 
evaluate the validation cohort. The cut-off value divided the 
patients into two groups: a low-risk group (median survival, 
1.64 years; 95% confidence interval 0.88–2.25 years) and a 
high-risk group (median survival, 0.31 year; 95% confidence 
interval 0.10–0.64 years). There was a significant difference 
in the OS curves (p = 0.0089, log-rank test) (Fig. 2b).

Table 2  Univariate Cox 
proportional hazards model for 
overall survival using training 
cohort (MDACC)

The University of Texas MD Anderson Cancer Center
KPS Karnofsky Performance Scale, PRNV postoperative residual non-enhancing volume, LCI lower confi-
dence interval, UCI upper confidence interval, SD standard deviation
*Marks significant p-values

Prognostic factor Comparison Hazard ratio 95% LCI 95% UCI p-value

Sex Female versus male 0.9714 0.602 1.567 0.905
Age 1 year increase 1.032 1.013 1.052 0.0009*
KPS 10 U increase 0.800 0.658 0.970 0.0257*
PRNV 10 cm3 increase 1.072 1.020 1.127 0.0094*
Nodular enhancement 10 cm3 increase 1.842 0.834 4.080 0.13
Surgically-induced enhancement 10 cm3 increase 0.693 0.195 2.478 0.57
Necrosis 10 cm3 increase 0.951 0.221 4.116 0.95

Table 3  Multivariate Cox 
proportional hazards model for 
overall survival using training 
cohort (MDACC)

The University of Texas MD Anderson Cancer Center
PRNV postoperative residual non-enhancing volume, LCI lower confidence interval, UCI upper confidence 
interval, SD standard deviation
*Marks significant p-values

Prognostic factor Comparison Hazard ratio 95% LCI 95% UCI Uncor-
rected 
p-value

p-corrected (FDR)

Age 1 year increase 1.031 1.011 1.051 0.002* 0.006*
PRNV 10 cm3 increase 1.051 1.000 1.105 0.031* 0.046*

Table 4  Multivariate Cox proportional hazards model for overall survival using validation cohort (TCGA)

The Cancer Genome Atlas
PRNV postoperative residual non-enhancing volume, LCI lower confidence interval, UCI upper confidence interval, SD standard deviation
*Marks significant p-values

Prognostic factor Comparison Hazard ratio 95% LCI 95% UCI Uncorrected p-value p-corrected (FDR)

Age 1 year increase 1.034 1.007 1.063 0.015* 0.022*
PRNV 10 cm3 increase 1.127 1.051 1.195 0.0006* 0.002*
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Discussion

In this study, we demonstrated that the PRNV plays a signifi-
cant role in OS of GBM patients. By examining 135 patients 
from two independent datasets (training cohort: 98 patients; 
validation cohort: 37 patients), we identified a cut-off value 
for PRNV that classifies patients into high and low survival 
groups: GBM patients with low PRNV (< 70.2 cm3) had a 
significant survival benefit (5.6 months; p = 0.0037). Results 
from the multivariate Cox proportional hazards model analy-
sis show that with an observed increase in PRNV of 10 cm3, 
the HR increased by 5.1% (p-corrected = 0.046). Similarly, 
with each year of age increase, the HR increased by 3.1% 
(p-corrected = 0.006). These findings were replicated in 
the validation cohort (higher PRNV: HR 1.127, p-cor-
rected = 0.002; older age: HR 1.034, p-corrected = 0.022). 
None of the other parameters examined in this study were 
statistically significantly associated with OS. In this study, 
we have demonstrated via a thorough analysis, that the 
PRNV can provide meaningful information regarding sur-
vival of GBM patients.

The current standard surgical treatment for patients who 
present with GBM involves maximal safe resection of the 
enhancing portion of the tumor. EOR, such as gross-total 
or subtotal resection, is defined by the extent of removal of 
the enhancing portion of GBM; thus, the latter has been the 
focus of most research. Gross-total resection has long been 
recognized as a favorable prognostic factor [8, 20, 33]. How-
ever, even in these cases, recurrence invariably occurs. GBM 
recurrence primarily occurs in the neighboring area (local 
recurrence) of the primary tumor [23, 34, 35], which argues 
for further examination of the peritumoral non-enhancing 
hyperintense FLAIR area. The peritumoral non-enhancing 
hyperintense FLAIR portion of the tumor, composed of a 
mixture of edema and tumor cellular invasion, harbors infil-
trating tumor cells [21]. With regards to the non-enhancing 
hyperintense FLAIR component, the literature has primarily 
focused on the prognostic impact of the preoperative volume 
of the hyperintense FLAIR component rather than on the 
post-operative residual volume [12, 18].

