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Abstract

Conditional survival provides insights into the evolution of prognosis over time and

reveals changing associations of prognostic factors during disease progression. Data on

the temporal evolution of prognostic factors in glioblastoma remain scarce. We analyzed

315 patients with IDH-wildtype glioblastoma from a prospectively collected registry

(01/2008–06/2017). Our primary outcome was 12-month conditional survival (CS),

defined as the probability of surviving the next 12 months given survival for “s” months.

This analysis was conducted at five landmarks (s = 0, 6, 12, 18, 24) for baseline prognos-

tic factors, including tumor volume compartments. 12-month conditional survival esti-

mates at s = 0, 6, 12, 18, and 24 months from diagnosis were 0.51 (95% CI 0.45–0.56),

0.46 (95% CI 0.39–0.52), 0.41 (95% CI 0.33–0.49), 0.43 (95% CI 0.33–0.52), and 0.56

(95% CI 0.42–0.67), respectively. At diagnosis (s = 0), 12-month survival estimates var-

ied significantly with age >60 at diagnosis, preoperative tumor rim volume >20 cm3,

absence of O6-methylguanine-DNA methyltransferase (MGMT) promoter methylation,

postoperative KPS ≥70, residual postoperative tumor >1 cm3, or biopsy only. Residual

tumor volume mainly influences survival in the initial months following surgery, while

MGMT promoter methylation and age remain significant predictors beyond this period.

These findings may refine stratification strategies in recurrent glioblastoma trials.
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What's New?

Neurooncologists rely on glioblastoma risk stratification systems for incorporating known

disease- and patient-specific factors at diagnosis. Although useful for general comparison and
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disease monitoring, these estimates are less informative for patients who survive beyond vari-

ous time intervals post-diagnosis. Here, the authors analyzed data on isocitrate dehydrogenase

(IDH)-wildtype glioblastoma patients to estimate conditional survival from 6 to 24 months fol-

lowing diagnosis. Age, MGMT methylation status, postoperative Karnofsky performance status,

and postoperative enhancing tumor volume were identified as baseline prognostic markers. In

the months after surgery, residual tumor volume dominated prognosis, whereas age at diagnosis

and favorable MGMT status determined prognosis thereafter.

1 | INTRODUCTION

Most glioblastoma risk stratification systems incorporate known

disease- and patient-specific risk factors at the time of diagnosis.1,2

Although these survival estimates are important for predicting survival

for newly diagnosed patients, it remains unclear whether the same risk

factors retain their prognostic association throughout the disease

course. Conditional survival (CS), defined as the probability that a person

will survive an additional number of months after having survived “s”
months, provides a dynamic and updated prediction of survival over the

