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Abstract

Purpose Cognitive functioning represents an essential determinant of quality of life. Since significant advances in neuro-
oncological treatment have led to prolonged survival it is important to reliably identify possible treatment-related neurocogni-
tive dysfunction in brain tumor patients. Therefore, the present study specifically evaluates the effects of standard treatment
modalities on neurocognitive functions in glioma patients within two years after surgery.

Methods Eighty-six patients with World Health Organization (WHO) grade 1-4 gliomas were treated between 2004 and
2012 and prospectively followed within the German Glioma Network. They received serial neuropsychological assessment
of attention, memory and executive functions using the computer-based test battery NeuroCog FX. As the primary outcome
the extent of change in cognitive performance over time was compared between patients who received radiotherapy, chemo-
therapy or combined radio-chemotherapy and patients without any adjuvant therapy. Additionally, the effect of irradiation
and chemotherapy was assessed in subgroup analyses. Furthermore, the potential impact of the extent of tumor resection
and histopathological characteristics on cognitive functioning were referred to as secondary outcomes.

Results After a median of 16.8 (range 5.9-31.1) months between post-surgery baseline neuropsychological assessment and
follow-up assessment, all treatment groups showed numerical and often even statistically significant improvement in all
cognitive domains. The extent of change in cognitive functioning showed no difference between treatment groups. Concern-
ing figural memory only, irradiated patients showed less improvement than non-irradiated patients (p =0.029, 5= 0.06).
Resected patients, yet not patients with biopsy, showed improvement in all cognitive domains. Compared to patients with
astrocytomas, patients with oligodendrogliomas revealed a greater potential to improve in attentional and executive functions.
However, the heterogeneity of the patient group and the potentially selected cohort may confound results.

Conclusion Within a two-year post-surgery interval, radiotherapy, chemotherapy or their combination as standard treatment
did not have a detrimental effect on cognitive functions in WHO grade 1—4 glioma patients. Cognitive performance in patients
with adjuvant treatment was comparable to that of patients without.

Keywords Glioma - Neuropsychological assessment - NeuroCog FX - Prospective - Treatment-related neurotoxicity

Introduction

Since significant advances in early diagnosis and efficient
treatment of gliomas [1, 2] have led to prolonged overall
survival, possible late treatment effects become increasingly
important. As cognitive functioning represents a determinant
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of quality of life (QoL) it is important to reliably identify
possible treatment-related neurocognitive dysfunction.
Although radiotherapy (RT) is thought to significantly
contribute to long-term neurocognitive deterioration [3-6], it
is unclear to what extent posttherapeutic deficits are caused
by RT itself or by confounding factors such as the tumor,
disease progression, surgery, antiepileptic drugs (AED) or
treatment variables (e.g. radiation dosage and technique).
Neurocognitive impairment, especially in verbal delayed
recall was present in a heterogeneous group of brain tumors
18 months after fractionated stereotactic RT including the
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hippocampus [7]. Within the pivotal Radiation Therapy
Oncology Group (RTOG) 98-02-trial, the addition of pro-
carbazine, lomustine and vincristine (PCV) chemotherapy
to RT revealed a several years increase of progression-free
and overall survival in World Health Organization (WHO)
grade 2 gliomas without higher rates of cognitive decline
in the combined treatment group as compared to RT alone
within five-years follow-up [8]. However, cognitive function
was evaluated using the Mini-Mental-Status-Examination
(MMSE) only [9, 10].

In a retrospective multicenter study, cognitive decline in
195 “low-grade glioma” (LGG) patients (recruited between
1997 and 2000) at median of six years post-RT was primar-
ily attributed to the tumor itself or to single radiation fraction
doses >2 Gy [11]. However, at very long-term follow-up,
(progressive) cognitive decline was present even for single
fraction doses <2 Gy at median 12 years after RT in 65 pro-
gression-free patients [12]. Since recruitment was retrospec-
tive and treatment of irradiated patients dated back to the
1980s the grading system applied to this series did not incor-
porate molecular genetics. In the largest multicenter prospec-
tive, randomized controlled trial (European Organization for
Research and Treatment of Cancer, EORTC 22033-26033)
[13] no detrimental effect of RT on health-related QoL or
MMSE scores was documented during the first three years
of follow-up when comparing “LGG” patients treated with
temozolomide chemotherapy alone or RT alone. However,
since no comprehensive cognitive testing was used, subtle
changes were not evaluated [14]. Analysis of isocitrate dehy-
drogenase (IDH) 1/2 wildtype versus mutant status revealed
profound impact on prognosis [13], but further subgroup
analyses with respect to neurocognition have not been car-
ried out [14]. Published clinical studies on neurocogni-
tive functioning after RT generally evaluated small patient
cohorts and/or were based on retrospective analyses [3—-6],
applied cognitive screenings [10, 15] or questionnaires [16],
included high single fraction doses (>2 Gy) [4] or whole
brain radiotherapy (WBRT) [4, 5]. Methodically high quality
analyses with comprehensive neurocognitive batteries rarely
exceeded few months of follow-up [17-19].