Surprisingly, before our study only in one retrospective 
analysis, the impact of postoperative residual T2/FLAIR 

volume was directly evaluated [14]. Grabowski et  al. 
reviewed a total of 128 patients and analyzed the survival 
outcome according to preoperative and postoperative MRI 
measures, including postoperative residual T2/FLAIR vol-
ume. While in univariate analysis postoperative residual T2/
FLAIR volume achieved statistical significance, multivariate 
analysis did not confirm, reaching a borderline significance 
of p = 0.10 although the observed trend was in-line with 
our findings [14]. Recently, Li et al. reported that resection 
beyond the contrast-enhancing area results in a better prog-
nosis [36]. Our results confirm this finding (Tables 2, 3) and 
further suggest that the absolute residual volume of the non-
enhancing component of GBM stratifies patients into high 
and low survival groups (Fig. 2). The prognostic value of 
PRNV is in line with our knowledge that infiltrating tumor 
cells are present inside the PRNV region; both tumor cells 
infiltrating deeper in the brain parenchyma and the increase 
in the secretion of vascular endothelial growth factor cause 
a higher T2/FLAIR volume (edema/invasion), which in turn 
leads to more mass effect [22, 37].

Advanced age at the time of diagnosis and decreased 
functional status were also significantly negatively associ-
ated with OS (Tables 2, 3). These findings are in agree-
ment with those of previous studies examining prognostic 
factors for long-term survival [5–10]. On the basis of the 
results of our univariate analysis, younger age and higher 
KPS at presentation are associated with improved outcome 
(HR 1.032; HR 0.800, respectively). Furthermore, the results 
of our multivariate Cox regression analysis confirmed that 
combining PRNV with age could further improve final pre-
dictions (Table 3).

Several studies have highlighted that incomplete resection 
of the enhancing portion of GBM is an unfavorable prog-
nostic factor [7, 14]. Contrary to our expectations, we did 
not find statistical prognostic significance of residual nodu-
lar enhancement, although there was a slight trend towards 
an unfavorable prognosis (Table 2). We anticipate that this 
difference arises from the fact that we examined the actual 
residual volume rather than percentage of resection.

A lower volume of necrosis has been reported as a favora-
ble preoperative survival factor [38]. This finding was not 
replicated in our study (Table 2); however, this is likely 
related to our having focused on postoperative imaging fea-
tures rather than on preoperative features. A stronger expla-
nation for the discordance is that the latter study had more 
women than men. A recent study found that distinct sex-
specific molecular mechanisms drive tumor necrosis and are 
concordant with differences in survival [39]; women with 
high versus low necrosis demonstrate statistically significant 
differences in survival; this difference in survival is not seen 
in men.

There are certain limitations to our study. First, because 
of its retrospective nature, there are inherent difficulties in 

Fig. 2  a Kaplan–Meier analysis survival curves for high versus low 
postoperative residual non-enhancing volume (PRNV) in the train-
ing cohort (MDACC) (low PRNV: PRNV < 70.2  cm3; high PRNV: 
PRNV > 70.2 cm3). Patients with low PRNV (right, solid line, n = 55, 
event = 36) had significantly longer overall survival than did those 
with high PRNV (left, dotted line, n = 43, event = 36). The log-rank 
p-value was 0.0032. b Kaplan–Meier analysis survival curve for high 
versus low PRNV using validation cohort (TCGA). Patients with low 
PRNV (right, solid line, n = 23, event = 20) had significantly longer 
overall survival than did those with high PRNV (left, dotted line, 
n = 14, event = 11). The log-rank p-value was 0.0089

◂
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choosing a homogeneous group in which all of the con-
founding parameters are controlled; for instance, although 
all patients received chemotherapy and radiotherapy varia-
tions we expect variations in the dose and duration. How-
ever, this inherent limitation is well-known and is factored 
in all retrospective studies [40, 41]. Second, being a ret-
rospective study important information, such as molecular 
and genetic characteristics, was not available to review. For 
example the effect of IDH1/2 mutations, which is a known 
factor associated with longer OS, was not investigated in 
this work, since IDH1/2 status was not available for our 
studied population. Additionally, tumor location and how 
this affected the neurosurgeon’s decision to resect the vol-
ume that he/she resected were not evaluated. In addition, 
the EOR and its association with the actual residual tumor 
volume was not investigated. Finally, due to ethical issues 
patients could not be randomly assigned. A study that would 
deliberately randomly assign patients to total, subtotal, or 
partial resection would be unethical. However, further stud-
ies are needed to determine the exact pre- and post-operative 
relationship of non-enhancing hyperintense tumor volume. 
These studies are underway by our research group.

