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Objective: The exact role of the extent of resection or residual tumor volume on overall
survival in glioblastoma patients is still controversial. Our aim was to create a statistical
model showing the association between resection extent/residual tumor volume and
overall survival and to provide a nomogram that can assess the survival benefit of
individual patients and serve as a reference for non-randomized studies.

Methods: In this retrospective multicenter cohort study, we used the non-parametric
Cox regression and the parametric log-logistic accelerated failure time model in patients
with glioblastoma. On 303 patients (training set), we developed a model to evaluate the
effect of the extent of resection/residual tumor volume on overall survival and created a
score to estimate individual overall survival. The stability of the model was validated by
20-fold cross-validation and predictive accuracy by an external cohort of 253 patients
(validation set).

Results: We found a continuous relationship between extent of resection or residual
tumor volume and overall survival. Our final accelerated failure time model (pseudo
R2 = 0.423; C-index = 0.749) included residual tumor volume, age, O6-methylguanine-
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DNA-methyltransferase methylation, therapy modality, resectability, and ventricular wall
infiltration as independent predictors of overall survival. Based on these factors, we
developed a nomogram for assessing the survival of individual patients that showed a
median absolute predictive error of 2.78 (mean: 1.83) months, an improvement of about
40% compared with the most promising established models.

Conclusions: A continuous relationship between residual tumor volume and overall
survival supports the concept of maximum safe resection. Due to the low absolute
predictive error and the consideration of uneven distributions of covariates, this model is
suitable for clinical decision making and helps to evaluate the results of
non-randomized studies.
Keywords: glioblastoma, extent of resection, residual tumor volume, prognostic survival model, accelerated failure
time, nomogram, reference
INTRODUCTION

Glioblastoma (GBM) is a prognostically unfavorable primary
brain tumor with an incidence rate of 3.2 per 100,000
population, representing 14.5% of all primary brain tumors
(1). The standard of care remains tumor resection followed
by radiation therapy with concomitant and adjuvant
temozolomide (TMZ) (2).

Several prognostic factors have been described that
significantly influence and predict survival, e.g., methylation of
the promoter region of the O6-methylguanine-DNA-
methyltransferase (MGMT) gene, extent of resection (EOR),
treatment regimen, age, and assessment scores as Karnofsky
performance status (KPS) (3–7). However, neurosurgeons and
neuro-oncologists can only influence the EOR (8, 9) and the
treatment regimen (2) to a limited extent. Although the EOR is
one of the key elements of treatment in GBM, its exact role is still
controversial due to the lack of prospective randomized clinical
trials and contradictory retrospective studies and interpretations
(3–5, 10–12). Different thresholds for a clinically significant effect
were proposed, ranging from about 70% to complete resection of
the contrast-enhancing tumor (3, 5, 10–12). More importantly,
based on these results, it was concluded that resection might only
be indicated if the respective thresholds can be achieved. In
contrast, Marko et al. proposed a continuous relationship of EOR
and survival times, showing that any degree of tumor resection is
beneficial, and concluded that a maximum safe resection is
generally indicated (4). Marko et al. were the first group to
present data based on a parametric model of survival analysis,
the accelerated failure time (AFT) model, instead of the
commonly used semiparametric proportional hazard models.
They suggested that their model had better explanatory
capacity for survival prediction than other published models
time; APE, absolute predictive error;
e; EOR, extent of resection; GBM,
nase; KPS, Karnofsky performance
ethyltransferase; OS, overall survival;
olomide.

2

based on recursive partitioning analysis or resection thresholds
(3, 5, 10–12).