The present analysis represents the “mid-term” prospec-
tive evaluation of treatment-related neurocognitive sequelae
in glioma patients within two years after surgery as a pri-
mary outcome, in a well-documented patient cohort under-
going serial neuropsychological testing for several years.

Patients and methods
Patients

In this multicenter longitudinal study, adult patients from
the German Glioma Network were prospectively included
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between 2004 and 2012. Tumor classification and WHO
grading were carried out prior to the revised 4th edition
of the WHO classification of tumors of the central nerv-
ous system (CNS) [20] such that patients were categorized
according to the WHO grading system for CNS tumors in
its versions of 2000 [21] and 2007 [22] with therapeutic
implication, i.e. WHO grade 2 gliomas were not irradiated
upfront. In order to achieve the best possible adaptation of
analyses to the current tumor classification system, all avail-
able tumor samples were reinvestigated according to the Sth
edition of the WHO classification of CNS tumors published
in 2021 [1], considering their IDH wildtype versus mutant
status and presence or absence of 1p/19q co-deletion. Infor-
mation on molecular genetics was completed in 61 of 86
tumors (Table 1). Patients had been enrolled in university
hospitals of Dresden, Munich, Bonn, Hamburg, Diissel-
dorf and Bochum, Germany. This study was performed in
accordance with the ethical standards laid down in the 1964
Declaration of Helsinki and approved by the local ethics
committees and the ethics committee of the leading institu-
tion in Tiibingen, Germany (Registration No.: 353/2003V).
All patients gave written informed consent. Patients were
excluded if they suffered from aphasia, psychosis or demen-
tia prior to glioma diagnosis or if they had MMSE [23]
scores < 20.

All patients in this study had undergone either biopsy
or partial, subtotal or gross total resection. Extent of resec-
tion was defined according to magnetic resonance (MR) or
computer tomography (CT) imaging within 21 days post-
surgery. Gross total resection was defined as no visible resid-
ual tumor, subtotal resection as 50-99% excision of tumor
volume and partial resection as < 50% excision of tumor vol-
ume. Based on tumor histology, patients were treated either
with adjuvant conventional external RT, chemotherapy
(ChT) or combined radio-chemotherapy (RChT) accord-
ing to the German Neuro-Oncology Group (NOA) guide-
lines and in case of WHO grade 2 or 3 gliomas according to
center guidelines, which were subject to change overtime.
Since patients within this study were treated prior to pub-
lication of the RTOG 98-02-trial [24], many WHO grade 2
glioma patients underwent tumor resection only and did not
receive any adjuvant tumor-specific therapy according to a
watch-and-wait policy.

Neurocognitive functioning

In order to assess neurocognitive treatment effects evalu-
ation of (1) psychomotor speed, attention and executive
functioning, (2) short-term and working memory, (3) ver-
bal memory and fluency, and (4) figural memory is recom-
mended [25-27]. NeuroCog FX is a computerized neuropsy-
chological test battery comprising eight subtests to assess
these neurocognitive functions in a time-saving, reliable,
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«Fig. 1 Cognitive performance (in percentile ranks) in NeuroCog FX
subtests at baseline and follow-up, separated for treatment groups. a
Radiotherapy (n=10). b Chemotherapy (n=21). ¢ Combined radio-
chemotherapy (n=24). d Watch-and-wait (n=31). Asterisks indicate
statistically significant changes (i.e. improvement) in cognitive per-
formance; * p<0.05, ** p<0.01, *** p<0.001; bars indicate stand-
ard error of mean

standardized [28, 29] and validated [30] manner. NeuroCog
FX meets guidelines [31] such as sensitivity and specificity
to detect cognitive deficits in neuro-oncological trials (for
details, see Online Resource 1).

Procedures

Baseline neuropsychological assessment (NPA) was con-
ducted after surgery, before start of adjuvant therapy. Fol-
low-up NPAs were carried out prospectively within regular
neurological follow-up consecutively every six months. As
we intended to evaluate mid-term treatment-related neuro-
toxicity, baseline NPA (Timepoint 1, T1) and the latest NPA
within a two-year interval after baseline assessment (Time-
point 2, T2, follow-up) were selected for analyses. We aimed
to largely exclude a possible impact of tumor progression on
results [32-34] by excluding data of patients with confirmed
tumor progression within three months after NPA.