disease course which can guide treatment strategies and prognostica-

tion.3 CS estimates have been reported lately for a wide range of tumor

types and stages.4–6 Some authors have studied the conditional proba-

bilities of survival in patients with brain tumors. These reports, however,

included patients diagnosed decades ago—the vast majority of patients

far prior to the era of temozolomide (TMZ) and molecular markers.7–9

For investigating CS, it is necessary to ensure long-term follow-up as

well as constant treatment modalities over time.3 Over the last decade,

the definition of glioblastomas has been sharpened by the exclusion of

mutations in the isocitrate dehydrogenase (IDH1 or IDH2) and histone

H3 genes.10 O6-methylguanine-DNA methyltransferase (MGMT) pro-

moter methylation has been established as a predictive marker for bene-

fit from alkylating chemotherapy.11 Although there are no definitive

prospective studies, several retrospective publications indicate that safe

surgical resection with minimal or no residual tumor volume is associ-

ated with longer overall survival.1,12,13 The debate continues over

whether this association is linked solely to contrast-enhancing disease

or also includes T2/Flair-hyperintense residual tumor.1 The relationship

between preoperative tumor volume and survival is less clear. This study

aimed to estimate CS at 6–24 months from diagnosis in a large cohort

of patients with IDH-wildtype glioblastoma treated with standard micro-

surgical resection14 or biopsy15 followed by chemoradiotherapy.16

2 | METHODS

2.1 | Patient selection and clinical status

We included all consecutive patients that were diagnosed with glioblas-

toma, IDH wildtype, CNS WHO grade 4, in accordance with the WHO

2021 definition of glioblastoma,10 who were treated at our Neurosurgery

Department at the University Hospital Zurich. Clinical information was

extracted from the department's prospective patient registry.17 Patients

with unavailable preoperative MRI studies or unavailable postoperative

MRI imaging within 72 h were excluded. For biopsy patients, only the

preoperative MRI scan was required for inclusion (Figure 1). Preoperative

Karnofsky performance status (KPS) score was defined as the baseline

general status of the patient before admission and symptom onset.

2.2 | Molecular characterization and tumor
location

As part of routine clinical diagnostics, the presence of an IDH muta-

tion was evaluated with either immunohistochemistry or mutation-

specific polymerase chain reaction (PCR). Immunohistochemistry with

a specific monoclonal antibody for the IDH1 R132H mutation was

performed as described by Capper et al.18 Hotspots—R132 (arginine-

132) for IDH1 and R172 (arginine-172) for IDH2—were evaluated

using IDH1/Exon4 and IDH2/Exon4-specific primers and PCR. If no

mutation was detected in the examined gene regions, the tumor was

classified as IDH wildtype. MGMT promoter methylation was deter-

mined by methylation-specific PCR.19

2.3 | Tumor volumetric analysis

Pre- and postoperative tumor volumes were determined in each case

using T1 enhancing (T1e) and T2/FLAIR image series. Based on the

Institutional patient registry

Glioblastoma (410)

IDH wildtype glioblastoma
(325)

- IDH mutant (35)

- IDH status missing (50)

IDH wildtype glioblastoma
(315)

Missing imaging data (10)

F IGURE 1 Flowchart of patient inclusion.
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T1e and FLAIR/T2 volumes, tumor volumes were grouped into 5 cate-

gories: (1) total tumor volume (including hypoxic/necrotic core, T1e

and FLAIR/T2 volumes), (2) T1e tumor volume (including hypoxic/

necrotic core), (3) partially necrotic/hypoxic volume (hypointense on

T1), (4) T1 enhancing rim volume (T1e rim), (5) FLAIR/T2 rim volume

(Figure 2). Volumetric analysis of tumors was performed using iPlan

Net® (Brainlab AG, Munich, Germany). Contrast-enhancing and

FLAIR/T2 rim volumes (volumes 4 and 5) were calculated by subtract-

ing the more internal tumor volumes.

2.4 | Statistical analysis

All data processing and analysis steps were performed with R Stu-

dio (Version 4.3.3, R Studio Inc.) using open-source libraries. In the

initial phase of our analysis, we studied clinical, molecular, and vol-

umetric factors at baseline that were associated with overall sur-

vival using the log-rank test. For both pre- and postoperative

tumor volumes, cut-off values were determined through stepwise

univariate analysis. Kaplan–Meier survival curves were generated

to visualize OS for the entire cohort as well as across subgroups

defined by the identified prognostic markers at baseline. We then

calculated CS, defined as the probability of surviving an additional

t months given survival of s months, denoted as CS (tjs). Specifi-
cally, we plotted the 12-month CS, CS (12js), representing the

probability of surviving 12 months after having already survived s

months (where s = 6, 12, 18, 24). This was performed for the

entire cohort and for subgroups stratified by significant prognostic

markers at baseline. The differences in 12-month CS estimates

between these subgroups were tested using the z-test at each spe-

cific CS time point s.

Furthermore, univariate significant baseline prognostic factors

were tested using a multivariate Cox proportional hazards model.

In a multivariate landmark analysis20 these factors were also tested

using a Cox proportional hazards model at 6-, 12-, 18-, and

24-months after surgery. Statistical significance was defined as

p <.05, with Bonferroni multiple testing correction applied in the

univariate setting.