In this study, we wanted to i) validate the concept of a
continuous relationship of EOR and survival suggested by the
parametric AFT model; ii) extend the introduced AFT model by
considering molecular prognostic biomarkers [methylation of
MGMT and mutations of isocitrate dehydrogenase (IDH)] and
radiological/surgical predictors for survival prediction;
iii) compare the explanatory power of the AFT model with
different Cox proportional hazard models; iv) provide a reliable
nomogram for predicting survival; and v) evaluate the model for
clinical applicability in an independent cohort.
METHODS

Study Design
This is a retrospective multicenter cohort study addressing the
relationship of EOR and overall survival (OS) in adult patients
with newly diagnosed IDH wild-type GBM. The models were
developed on the basis of a patient cohort of one of the three
involved centers, which served as a training set (n = 303). The
other patients were combined as a cohort to externally validate
the final statistical models (validation set, n = 253). The clinical
endpoint OS was evaluated by univariate and multivariable Cox
regression analyses and AFT model. The different models were
cross-validated and compared by their coefficients of
determination (pseudo R2) and concordance indices (C-
indices). Based on the b-coefficients from the AFT model, a
score was derived from convincing predictors by means of a
nomogram, and a score-related prediction model for OS
was developed.
Data Collection and Study Population
We included all adult patients (age ≥ 18 years) with newly
diagnosed GBM treated at one of the study centers from
January 2006 to December 2014. The institutional ethics
committees of three universities approved the study. The
following variables were obtained for each patient: gender, age
December 2021 | Volume 11 | Article 748691
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at diagnosis, molecular markers (mutations of IDH and
methylation of MGMT), KPS, tumor location, preoperative
tumor volume, residual tumor volume (RTV), white matter
infiltration related to ventricles (contrast-enhanced tumor
infiltration of ventricle wall: yes or no), eloquent brain regions
(dominant side of Wernicke’s and Broca’s speech area and
inferior parietal lobule “Geschwind’s” region; both sides of the
primary motor, sensory, and visual cortices), postoperative
deficits on the day of discharge (median d6), treatment
modality, use of steroids, time of surgery, time of tumor
progression according to Response Assessment in Neuro-
Oncology (RANO), death, and last visit. MGMT was
determined locally in the different centers without central
assessment. MRI within 72 h after surgery assessed RTV by
comparing T1-weighted images with and without contrast
enhancement. We used Brainlab (BrainLAB AG, Feldkirchen,
Germany) for volumetric analyses. Patients with an IDH
mutation, incomplete data sets (e.g., missing postoperative
MRI and missing molecular markers), or participation in
therapy arms of clinical trials were excluded.

Statistical Analyses
Only patients with complete data sets were included in the analyses;
patients with incomplete data sets were excluded. First, we
performed univariate Cox regressions to identify potential
variables that have an impact on OS. Variables were analyzed
using the full spectrum of continuous variables but were also
categorized (age, KPS, EOR, and RTV) by classification and
regression tree (CART) analyses or by common thresholds
according to literature: age (≤50 vs. >50 to ≤70 vs. >70 years);
KPS (≥90 vs. <90); EOR (100%, 98%, 95%, and 80%), and RTV (0,
≤1, 1–10, and >10 cm3). We introduced a new variable called
“resectability”. We stratified patients into “good” or “bad” resectable
with respect to tumor locations that were significantly associated
with worse survival in univariate Cox regressions. Tumors were
defined as bad resectable if the tumor was in a diencephalic location,
a thalamic location, the basal ganglia, or brain stem or if the tumor
was multicenter; otherwise, it is was defined as good resectable.
Multicollinearity between the identified risk factors was excluded.

Variables that showed hazard ratios (HRs) with p-values ≤0.1
were used to perform multistep Cox regressions with
bidirectional elimination. The proportional hazard assumption
was confirmed by analyzing Schoenfeld residuals and Rho
statistics. Models were internally validated by 20-fold cross-
validation. The goodness of fit was assessed by estimating the
Cox–Snell pseudo R2, which corresponds to the level of variation
that is explained by the regression model. Furthermore,
the C-index was determined, which is a generalization of the
area under the receiver operating characteristic curve that
measures the model’s discrimination power (see document,
Supplementary File 1, which explains the whole development
of the statistical models, Model design “1.1–1.3,” pp. 1–7).