Statistical analyses

To analyze differences with respect to associations with RT
and ChT four treatment modalities were distinguished: RT,
ChT, RChT and watch-and-wait. In order to increase the
size of subgroups, treatment groups were dichotomized for
an additional analysis to detect subtle changes in cognitive
performance. Accordingly, patients with RT or RChT were
categorized as RT+ and patients with ChT only or watch-
and-wait as RT-. Correspondingly, patients with ChT or
RChT were categorized as ChT+ and patients with RT only
or watch-and-wait as ChT-. Two-tailed t-tests for independ-
ent samples, one-way analyses of variance (ANOVA), Fish-
er’s Exact Test and Pearson’s x> Test were used to test for
clinical and sociodemographic differences between groups.

Since NeuroCog FX provides comparative evaluation of
individual test scores with respect to normative test scores of
an age-adapted cohort of healthy controls, percentile ranks
were analyzed as standardized outcome measures [28, 29].
A percentile rank score > 16 and < 84 indicates performance
within average of healthy controls.

To evaluate group differences regarding changes of neuro-
cognitive functioning as the primary outcome, multivariate
one-way ANOVAs were performed with treatment as fixed
factor. Dependent variables included NeuroCog FX percen-
tile ranks which were transformed into difference scores
between T2 and T1. A score >0 indicated improvement

and a score <0 deterioration of performance. To evaluate
changes of cognitive functioning within every single patient
subgroup, t-tests for dependent samples or repeated meas-
ures ANOVAs for percentile ranks were calculated with time
of assessment (T1/T2) as within-subject factor and treatment
(RT vs. ChT vs. RChT vs. watch-and-wait or RT+ vs. RT-
or ChT+ vs. ChT-) as between-subject factor. The impact
of extent of resection and histopathological characteristics
on cognitive functioning were referred to as secondary out-
comes. Analyses were performed in IBM SPSS Statistics 25
with a significance level of 0.05.

Results
Sociodemographic and clinical characteristics

Of 280 patients initially included in this project, 180 patients
were excluded from analyses because of missing NPA at
any timepoint, tumor recurrence before T2, extended time
intervals between surgery and baseline NPA, because they
were lost to follow-up or refused to complete NPA (n=14).
Eighty-six patients with histopathologic diagnosis of glioma
were analyzed. At the time patients had been recruited their
tumors were classified according to the WHO classification
system 2007, i.e. 48 patients had WHO grade 2 gliomas
(“LGG”), 27 WHO grade 3 gliomas and 11 WHO grade
4 gliomas. Since we aimed to align the analyses as best as
possible to the current tumor classification system, all avail-
able tumor samples were re-classified according to the WHO
classification of 2021 [1]. Subsequently, the tumor cohort
included 33 astrocytomas, IDH-mutant, 18 oligodendro-
gliomas, IDH-mutant and 1p/19g-codeleted, two glioblas-
tomas, IDH-wildtype, eight other entities (e.g. ependymoma,
pilocytic astrocytoma) and 25 gliomas that could not be re-
evaluated due to lack of available tumor tissue (Table 1).

The extent of primary resection was gross total in 34 out
of 86 patients, subtotal in 23, partial in 13 and biopsy in 16
patients (Table 1). In 61 patients post-surgery MR imaging
scans and in 25 patients post-surgery CT scans were used to
evaluate extent of resection.

Ten out of 86 patients (12%) received conventional exter-
nal focal RT alone, 21 (24%) chemotherapy alone (ChT;
16 (76%) temozolomide, 5 (24%) PCV or nitrosourea), 24
(28%) were treated with radio-chemotherapy (RChT; con-
comitant: 16 (67%) temozolomide; 8 (33%) PCV or nitros-
ourea) and 31 (36%) had been followed by watch-and-wait
strategy after surgery. RT+ patients received fraction doses
of 1.8-2.0 Gy, with a median total dose of 59.4 (range
39.6-60.0) Gy. One patient received fraction doses > 2.0 Gy.
One RChT patient received WBRT and one RT patient
received interstitial RT (i.e. radioactive material is directly
placed into or close to the tumor).