3 | RESULTS

3.1 | Baseline characteristics

We included 315 patients diagnosed with glioblastoma, IDH wildtype

between January 2008 and June 2017; 50 histologically defined glio-

blastomas were excluded because of missing IDH mutation status

(Figure 1). The median age was 64 (range: 23–90) years, and

103 patients (33%) were females. The median OS from diagnosis for

the entire cohort was 12 months (95% CI 11–13) (Table 1). Ninety-

one patients (29%) died within 6 months from diagnosis; 154 (49%),

93 (30%), and 56 (18%) patients were alive at 12, 18, and 24 months

from diagnosis, respectively.

3.2 | Conditional survival

Median CS estimates for s = 0, 6, 12, 18, and 24 months from diagno-

sis were 12 (95% CI 11–13), 16 (95% CI 14–18), 21 (95% CI 19–23),

27 (95% CI 24–30), and 33 (95% CI: 30–42) (Figure 3A/B). Twelve-

month CS estimates at s = 0, 6, 12, 18, and 24 months from diagnosis

were 0.51 (95% CI 0.45–0.56), 0.46 (95% CI 0.39–0.52), 0.41 (95% CI

0.33–0.49), 0.43 (95% CI 0.33–0.52), and 0.56 (95% CI 0.42–0.67),

respectively. The conditional probability of surviving an additional

year after reaching 24 months post-diagnosis thus exceeded the

12-month survival rate at baseline (Figure 3C).

3.3 | Univariate analysis of prognostic factors at
baseline

On univariate analysis, age ≤60 (HR = 0.48 [95% CI = 0.37–0.61],

p <.001), surgery type (resection versus biopsy) (HR = 0.44 [95%

CI = 0.34–0.57], p <.001), postoperative residual T1 enhancing tumor

volume (<1 cm3) (HR = 0.53 [95% CI = 0.42–0.68], p = <.001), post-

operative KPS ≥70 (HR = 0.39 [95% CI = 0.27–0.56], p = .001),

methylated MGMT promoter (HR = 0.57 [95% CI = 0.43–0.76],

p = <.001), treatment beyond surgery (chemo and/or radiotherapy)

(HR = 0.09 [95% CI = 0.06–0.14], p <.001) and preoperative T1

enhancing-rim tumor volume (<20 cm3) (HR = 0.77 [95% CI = 0.61–

0.98], p = 0.032), were associated with increased survival at baseline.

Sex, preoperative total, T1 enhancing, T2-rim and partially necrotic

core tumor volumes along with postoperative T2 tumor volume were

not associated with OS (Supplementary Tables S1 and S2).

3.4 | Baseline prognostic factors over time
(univariate)

The Kaplan–Meier estimator of OS and the 12-month CS probability

estimates at each time point s (= 6, 12, 18, 24 months) stratified by

preoperative T1e tumor volume, age, MGMT promoter methylation

status, postoperative KPS, and postoperative residual T1e tumor vol-

ume are shown in Figure 4. After the first few months after diagnosis,

the initial survival advantage associated with smaller preoperative

T1-enhancing rim volumes (<20 cm3) diminished, and survival rates

equalized with those of patients who had larger initial tumor volumes

(>20 cm3) (Figure 4A). Patients who are ≤60 years at baseline had a

rather constant 12-month CS of about 0.60, whereas patients older

than 60 years had lower 12-month CS of about 0.30–0.4, with a

decreasing gap between both groups over time (Figure 4B). Methyl-

atedMGMT promoter status was associated with an increased survival

at baseline, with only a small decrement over time compared to

unmethylated MGMT promoter tumors until the 12 months landmark

and lost significance thereafter (Figure 4C). The initial association of a

favorable survival outcome and a favorable performance score (KPS)

no longer persisted beyond the 0 months landmark (Figure 4D). Gross

total resection with little T1 enhancing residual tumor (<1 cm3) was

MUELLER ET AL. 3
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F IGURE 2 Baseline patient and tumor markers. (A) Distribution of tumor locations. (B) Histogram showing age and surgery type distribution
within the cohort (dotted line = median age of 64 years) (C) MGMT status. (D) Distribution of therapies beyond surgery. (E) Schematic illustration
of different tumor compartments and resulting tumor volumes investigated in this study. (F) Distribution of preoperative tumor volumes as
defined in (E). (G) Distribution of preoperative tumor volumes as defined in (E).
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associated with a longer OS at baseline with an effect magnitude that

steadily decreased with additional months survived, also when com-

pared to residual tumor ≥1 cm3 or biopsy only (Figure 4E).