The most promising EOR model was determined by several
multivariable Cox regressions considering different absolute and
relative RTV thresholds (see document, Supplementary File 1,
Appendix—Comparison of different EOR models “4.1–4.9,” pp.
22–29).
Frontiers in Oncology | www.frontiersin.org 3
Log-logistic AFT models were performed based on selected
factors from Cox models. The assumption of a log-logistic
distribution was tested and confirmed. The AFT model was also
internally validated by 20-fold cross-validation. Residuals were
calculated for the comparison of the predicted and observed OS
(see document, Supplementary File 1, Model design 1.4, pp. 8–
11). The final AFT model with categorical variables was used to
create a score from a nomogram based on the b-coefficients, which
was again validated by log-logistic regression (see document,
Supplementary File 1, Scoring for survival “2,” pp. 12–14).
Finally, AFT models of a) categorical predictors and b) the
derived score were validated by an external patient cohort by
comparing the mean and median absolute predictive error (APE),
the Cox–Snell pseudo R2, and C-index of models and external
validations (see document, Supplementary File 1, Model
validation on external data “3,” pp. 15–18). JMP 12.2 (SAS
Institute Inc., Cary, NC; https://www.jmp.com/en_us/home.
html) and some functions from R (13) and R package rms (14)
were used for the statistical analyses.
RESULTS

Patients and Overall Survival
Out of 392 IDH wild-type GBM patients who were treated in our
hospitals between 2006 and 2014, 303 patients had complete data
sets and were available as a training set for multivariable regressions.
Eighty-nine patients were excluded because of missing MRI data
(n = 48), inclusion in study arms of prospective studies (n = 36), and
missingMGMT status (n = 13). At the time of analysis, 254 patients
had died (84%), 26 were still alive (8.5%), and 23 were lost to follow-
up (7.5%). Patient characteristics are presented in Supplementary
File 2. The median OS was 15.0 months (95% CI 13–16), and the
median time to progression was 8.4 months (95% CI 7.4–9.2).
Estimations of OS rates are shown in Figure 1 as Kaplan–Meier,
Cox regression, and log-logistic regression survival curves; and the
table in Supplementary File 3 illustrates the OS Kaplan–Meier
estimates. There is a trend in regression curves towards
underestimating longer survival compared with Kaplan–Meier,
especially in Cox regression.
FIGURE 1 | Overall survival curves. Overall survival shown in Kaplan–Meier
estimates and derived from Cox regression and log-logistic regression.
December 2021 | Volume 11 | Article 748691
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Relationship Between Residual Tumor
Volume and Overall Survival
The parametric AFT model allows the prediction and
visualization of the relationship of clinically relevant
parameters in addition to point estimates for individual
survival times. Figure 2 illustrates the continuous almost linear
relationship between EOR and the median predicted OS. Table 1
shows the parameters of the logistic regression model. The
coefficient of RTV (−0.0127) can be used to calculate the
estimated OS as a function of residual tumor size. For
example, an RTV of 10 cm3 leads to a shortening in survival
time by a factor of 0.88 [exp (−0.0127 × 10)].

Model Development and Validation
Univariate Cox regressions suggested age, RTV, EOR,
methylation of MGMT, KPS, therapy modality, resectability,
and white matter infiltration relating to ventricles to be
significant predictors of OS. Eloquence, the use of preoperative
steroids, and recurrent surgery were, i.a., not significant factors
for OS. Multivariable Cox and log-logistic regressions confirmed
continuous variables age and RTV and methylation of MGMT,
postoperative therapy modality, resectability, and white matter
infiltration relating to ventricles as possible predictors of OS. In
contrast, KPS was excluded because it had no independent effect
on OS. Age and RTV were grouped into three categories. For the
complete model development, see document, Supplementary
File 1, which explains the whole development of the
statistical models.