@ Springer
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Fig.2 Change of cognitive functioning within a two-year follow-up.
Graphs indicate mean cognitive performance (in percentile ranks)
in NeuroCog FX subtests at baseline after surgery and at two-year
follow-up, separated for dichotomized treatment groups. The aster-
isk indicates a statistically significant difference in cognitive change
between groups; * p<0.05; bars indicate standard error of mean.

RT- patients in reaction time (mean score 20.0 [SD 27.2]
vs. 8.3 [SD 32.1], p=0.088; mean difference 11.6, 95% CI
1.8-25.0) (Table 2 and Fig. 2a). No differences with respect
to radiation occurred for working memory, selective atten-
tion, inhibition, verbal memory and fluency (all ps>0.125).
RT- patients had higher overall performance levels than
RT+ patients in short-term memory (mean score 42.7
[SD 26.9] vs. 30.8 [SD 23.2], p=0.037; mean difference
12.0, 95% CI 0.8-23.2) and verbal memory (mean score
36.0 [SD 27.7] vs. 20.1 [SD 21.6], p=0.007; mean differ-
ence 15.9, 95% CI 4.4-27.3), when considering cognitive
performance averaged for T1 and T2. Additional data on
an individual patient level are given in Online Resource 3.

Change of neurocognitive functioning associated
with chemotherapy

ChT+ (n=45) and ChT- (n=41) patients did not differ in
any cognitive domain with respect to longitudinal increase

a Irradiated patients (RT+, radiotherapy only or combined radio-
chemotherapy, n=34) and non-irradiated patients (RT-, chemother-
apy only or watch-and-wait, n=52). b Patients with chemotherapy
(ChT+, chemotherapy only or combined radio-chemotherapy, n=45)
and without chemotherapy (ChT-, radiotherapy only or watch-and-
wait, n=41)

or decrease of performance (all ps>0.403). No tendency for
any difference in cognitive change between groups occurred
(Table 2 and Fig. 2b). However, ChT- patients showed a
higher overall performance level than ChT+ patients
in short-term memory (mean score 45.0 [SD 26.9] vs.
31.6 [SD 23.8], p=0.017; mean difference 13.4, 95% CI
2.5-24.3), when considering cognitive performance aver-
aged for T1 and T2.

Neurocognitive functioning related to tumor
and surgery characteristics

Comparison of patients with oligodendroglioma (n=11
WHO grade 2 and n=7 WHO grade 3) and astrocytoma
(n=17 WHO grade 2 and n=11 WHO grade 3) revealed
that at T1 and T2, there was no difference between groups in
any cognitive domain (all ps>0.071). Both groups improved
numerically in all cognitive domains. While patients with
oligodendroglioma improved significantly in reaction
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time, selective attention, inhibition and verbal memory
(ps £0.031), significant improvements in verbal memory,
figural memory and selective attention (ps <0.044) were
seen in astrocytoma. A stronger improvement concerning
inhibition was seen in oligodendroglioma as compared to
astrocytoma (mean score 26.7 [SD 28.2] vs. 6.4 [SD 31.8],
p=0.034; mean difference 20.3, 95% CI 1.6-38.9). Addi-
tional data are given in Online Resource 4.

In astrocytoma, irradiation and chemotherapy had no
diverging effects on cognitive functions when comparing
the extent of cognitive change in RT+ and RT- patients and
ChT+ and ChT- patients, respectively (all ps >0.150, not
shown). The same was true for irradiation in oligodendro-
glioma. However, comparison of ChT+and ChT- in oli-
godendroglioma patients showed a stronger improvement
of ChT- patients in reaction time (mean score 45.6 [SD
30.9] vs. 8.5 [SD 29.9], p=0.033; mean difference 37.1,
95% CI 3.5-70.8, not shown). Altogether, in both glioma
groups, RT- patients improved in more cognitive domains
than RT+ patients and ChT+ patients improved in more
domains than ChT- patients (for details, see Online Resource
5). Non-irradiated oligodendroglioma patients showed a
stronger improvement than non-irradiated astrocytoma
patients concerning inhibition (mean score 31.4 [SD 27.5]
vs. 2.1 [SD 25.1], p=0.004; mean difference 29.2, 95% CI
9.9-48.6). Similarly, oligodendroglioma patients without
chemotherapy showed a stronger improvement than astro-
cytoma patients without chemotherapy concerning reaction
time (mean score 45.6 [SD 30.9] vs. 2.5 [SD 32.4], p=0.019;
mean difference 43.1, 95% CI 7.9-78.3) and inhibition (mean
score 42.2 [SD 31.1] vs. 5.6 [SD 31.3], p=0.041; mean dif-
ference 36.6, 95% CI 1.7-71.5) (not shown).