This study showed that a high PRNV is predictive of poor 
OS. The PRNV, along with the well-studied presence of 
residual tumor, can serve as prognostic biomarkers that are 
useable in clinical practice and assist in identifying at-risk 
patients immediately after surgery. Our results may lead to 
the conclusion that expanding safe resection, if not adjacent 
to eloquent brain area, beyond the enhancing tumor border in 
the area of FLAIR abnormality may improve OS and reduce 
the risk of recurrence. Studies with larger sample sizes and 
multicenter participation, which are underway at our institu-
tion, are needed to further evaluate the relationship between 
PRNV and patient mortality, morbidity, and OS.

Acknowledgements We thank The Cancer Genome Atlas and The 
Cancer Imaging Archive initiatives for making the clinical and imag-
ing data publicly available. This research was partially funded by the 
John S. Dunn Sr. Distinguished Chair in Diagnostic Imaging Fund, MD 
Anderson Brain Tumor Center Program, MD Anderson Cancer Center 
startup funding, and the Cancer Prevention and Research Institute of 
Texas Individual Investigator Research Award (RP160150).

Compliance with ethical standards 

Conflict of interest The authors declare no conflict of interest.

References

 1. Omuro A, DeAngelis LM (2013) Glioblastoma and other malig-
nant gliomas: a clinical review. Jama 310:1842–1850

 2. Louis DN, Ohgaki H, Wiestler OD, Cavenee WK, Burger PC, 
Jouvet A, Scheithauer BW, Kleihues P (2007) The 2007 WHO 

classification of tumours of the central nervous system. Acta Neu-
ropathol 114:97–109

 3. Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B, 
Taphoorn MJ, Belanger K, Brandes AA, Marosi C, Bogdahn U 
et al (2005) Radiotherapy plus concomitant and adjuvant temo-
zolomide for glioblastoma. N Engl J Med 352:987–996

 4. Rivera AL, Pelloski CE, Sulman E, Aldape K (2008) Prognos-
tic and predictive markers in glioma and other neuroepithelial 
tumors. Curr Probl Cancer 32:97–123

 5. Buckner JC (2003) Factors influencing survival in high-grade 
gliomas. Semin Oncol 30:10–14

 6. Donato V, Papaleo A, Castrichino A, Banelli E, Giangaspero F, 
Salvati M, Delfini R (2007) Prognostic implication of clinical 
and pathologic features in patients with glioblastoma multiforme 
treated with concomitant radiation plus temozolomide. Tumori 
93(3):248–256

 7. Chaichana KL, Chaichana KK, Olivi A, Weingart JD, Bennett 
R, Brem H, Quinones-Hinojosa A (2011) Surgical outcomes for 
older patients with glioblastoma multiforme: preoperative factors 
associated with decreased survival. J Neurosurg 114:587–594

 8. Lacroix M, Abi-Said D, Fourney DR, Gokaslan ZL, Shi W, 
DeMonte F, Lang FF, McCutcheon IE, Hassenbusch SJ, Holland 
E et al (2001) A multivariate analysis of 416 patients with glio-
blastoma multiforme: prognosis, extent of resection, and survival. 
J Neurosurg 95(2):190–198

 9. Filippini G, Falcone C, Boiardi A, Broggi G, Bruzzone MG, 
Caldiroli D, Farina R, Farinotti M, Fariselli L, Finocchiaro G et al 
(2008) Prognostic factors for survival in 676 consecutive patients 
with newly diagnosed primary glioblastoma. Neuro-oncology 
10:79–87

 10. Tait MJ, Petrik V, Loosemore A, Bell BA, Papadopoulos MC 
(2007) Survival of patients with glioblastoma multiforme has not 
improved between 1993 and 2004: analysis of 625 cases. Br J 
Neurosurg 21:496–500