The final AFT model was tested against the null model
(c2 = 166.09; <0.0001, Table 2).

The model demonstrated a pseudo R2 of 0.423, which is the
amount of variation of OS that is explained by our regression
model, thereby explaining its goodness of fit. The C-index, which
is the proportion of all pairs of cases where the case with
empirically shorter survival times also has a higher predicted
risk (hazard) and thus can be interpreted as a measure of the
predictive power of the model, was 0.749, indicating a good
model. The internal validation by 20-fold cross-validation shows
after correction for optimism a pseudo R2 of 0.428 and a C-index
of 0.755, which is very close to the final model demonstrating the
stability of the estimates. The median deviation of 0.95 months
(mean 0.30 months) is low; i.e., the model applies to the observed
Frontiers in Oncology | www.frontiersin.org 4
data. However, individual deviations can be quite high, and there
is a trend towards underestimating longer survival. For external
validity assessment, a novel external data set of 253 patients was
available, of which 191(76%) had died at the time of analysis and
62 (24%) were still alive or lost to follow-up. Snell’s pseudo R2 of
this model was 0.271 and C-index 0.686, resulting in a median
APE of 2.63 months (mean: 1.81 months).

The parametric AFT model allows the prediction and
visualization of the relationship of clinically relevant
parameters in addition to point estimates for individual
survival times. Figure 2 illustrates the continuous almost linear
relationship between EOR and the median predicted OS.

The Nomogram Established
A nomogram to estimate individual survival probabilities was
built using the final AFT model (Figure 3). Median survival and
survival rates at 12, 24, and 60 months are obtained from
drawing a perpendicular line from the “Total points” axis to
the outcome axes. Up to 34 points are possibly given with the
best score of 34 and the worst score of 0 points. Alternatively, the
score can also be calculated by summing up the score value for
each variable (see Table 3, showing the scores of each category of
predictors for OS) and reading out the survival probabilities in
Figure 4. For clinical examples, see Supplementary File 4.
DISCUSSION

We evaluated the effects of EOR on survival using non-
parametric and parametric survival models, demonstrated the
advantages and limitations of the AFT model, and provided an
improved nomogram-based prediction model. We also found a
continuous relationship between EOR and survival, as suggested
by Marko et al. (4). By additionally considering molecular
markers (IDH and MGMT), resectability, and the extent of
white matter infiltration, we were able to improve the AFT
model (pseudo R2 = 0.31 to pseudo R2 = 0.42) and to reduce
the APE by about 1.8 months from a median of 4.42 months to a
median of 2.63 months compared with the model of Marko et al.
(4). We developed a clinically applicable nomogram to predict
survival times (C-index = 0.69) with an APE of a median of 2.78
months or a mean of 1.8 months. The developed models show an
FIGURE 2 | Relationship between residual tumor volume (RTV) and overall survival (OS). Relationship between predicted OS and RTV or extent of resection (EOR)
as single predictors in a log-logistic regression model. Both curves show a continuous, nearly linear relationship and run in parallel with a better prognosis for relative
RTV (EOR), suggesting that preoperative tumor size also may have an effect on OS.
December 2021 | Volume 11 | Article 748691
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improvement of about 40% compared with the most promising
currently established model (4). Finally, we present that despite
the further improvement of the model to estimate individual
survival times, the model is still not sufficient to reliably predict
individual survival times but is suitable to facilitate clinical
decision making and to predict the mean/median survival in
smaller groups of patients, e.g., for phase 1/2 trials.