At T1, patients with gross total, subtotal or partial resection
(n=70) showed numerically worse performance than patients
with biopsy (n=16) in most domains (except verbal memory
and fluency) with significantly lower performance in work-
ing memory (mean score 35.9 [SD 35.4] vs. 55.9 [SD 37.3],
p=0.047; mean difference 20.0, 95% CI 0.3-39.7) and reac-
tion time (mean score 28.8 [SD 26.9] vs. 49.2 [SD 36.3],
p=0.013; mean difference 20.4, 95% CI 4.5-36.3). Resected
patients improved in all cognitive domains (all ps <0.001),
whereas patients with biopsy improved in selective atten-
tion (p=0.019; mean difference 21.5, 95% CI 4.2-38.8) and
figural memory (p=0.048; mean difference 13.6, 95% CI
0.1-27.1) only (for details, see Online Resource 6). At T2,
cognitive performance of groups predominantly converged.

Discussion
The present study aimed to address the “mid-term” treat-

ment-related effects of RT, ChT, RChT and watch-and-wait
on cognitive functioning (i.e. the primary outcome) of WHO
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grade 1-4 glioma patients treated between 2004 and 2012.
The aspect of clinical significance was addressed by using
standardized outcome measures (i.e. percentile ranks) that
form the basis for evaluating a deviation from “healthy”
functionality.

The four treatment groups showed no differences in cog-
nitive change two years after first-line surgery; moreover,
they showed numerical and often even statistically signifi-
cant improvements of cognitive functioning when compar-
ing baseline and follow-up; this effect was more pronounced
in patients with gross total, subtotal or partial resection than
in those with biopsy.

Improvements of cognitive performance in the present
study may just represent an effect of recovery from surgery,
but may as well reflect “consolidation” of compromised
brain function after elimination of glioma cells, networks
and their detrimental metabolic and (patho)neurophysiologi-
cal effects on normal surrounding tissue [36—39]. In this vein
functional connectivity is disturbed by glioma even in brain
tissue remote from the visible tumor, subsequently affecting
cognitive performance [40]. In patients having undergone
biopsy only and thus not having experienced reduction of
their tumor volume at baseline significant improvements
were observed in two cognitive domains only, whereas
patients with gross total, subtotal or partial resection showed
significant improvements in all cognitive domains. One pos-
sible explanation may be that biopsies represent the pre-
ferred method for large and/or deeply located tumors [11]
with worse prognosis in terms of cognitive decline over time
and do not result in volume reduction or tumor network dis-
ruption. In contrast, resections apply to accessible gliomas,
effectively reduce tumor volume and disrupt tumor networks
but are more invasive and potentially harmful, such that they
carry a higher risk of immediate neurologic deterioration,
and a more compromised state to recover from in the follow-
ing (months). It is of note that immediate (‘“baseline’”) NPA
showed numerically or significantly worse performance in
resected patients in most cognitive domains, such that a sus-
tained effect on recovery of brain function, i.e. neurocogni-
tion was detectable at T2. Admittedly, there was a significant
difference between resected patients and patients with biopsy
concerning the numerical distribution of adjuvant treatment
modalities that might have confounded results at T2. How-
ever, due to the small sample size of these subgroups it is
impossible to draw firm conclusions from this observation.
Consistent with the finding of more extensive improvements
in resected patients in our study, a moderate correlation of
disturbed functional connectivity in the lesional hemisphere
with tumor volume — though no correlation was found for
tumor volume and cognitive performance — and a strong
influence of the main tumor on cognitive functions were
suggested [40].
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In oligodendroglioma patients we found a greater poten-
tial to improve in attentional and executive functions than
in astrocytoma patients, especially in patients followed by a
watch-and-wait strategy, although impairments in these cog-
nitive domains often persist after the postoperative recovery
period in brain tumor patients in general [41]. A greater
potential to improve was seen in oligodendroglioma than
in astrocytoma patients with a better outcome in RT- and
ChT+ patients in both groups. This underlines the favorable
disposition of oligodendroglioma in neurocognitive outcome
as compared to astrocytoma. However, the favorable neuro-
cognitive outcome in oligodendroglioma patients may not
purely reflect a result of tumor biology within this entity
but may as well be a consequence of the treatment modality
(i.e. chemotherapy) which was applied in 50% of oligoden-
drogliomas and in only 21.4% of astrocytomas in our series.
In contrast, combined radio-chemotherapy was applied in
28.6% of astrocytoma patients, whereas only 22.2% of oligo-
dendroglioma patients received this treatment in our series.
Therefore, the uneven distribution of treatment modalities
in astrocytoma and oligodendroglioma patients may have
confounded results.