3.5 | Baseline prognostic factors over time
(multivariate)

On multivariate analysis, age <60, surgery type (resection), preopera-

tive T1 enhancing-rim tumor volume (<20 cm3), MGMT promoter

methylation, KPS >70 along with postoperative residual T1 enhancing

tumor volume (<1 cm3) were associated with decreased OS at base-

line (Figure 5A). In the multivariate landmark analysis at time points

6, 12, 18, and 24 months (Figure 5B–E), only age at diagnosis and

MGMT promoter methylation approached significance at 18 months.

4 | DISCUSSION

Our study provides a novel look at the analysis of clinical, surgical, and

molecular factors at different time points, thereby illustrating the tem-

poral evolution of prognostic factors in patients with glioblastoma.

While selected variables assessed in the present study align with

well-established prognostic determinants at baseline,1 changes in the

prognostic importance of different compartments of pre- and postop-

erative tumor volumes and molecular markers have not been explored

in detail over time. Estimates of subsequent survival probabilities after

a patient has survived for a certain number of months cannot be

extrapolated from the standard Kaplan–Meier curve at baseline.

Consistent with previous studies,2,13,14,21 we identified age,

MGMT promoter methylation status, postoperative KPS, and postop-

erative enhancing tumor volume as baseline prognostic markers. Our

detailed tumor compartment analysis revealed that preoperative

T1-enhancing rim volume serves as a baseline prognostic marker,

potentially serving as a surrogate for vital tumor burden, also reflect-

ing surrounding tumor infiltration. In contrast, neither the preopera-

tive T2/FLAIR tumor volume, representing a mixture of vasogenic

edema and tumor cell infiltration, nor the postoperative T2/FLAIR vol-

ume was associated with prognosis.

Previous reports on CS for glioblastoma patients involve tumors

diagnosed over two decades ago,7–9 prior to molecular characteriza-

tion (such as IDH mutation/MGMT promoter methylation) and current

standard treatment regimens. In a histologically defined cohort of

498 glioblastoma patients, Polley et al.9 demonstrated that the

12-month CS rate after surviving 1 year post-diagnosis was 0.35 (95%

CI: 0.29–0.40), which is comparable to our estimate of 0.41 (95% CI:

0.33–0.49). In a more recent report from the EORTC 1419 ETERNITY

study, Hertler et al.22 found that MGMT promoter methylation, youn-

ger age, and gross total resection were significantly more common in

patients who survived beyond 5 years compared to the general glio-

blastoma IDH wildtype population. However, their Cox regression

analysis showed that none of these factors remained prognostic

among long-term survivors, suggesting that these prognostic factors

TABLE 1 Clinical and tumor specific characteristics of the study
cohort.

Characteristics n = 315a

Sex

Female 103 (33%)

Male 212 (67%)

Ageb 64 (23–90)

Tumor side

Left 123 (39%)

Right 140 (44%)

Both 52 (17%)

Tumor location

Temporal 81 (26%)

Frontal 70 (22%)

Parietal 67 (21%)

Central grayc/limbic/insular 47 (15%)

Occipital 28 (9%)

Central (perirolandic) 22 (7%)

Molecular status

MGMT unmethylated 121 (38%)

MGMT methylated 98 (31%)

MGMT unknown 96 (30%)

Therapy beyond surgeryd

No therapy 34 (11%)

Chemoradiotherapy

and chemotherapy

maintenance (standard of care)

223 (71%)

Radiotherapy only 46 (14%)

Chemotherapy only 10 (3%)

Not available 2 (1%)

Clinical status Preoperative Postoperative

Seizure 77 (24%) 5 (1.6%)

Headache 109 (35%) 7 (2.2%)