Predictors of Overall Survival in
Glioblastoma
To estimate the actual impact of the different predictors of survival,
all covariates that affect survival must be identified and integrated
into the multivariable regression. Among numerous clinical,
radiological, and molecular factors (Supplementary File 2), only
seven factors demonstrated a significant effect on OS in univariate
regressions and were reduced to six factors in our final
multivariable models (Tables 1, 2). Our data confirm that
Frontiers in Oncology | www.frontiersin.org 5
younger age at diagnosis, higher EOR or lower RTV, methylated
MGMT, and postoperative combined radiochemotherapy or
radiotherapy compared with chemotherapy are favorable
predictors of survival as previously suggested (4, 7, 15). In
contrast to Gittleman et al., KPS and gender had no
independent impact on OS in our patient cohort in accordance
with the observations of Marko et al. and Gorlia et al. (4, 7, 15). In
univariate regression, KPS was also a significant predictor of OS.
The multivariate regression showed that KPS was not an
independent predictor of survival when the other variables in
our model were included. Because it is a multidimensional process,
we cannot explain the reason for this precisely but can only
speculate. Because most of the other identified variables (age,
therapy, extent of resection, MGMT status) are generally also
taken into account in other studies, we might speculate that the
variable “resectability” newly introduced in our model is
responsible. If the differences observed in KPS are explained to a
TABLE 2 | Final survival model of the prognostic score.

Characteristic Final AFT model

Coefficient§ SE AF p

Intercept 3.2403 0.2046 <0.0001
RTV >10 to ≤20 cm3 −0.4717 0.1905 0.624 0.0133
RTV >20 cm3 −0.7840 0.1498 0.457 <0.0001
Age >50 to ≤70 −0.3057 0.1169 0.734 0.0089
Age >70 −0.4798 0.1624 0.619 0.0031
MGMT, unmethylated −0.4131 0.0834 0.662 <0.0001
Radiotherapy 0.1512 0.1570 1.170 0.3356
Radiochemotherapy 0.4905 0.1697 1.633 0.0039
Resectability, bad −0.2272 0.1066 0.797 0.0330
Infiltration of vent. wall −0.3274 0.0810 0.721 <0.0001
Log(scale) −0.9845 0.0527 <0.0001
Pseudo R2 0.423
C-index 0.749
December 2021 | Volume 11 | Article
RTV, residual tumor volume; MGMT, O6-methylguanine-DNA-methyltransferase; AFT, accelerated failure time.
§ The coefficients in the log-logistic model detect acceleration or deceleration in survival times [acceleration factor (AF)]. The transformation with the exponential function leads to values <1
(delay—disadvantageous) or >1 (acceleration—advantageous). For example, the factor MGMT with exp(−0.4131) = 0.66 is associated with a survival time for unmethylated versus
methylated shortened by a factor of 0.66.
TABLE 1 | Log-logistic regression model.

Characteristic Final AFT model

Coefficient§ SE p

Intercept 4.1685 0.3978 <0.0001
RTV (cm3) −0.0127 0.0032 <0.0001
Age (years) −0.0183 0.0050 0.0002
MGMT, unmethylated −0.4316 0.0849 <0.0001
Radiotherapy 0.1295 0.1616 0.4229
Radiochemotherapy 0.3884 0.1761 0.0274
Resectability, bad −0.3321 0.1095 0.0024
Infiltration of vent. Wall −0.3478 0.0823 <0.0001
Log(scale) −0.9653 0.0528 <0.0001
Pseudo R2 0.404
C-index 0.748
RTV, residual tumor volume; MGMT, O6-methylguanine-DNA-methyltransferase; AFT, accelerated failure time.
§ The coefficients in the log-logistic model detect acceleration or deceleration in survival times [acceleration factor (AF)]. The transformation with the exponential function leads to values <1
(delay—disadvantageous) or >1 (acceleration—advantageous). For example, in a patient with a tumor of 80 cm3 with exp(−0.0127 × 80) = 0.36, expected survival is shortened to 36%with
biopsy and 94% with subtotal resection, with an RTV of 5 cm3 with exp(−0.0127 × 5) = 0.94, compared with complete resection.
748691
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FIGURE 3 | Nomogram for predicting overall survival (OS). Final nomogram predicting individual median survival times and 12, 24, and 60 months of survival
probability based on six predictors of OS, which add up in a summary score from 0 (worst) to 34 (best) total points; for examples, see table, Supplementary File 4,
with four clinical cases of nomogram-predicted survival versus actual survival.
TABLE 3 | Scoring for survival.