It is of note that no advantage of irradiation or chemother-
apy was seen in astrocytoma patients, though astrocytomas
are capable to build widely distributed tumor cell networks
that disrupt neuronal networks and functional connectivity
and compromise cognitive functions [40]. In this regard,
our study could not support the assumption that radiation or
chemotherapy suppress this network-effect and thus contrib-
ute to an improvement of cognitive functioning.

ChT+ patients showed no significant cognitive dete-
rioration as compared to ChT- patients. We assume that
chemotherapy did not induce mid-term neurotoxicity in our
sample in line with a favorable neurological side effect pro-
file of temozolomide [42, 43]. The present results match
with previous evidence on marginal [44] or even no adverse
impact of chemotherapy on cognitive functioning within
12 months following RChT in “high-grade glioma” (HGG)
[45]. In “HGG” patients, who were assessed before, during
and after standard RChT, cognitive functioning remained
stable or improved in 70% of the patients [46]. Likewise,
RTOG 05-25-trial showed no differences in neurocognitive
functioning between dose-intensifying temozolomide versus
standard chemo-radiotherapy in newly diagnosed glioblas-
toma within six months after chemotherapy [19].

It is assumed that RT may negatively affect health-related
QoL through irreversible brain damage resulting in cogni-
tive deficits, which was true in former analyses evaluating
radiation sequelae of “historic” regimens and methodol-
ogy [5, 12, 47]. In the present study no deteriorating effect
of RT was found two years following focal RT with mean
total doses of 59.4 Gy (fraction dose 1.8-2.0 Gy). Similarly,
several studies reported no significant long-term cognitive

impairments following focal radiation with total doses of
50.4-64.8 Gy and fraction doses of 1.8 Gy [48-50]. When
comparing cognitive performance between dichotomized
groups of RT+ and RT- patients, however, a significantly
lower improvement (nevertheless an improvement) of figural
memory was detected in RT+ patients in the present study.
Thus, it cannot be ruled out that exposure to radiation may
delay or counteract postoperative recovery of memory func-
tions. By contrast, attention and executive functions seem
to recover within two years after surgery irrespective of the
application of irradiation. One possible explanation may be
that hippocampal structures with neuronal progenitor and
stem cell compartments - regarded as being essential for
memory - are particularly sensitive to RT due to its adverse
impact on hippocampal neurogenesis and myelin production
[51,52].

Since Douw and colleagues reported significant increases
of attentional deficits that were independent of e.g. fraction
dose, extent of resection and AED approximately 12 years
following RT [12] cognitive deficits may become apparent
after several years only. Thus, a long-term follow-up of our
patients is required.

Though patients within this series had been recruited
between 2004 and 2012 such that their gliomas had been
classified according to the previous WHO classification sys-
tems published in 2000 and 2007, the primary endpoint of
this trial “mid-term neurocognitive function” obviously is
not affected by modification of histopathological and molec-
ular classification. However, to further analyze subgroups
of distinct gliomas in association with effects of different
treatment modalities, all available tumor material had been
re-assessed for molecular markers determining the current
classification system. It is of note that five out of 11 glio-
blastomas were re-classified as astrocytomas, IDH-mutant
WHO grade 4, i.e. gliomas with a different biology. Thus,
it cannot be completely ruled out that tumor characteristics
confounded results of overall analysis of neurocognition.

The present study is not without limitations. Since we
had included patients treated in large university centers we
cannot rule out that our cohort represents a highly selected
population, which might have biased results. Furthermore,
the rather small sample size and partly heterogeneous
patient population with small subsamples may have lim-
ited statistical power and hence obscured the demonstra-
tion of statistically significant differences concerning treat-
ment modalities. We increased the size of subgroups by
dichotomizing treatment groups in order to detect subtle
changes of cognitive performance, while we appreciate
that these composite groups do not allow to draw firm
conclusions concerning the mere effect of irradiation and
chemotherapy on neurocognition. As we have prospec-
tively observed a patient group and evaluated cognitive
functioning at different timepoints for several years (i.e.
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between 2004 and 2012), a change in established treat-
ments and imaging techniques of brain tumors unfortu-
nately could not be avoided or controlled for. Therefore,
we cannot rule out the possibility that the present results
on cognitive functioning are confounded by classification
systems and treatment protocols that are outdated. Further-
more, in 25 out of 86 patients a CT was used to evaluate
extent of resection instead of MR imaging, which is not
state of the art. In addition, the evaluation of cognitive
change using the reliable change index would have been
a reasonable alternative to evaluate change in cognitive
performance over time. However, since the focus was on
the magnitude of cognitive change rather than the mere
analyses of deterioration or improvement and to avoid any
loss of information, percentile ranks were used instead.
Furthermore, NeuroCog FX is standardized [28, 29] and
validated [30] but one may argue, that the mere absence of
cognitive deficits may be due to shortcomings of this test,
anyway. The number of patients with cognitive decline
may be underestimated since patients who refused follow-
up assessment might be in clinically worse conditions, i.e.
positive selection of patients. Moreover, test repetitions
may in part be accountable for cognitive improvements.
However, since the interval between two NPAs was at least
six months and parallel versions of subtests were used it
is unlikely that transfer or practice effects confounded the
present results. Principally it has to be considered that
the mere lack of significant differences in primary and
secondary outcome measures in this rather small and het-
erogeneous sample does not exclude the presence of subtle
changes that may be significant in larger populations.