 11. Pope WB, Sayre J, Perlina A, Villablanca JP, Mischel PS, 
Cloughesy TF (2005) MR imaging correlates of survival in 
patients with high-grade gliomas. AJNR Am J Neuroradiol 
26(10):2466–2474

 12. Al-Okaili RN, Krejza J, Wang S, Woo JH, Melhem ER (2006) 
Advanced MR imaging techniques in the diagnosis of intraaxial 
brain tumors in adults. Radiographics 26(Suppl 1):S173–S189

 13. Wen PY, Macdonald DR, Reardon DA, Cloughesy TF, Sorensen 
AG, Galanis E, Degroot J, Wick W, Gilbert MR, Lassman AB 
et al (2010) Updated response assessment criteria for high-grade 
gliomas: response assessment in neuro-oncology working group. 
J Clin Oncol 28(11):1963–1972

 14. Grabowski MM, Recinos PF, Nowacki AS, Schroeder JL, Angelov 
L, Barnett GH, Vogelbaum MA (2014) Residual tumor volume 
versus extent of resection: predictors of survival after surgery for 
glioblastoma. J Neurosurg 121:1–9

 15. Hess KR (1999) Extent of resection as a prognostic variable in the 
treatment of gliomas. J Neurooncol 42:227–231

 16. Iliadis G, Kotoula V, Chatzisotiriou A, Televantou D, Eleftheraki 
AG, Lambaki S, Misailidou D, Selviaridis P, Fountzilas G (2012) 
Volumetric and MGMT parameters in glioblastoma patients: sur-
vival analysis. BMC Cancer 12:3

 17. Schoenegger K, Oberndorfer S, Wuschitz B, Struhal W, Hain-
fellner J, Prayer D, Heinzl H, Lahrmann H, Marosi C, Grisold 
W (2009) Peritumoral edema on MRI at initial diagnosis: an 
independent prognostic factor for glioblastoma? Eur J Neurol 
16(7):874–878

 18. Zinn PO, Mahajan B, Sathyan P, Singh SK, Majumder S, Jolesz 
FA, Colen RR (2011) Radiogenomic mapping of edema/cellular 
invasion MRI-phenotypes in glioblastoma multiforme. PLoS ONE 
6:e25451



133Journal of Neuro-Oncology (2018) 139:125–133 

1 3

 19. Zinn PO, Sathyan P, Mahajan B, Bruyere J, Hegi M, Majumder S, 
Colen RR (2012) A novel volume-age-KPS (VAK) glioblastoma 
classification identifies a prognostic cognate microRNA-gene sig-
nature. PLoS ONE 7:e41522

 20. Stummer W, Reulen HJ, Meinel T, Pichlmeier U, Schumacher 
W, Tonn JC, Rohde V, Oppel F, Turowski B, Woiciechowsky C 
et al (2008) Extent of resection and survival in glioblastoma mul-
tiforme: identification of and adjustment for bias. Neurosurgery 
62(3):564–576 (discussion 564–576)

 21. Stummer W (2007) Mechanisms of tumor-related brain edema. 
Neurosurg Focus 22(5):E8

 22. Lin ZX (2013) Glioma-related edema: new insight into molecu-
lar mechanisms and their clinical implications. Chin J Cancer 
32(1):49–52

 23. Brandes AA, Tosoni A, Franceschi E, Sotti G, Frezza G, Amistà 
P, Morandi L, Spagnolli F, Ermani M (2009) Recurrence pat-
tern after temozolomide concomitant with and adjuvant to radio-
therapy in newly diagnosed patients with glioblastoma: corre-
lation with MGMT promoter methylation status. J Clin Oncol 
27(8):1275–1279

 24. Albert FK, Forsting M, Sartor K, Adams HP, Kunze S (1994) 
Early postoperative magnetic resonance imaging after resection of 
malignant glioma: objective evaluation of residual tumor and its 
influence on regrowth and prognosis. Neurosurgery 34(1):45–60 
(discussion 60–41)

 25. Fedorov A, Beichel R, Kalpathy-Cramer J, Finet J, Fillion-Robin 
JC, Pujol S, Bauer C, Jennings D, Fennessy F, Sonka M et al 
(2012) 3D Slicer as an image computing platform for the Quanti-
tative Imaging Network. Magn Reson Imaging 30:1323–1341