Risk factors for overall survival

Residual tumor volume (cm3) ≤10 >10 to ≤ 20 cm3 >20

10 4 0

Age (years) ≤50 >50 to ≤ 70 >70
6 2 0

MGMT Methylated Unmethylated
5 0

Therapy modality Radiochemotherapy Radiotherapy Chemotherapy
6 2 0

Resectability Good Bad
3 0

Infiltration of ventricular wall No Yes
4 0
Frontiers in Oncology | www.frontiersin.org
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The “worst” score (with the worst forecast) is thus 0; the best value is 34. The AFTmodel (c2 = 166.95; p < 0.0001, see document, Supplementary File 1, Scoring for survival “2,” p. 15) of
the score demonstrated a pseudo R2 of 0.423 and a C-index of 0.748 and was validated on the independent data set with a pseudo R2 of 0.239 and a C-index of 0.678 resulting in a
median APE of 2.78 months (mean: 1.83 months).
MGMT, O6-methylguanine-DNA-methyltransferase.
FIGURE 4 | Prognostic diagrams for overall survival (OS). Prognostic diagrams for the median OS (full line, right y-axis) and 12, 24, and 60 months (dashed lines, left
y-axis) survival probability based on the total prognostic scores of the nomogram.
Article 748691
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large extent by "resectability", i.e., tumor location, the independent
effect of KPS on OS might no longer be large enough to exert a
statically significant independent influence on OS. In addition,
tumor infiltration beyond the white matter into the ventricular
wall had an unfavorable independent effect on OS. This was also
observed by Wangaryattawanich et al., who also found deep white
matter invasion and ependymal extension as significant predictors
of OS (16). In addition, we have introduced a new factor called
“resectability” of contrast-enhancing tumor. Tumors stratified as
poorly resectable have been shown to be an independent
unfavorable predictor of OS in our cohort. Tumor expansion in
classic eloquent regions was not a significant predictor of OS, as
observed by others (3, 17) because safe tumor removal can now be
ensured in these regions through the introduction of
electrophysiology and awake surgery.

Tumor Volume and Survival
We confirmed the continuous inverse relationship between RTV
and OS (4), which means that any degree of resection has a benefit
of survival. This is in contrast to most studies published in the last
two decades that identified different thresholds for a beneficial role
of EOR directing different clinical recommendations (3, 5, 10–12).
The observed differences in these studies are likely due to the
different underlying statistical models. Non-parametric models
(e.g., Cox regression) that are commonly used forfeit information
by defining dichotomous or categorical thresholds and calculating
the median survival by considering the population medians of
covariates with semi-quantitative hazards. Interestingly, Lacroix
et al. and Grabowski et al. already showed continuous
relationships between median OS and increasing thresholds
(85%–100%) of EOR (10) or decreasing thresholds of RTVs
(25–1 cm3) (17). Instead, Marko et al. used parametric log-
logistic regression modeling, which uses the full information of
metric data, enabling individual point estimations of survival and
providing visualization of the probabilistic relationship of RTV
and survival, a concept that was also applied in this study.