In sum, the present study suggests no relevant changes of
cognitive performance in dependence of treatment in WHO
grade 1-4 glioma patients in a mid-term follow-up.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11060-022-04044-1.

Acknowledgements We would like to thank the study nurses in all par-
ticipating centers for continuously testing the patients with NeuroCog
FX. We fully appreciate that this project would not have been possible
without their committed contributions.

Author contributions Uwe Schlegel and Michael Weller made sub-
stantial contributions to the study conception and design. Material
preparation and acquisition of data were performed by Jorg Felsberg,
Gabriele Schackert, Dietmar Krex, Tareq Juratli, Joerg Christian Tonn,
Oliver Schnell, Hartmut Vatter, Matthias Simon, Manfred Westphal,
Tobias Martens, Michael Sabel, Martin Bendszus, Nils Dorner and
Guido Reifenberger. Collection of data and coordination of the study
were performed by Sabine Schlomer, Bettina Hentschel and Markus
Loffler. Statistical analyses and interpretation of data were performed
by Sabine Schlomer, Milena Pertz, Bettina Hentschel, Markus Loffler,
Klaus Fliessbach and Christian Hoppe. The first draft of the manuscript
was written by Sabine Schlomer. The draft of the manuscript was sup-
ported by Milena Pertz. All authors commented on previous versions

@ Springer

of the manuscript. All authors read and approved the final manuscript
and revised it critically for important intellectual content.

Funding Open Access funding enabled and organized by Projekt
DEAL. This study was supported by the German Glioma Network
(Grant No.: 107940 and 109459 (108074a)) and by a research grant
of the German Cancer Aid (Deutsche Krebshilfe, Reference No.:
107940/109459 and 110586).

Data availability The datasets generated or analyzed during this study
are available from the corresponding author on reasonable request.

Code availability Not applicable.

Declarations

Competing interests Uwe Schlegel received honoraria from
GlaxoSmithKline (GSK), Novartis and medac. As authors of the
NeuroCog FX program, Christian Hoppe and Klaus Fliessbach received
software licence fees from Eisai Inc. (Frankfurt/M., Germany). The
other authors have no financial or non-financial interests to disclose.

Ethical approval All procedures performed in this study involving
human participants were in accordance with the ethical standards of the
institutional local ethics boards of participating centers, with the eth-
ics committee of the university of the leading institution in Tiibingen,
Germany (Registration No.: 353/2003V) and with the ethical standards
as laid down in the 1964 Declaration of Helsinki and its later amend-
ments or comparable ethical standards.

Consent to participate Written informed consent was obtained from
all individual participants included in the study.

Consent to publish Not applicable.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Louis DN, Perry A, Wesseling P et al (2021) The 2021 WHO
classification of tumors of the central nervous system: a summary.
Neuro Oncol 23(8):1231-1251. https://doi.org/10.1093/neuonc/
noab106

2. Weller M, van den Bent M, Preusser M et al (2021) EANO guide-
lines on the diagnosis and treatment of diffuse gliomas of adult-
hood. Nat Rev Clin Oncol 18(3):170-186. https://doi.org/10.1038/
s41571-020-00447-z

3. Correa DD, Shi W, Thaler HT et al (2008) Longitudinal cognitive
follow-up in low grade gliomas. J Neurooncol 86(3):321-327.
https://doi.org/10.1007/s11060-007-9474-4


https://doi.org/10.1007/s11060-022-04044-1
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/neuonc/noab106
https://doi.org/10.1093/neuonc/noab106
https://doi.org/10.1038/s41571-020-00447-z
https://doi.org/10.1038/s41571-020-00447-z
https://doi.org/10.1007/s11060-007-9474-4

Journal of Neuro-Oncology (2022) 159:65-79

77

11.