 26. Valeri G, Mazza FA, Maggi S, Aramini D, La Riccia L, Maz-
zoni G, Giovagnoni A (2014) Open source software in a practical 
approach for post processing of radiologic images. Radiol Med 
120:309–323

 27. Lescher S, Schniewindt S, Jurcoane A, Senft C, Hattingen E 
(2014) Time window for postoperative reactive enhancement after 
resection of brain tumors: less than 72 hours. Neurosurg Focus 
37(6):E3

 28. Oser AB, Moran CJ, Kaufman BA, Park TS (1997) Intracranial 
tumor in children: MR imaging findings within 24 hours of cra-
niotomy. Radiology 205(3):807–812

 29. Schumacher M, Binder H, Gerds T (2007) Assessment of sur-
vival prediction models based on microarray data. Bioinformatics 
23(14):1768–1774

 30. Clark TG, Bradburn MJ, Love SB, Altman DG (2003) Survival 
analysis part IV: further concepts and methods in survival analy-
sis. Br J Cancer 89(5):781–786

 31. Park C-K, Lee S-H, Han JH, Kim C-Y, Kim D-W, Paek SH, Kim 
DG, Heo DS, Kim IH, Jung H-W (2009) Recursive partitioning 
analysis of prognostic factors in WHO grade III glioma patients 
treated with radiotherapy or radiotherapy plus chemotherapy. 
BMC Cancer 9(1):450

 32. Alkhasawneh MS, Ngah UK, Tay LT, Mat Isa NA, Al-Batah MS 
(2014) Modeling and testing landslide hazard using decision tree. 
J Appl Math 2014:9

 33. Nestler U, Lutz K, Pichlmeier U, Stummer W, Franz K, Reulen 
HJ, Bink A (2014) Anatomic features of glioblastoma and their 
potential impact on survival. Acta Neurochir 157:179–186

 34. Ogura K, Mizowaki T, Arakawa Y, Ogura M, Sakanaka K, Miy-
amoto S, Hiraoka M (2013) Initial and cumulative recurrence 
patterns of glioblastoma after temozolomide-based chemoradio-
therapy and salvage treatment: a retrospective cohort study in a 
single institution. Radiat Oncol 8:97

 35. Hou LC, Veeravagu A, Hsu AR, Tse VC (2006) Recurrent glio-
blastoma multiforme: a review of natural history and management 
options. Neurosurg Focus 20(4):E5

 36. Li YM, Suki D, Hess K, Sawaya R (2015) The influence of maxi-
mum safe resection of glioblastoma on survival in 1229 patients: 
can we do better than gross-total resection?. J Neurosurg 124:1–12

 37. Lin ZX, Yang LJ, Huang Q, Fu J (2010) Activated vascular 
endothelia regulate invasion of glioma cells through expression 
of fibronectin. Chin Med J 123(13):1754–1761

 38. Hammoud MA, Sawaya R, Shi W, Thall PF, Leeds NE (1996) 
Prognostic significance of preoperative MRI scans in glioblastoma 
multiforme. J Neurooncol 27(1):65–73

 39. Colen RR, Wang J, Singh SK, Gutman DA, Zinn PO (2015) Glio-
blastoma: imaging genomic mapping reveals sex-specific onco-
genic associations of cell death. Radiology 275(1):215–227

 40. Verhaak RG, Hoadley KA, Purdom E, Wang V, Qi Y, Wilkerson 
MD, Miller CR, Ding L, Golub T, Mesirov JP et al (2010) Inte-
grated genomic analysis identifies clinically relevant subtypes of 
glioblastoma characterized by abnormalities in PDGFRA, IDH1, 
EGFR, and NF1. Cancer cell 17(1):98–110

 41. Brennan CW, Verhaak RG, McKenna A, Campos B, Noushmehr 
H, Salama SR, Zheng S, Chakravarty D, Sanborn JZ, Berman SH 
et al (2013) The somatic genomic landscape of glioblastoma. Cell 
155(2):462–477


	Multi-center study finds postoperative residual non-enhancing component of glioblastoma as a new determinant of patient outcome
	Abstract
	Introduction 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Statement of ethics approval
	Patient population
	Image analysis
	Statistical analysis

	Results
	Patient demographics
	Statistical analysis
	High PRNV is predictive of poor survival

	Discussion
	Acknowledgements 
	References