The concept of a continuous relationship between RTV and
survival rather than postulated thresholds is also supported by
the observation that postoperative RTV, determined as
gadolinium enhancement within 24–72 h after surgery in all
studies, reflects not the true tumor volume. Increasing evidence
suggests that tumor volume in GBM is not restricted to
gadolinium enhancement (18–20). Suchorska et al. showed
that the biological tumor volume (BTV) determined by O-(2-
[18F]fluoroethyl)-L-tyrosine PET (18FET-PET) can be much
larger than the volume of gadolinium enhancement and is
associated with survival times. They showed that despite
complete resection of contrast enhancement, up to 9.5-cm3

BTV could still be detected (19). This has also been supported
by studies using 5-aminolevulinic acid (5-ALA) for glioma
surgery demonstrating tumor infiltration beyond the
gadolinium enhancement in MRI (18). Roessler et al.
postulated that 5-ALA is more sensitive for RTV than 18FET-
PET, meaning that GBM extends even beyond BTV in 18FET-
PET (20). These data suggest that the postulated thresholds
based on resection of partial tumor volume are unlikely
Frontiers in Oncology | www.frontiersin.org 7
clinically relevant. Surgeries in patients who were classified as
complete resection (5), gross total resection (GTR) of >98% (10),
GTR of >78% (3), GTR of >70% (12, 18), etc., have likely more
RTV than expected, but patients did, however, benefit from
tumor resections. Clinically, these considerations speak against
refusing surgery due to the impossibility of obtaining a specific
EOR and support the concept of maximum safe resection. This
means that surgery is also indicated even in cases of expansive
diseases, where only partial tumor resection is safely achievable.

We improved the predictive accuracy of our final regression
model and our simplified score model by about 40% compared
with the currently established model (4). Although the mean/
median APE is small (2.78/1.8 months), individual predictions
are still not recommended, as individual deviations can be very
high (see document, Supplementary File 1, which explains the
whole development of the statistical models, Model design, 1.4, p.
11). In contrast, the low APE in our model could be helpful in
estimating the effect of therapies in unrandomized studies by
considering the combined effect of covariates for each patient
and thus compensating for the uneven distribution of risk factors
in the different trial groups. This is of particular importance since
unrandomized and unstratified retrospective or small
prospective phase 1/2 studies do not serve to demonstrate the
efficacy of new therapies; patients’ covariate risk factors are often
unbalanced, distorting the interpretation of survival times.

Limitations and Strengths of the Study
The main limitation of this study is the retrospective nature; e.g.,
clinical data as KPS or neurological deficits were collected
through medical records and not according to a defined
protocol, and MGMT was determined locally without central
assessment. The recently identified biomarker CDKN2A, which
has been shown to be associated with OS in GBM (21), was not
available for analysis. Patients were neither randomized nor
stratified by the other predictors of OS to assess the effects of
EOR or RTV on OS. However, a prospective study dealing with
this question, i.e., randomizing the EOR, would not be ethically
acceptable. We consider the unequal distributions of the other
covariates through multivariable analysis. After the development
of our model, we have internally demonstrated the stability of
our model (C-index 0.75) by cross-validation and validated the
predictive power and adaptability by an external independent
patient cohort. For model and nomogram development, our
patient cohorts covered the entire spectrum of clinical GBM
cases without limitations of general performance status (i.e.,
KPS), age, RTV, or postoperative therapy compared with the
developed nomograms from specific patient cohorts of
prospective clinical trials (7, 15). Another limitation might be
the heterogeneity of the patients and data as assessed by the
different study centers. At the same time, however, this
represents a strength of the study, as it shows the
generalizability of the model. However, all patients included in
the model come from three German specialized academic
centers, which may limit the transfer of the model to other
patient cohorts, e.g., from non-academic centers or from
other countries.
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CONCLUSIONS

We found a continuous relationship between RTV and OS that
supports the concept of maximum safe resection. By considering
molecular and radiological markers, we improved the predictive
accuracy of previous models by about 40% compared with the
most promising established model and developed a clinical
applicable score. The developed nomogram helps to estimate
the expected survival and the benefit of a more radical surgery.
This can be of help to the treating physicians in advising the
patients and relatives in the decision for surgery. Nevertheless,
individual predictions should only be made with caution on the
basis of this model due to the possible high individual deviations.
Yet our statistical model could be a very useful tool to estimate
the survival effect of retrospective or small prospective phase I/II
studies since the median/mean APE is low.
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