Language deficit 60 (20%) 51 (17%)

Cognitive deficit 172 (55%) 126 (40%)

Motor deficit 102 (35%) 79 (27%)

Sensibility deficit 29 (9.9%) 21 (7.2%)

Visual field deficit 48 (16%) 55 (19%)

KPSe 100 (30–100) 80 (0–100)

NIHSSf 2 (0–10) 2 (0–17)

Tumor volumeg

Total tumor volume 94 (3–243) 55 (0–181)

T1 enhancing tumor volume 34 (0–138) 3.1 (0.0–39.5)

Hypoxic/partially necrotic core 8 (0–46) 0 (0–33)

T1 enhancing-rim volume 26 (0–133) 2.9 (0.0–36.4)

T2-rim volume 61 (0–216) 52 (0–180)

an (%); Mean (range).
bMean in years (range).
cIncludes: thalamus and basal ganglia.
dChemotherapy refers to treatment with Temozolomide (TMZ).
eNational Institute of Health Stroke Scale.
fKarnofsky performance status.
gMean in cm3 (range).
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have already exerted their association with survival after 5 years.

With our 12-month CS analysis, we demonstrate that predefined fac-

tors, such as patient age at diagnosis and the currently non-modifiable

MGMT promoter methylation status,23 maintain a consistent associa-

tion with survival from diagnosis up to 18 months. Alternatively, the

association of resection with minimal post-operative tumor residual

diminishes after the first 6 months. These findings are consistent with

our multivariate landmark analysis, in which patient age <60 and

MGMT promoter methylation approached significance for 18-month

survival.

Postoperative KPS <70 lost prognostic significance within the

first 6 months, likely reflecting its role as a surrogate for preexisting

severe and persistent impairment. Long-term deterioration of clinical

status, however, remains an important prognostic factor and may

more reliably guide subsequent clinical decision-making than a CS

model based solely on postoperative KPS. A structured classification

system, such as the Therapy-Disability-Neurology (TDN)24 could fur-

ther enhance the assessment of baseline complications and help dif-

ferentiate survival trajectories over time.

Several important limitations of this study should be acknowl-

edged. The single-center design and relatively small sample size

limit the statistical power, particularly as the number of patients

decreases at successive time points. This highlights an inherent

challenge of CS analyses in highly aggressive malignancies such as

glioblastoma, where the at-risk population declines rapidly over

time. Consequently, estimates derived at later intervals are based

on progressively smaller subgroups and should be interpreted with

caution.

Furthermore, our analysis was restricted to a limited number of

clinical and molecular markers. Other alterations with known prognos-

tic impact25,26 (e.g., EGFR, PTEN, NF1, PDGFRA, TP53) were not

included. Similarly, prognostic factors relevant in the later course of

disease—such as tumor location, feasibility of local treatment at recur-

rence (re-resection27 or re-irradiation28), and salvage therapies like

CCNU or bevacizumab,29,30 were not systematically addressed. These

increasingly complex and individualized treatment trajectories of long-

term glioblastoma survivors are not captured in our design, which

limits the direct clinical applicability of our findings.

Future studies with larger, multicenter cohorts, broader molecular

profiling, and more detailed treatment documentation are warranted

to refine CS models and strengthen their value for patient manage-

ment and counseling.
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F IGURE 4 Kaplan–Meier estimates of OS (left side, including 95% CI) and 12-month CS probability estimates (right side, including 95% CI)
from each time point s (= 0, 6, 12, 18, 24 months) stratified by (A) Preoperative T1 enhancing-rim tumor volume, (B) Age, (C) MGMT Promoter
methylation status, (D) postoperative KPS score, and (E) post-operative residual T1 enhancing tumor volume. *Significant difference (p <.05).
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We conclude that the association of genetic, surgery-related,

and clinicopathologic factors with OS changes over time for glio-

blastoma patients. Specifically, residual tumor volume dominates

prognosis in the months after surgery, whereas age at diagnosis

and favorable MGMT status determine the prognosis thereafter.

Findings may refine stratification strategies in recurrent glioblas-

toma trials.
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