12.

13.

14.

15.

16.

17.

18.

19.

Postma TJ, Klein M, Verstappen CCP et al (2002) Radiotherapy-
induced cerebral abnormalities in patients with low-grade glioma.
Neurology 59(1):121-123. https://doi.org/10.1212/wnl.59.1.121
Surma-aho O, Niemeld M, Vilkki J et al (2001) Adverse long-term
effects of brain radiotherapy in adult low-grade glioma patients.
Neurology 56(10):1285-1290. https://doi.org/10.1212/wnl.56.10.
1285

Olson JD, Riedel E, DeAngelis LM (2000) Long-term outcome
of low-grade oligodendroglioma and mixed glioma. Neurology
54(7):1442-1448. https://doi.org/10.1212/wnl.54.7.1442

Gondi V, Hermann BP, Mehta MP et al (2012) Hippocampal
dosimetry predicts neurocognitive function impairment after frac-
tionated stereotactic radiotherapy for benign or low-grade adult
brain tumors. Int J Radiat Oncol Biol Phys 83(4):e487-e493.
https://doi.org/10.1016/j.ijrobp.2011.10.021

Shaw EG, Wang M, Coons SW et al (2012) Randomized trial of
radiation therapy plus procarbazine, lomustine, and vincristine
chemotherapy for supratentorial adult low-grade glioma: initial
results of RTOG 9802. J Clin Oncol 30(25):3065-3070. https://
doi.org/10.1200/JC0O.2011.35.8598

Prabhu RS, Won M, Shaw EG et al (2014) Effect of the addition
of chemotherapy to radiotherapy on cognitive function in patients
with low-grade glioma: secondary analysis of RTOG 98-02. ]
Clin Oncol 32(6):535-541. https://doi.org/10.1200/JC0O.2013.53.
1830

. Meyers CA, Wefel JS (2003) The use of the mini-mental state

examination to assess cognitive functioning in cancer trials: no ifs,
ands, buts, or sensitivity. J Clin Oncol 21(19):3557-3558. https:/
doi.org/10.1200/JC0.2003.07.080

Klein M, Heimans JJ, Aaronson NK et al (2002) Effect of radio-
therapy and other treatment-related factors on mid-term to long-
term cognitive sequelae in low-grade gliomas: a comparative
study. Lancet 360(9343):1361-1368. https://doi.org/10.1016/
s0140-6736(02)11398-5

Douw L, Klein M, Fagel SS et al (2009) Cognitive and radio-
logical effects of radiotherapy in patients with low-grade glioma:
long-term follow-up. Lancet Neurol 8(9):810-818. https://doi.org/
10.1016/S1474-4422(09)70204-2

Baumert BG, Hegi ME, van den Bent MJ et al (2016) Temozo-
lomide chemotherapy versus radiotherapy in high-risk low-grade
glioma (EORTC 22033-26033): a randomised, open-label, phase
3 intergroup study. Lancet Oncol 17(11):1521-1532. https://doi.
org/10.1016/S1470-2045(16)30313-8

Reijneveld JC, Taphoorn MJB, Coens C et al (2016) Health-
related quality of life in patients with high-risk low-grade glioma
(EORTC 22033-26033): a randomised, open-label, phase 3 inter-
group study. Lancet Oncol 17(11):1533-1542. https://doi.org/10.
1016/S1470-2045(16)30305-9

Brown PD, Buckner JC, O’Fallon JR et al (2003) Effects of radio-
therapy on cognitive function in patients with low-grade glioma
measured by the folstein mini-mental state examination. J Clin
Oncol 21(13):2519-2524. https://doi.org/10.1200/JC0O.2003.04.
172

Roa W, Brasher PMA, Bauman G et al (2004) Abbreviated
course of radiation therapy in older patients with glioblastoma
multiforme: a prospective randomized clinical trial. J Clin Oncol
22(9):1583-1588. https://doi.org/10.1200/JC0O.2004.06.082
Wefel JS, Cloughesy T, Zazzali JL et al (2011) Neurocognitive
function in patients with recurrent glioblastoma treated with beva-
cizumab. Neuro Oncol 13(6):660-668. https://doi.org/10.1093/
neuonc/nor024

Gilbert MR, Dignam JJ, Armstrong TS et al (2014) A randomized
trial of bevacizumab for newly diagnosed glioblastoma. N Engl J
Med 370(8):699-708. https://doi.org/10.1056/NEJMoal308573
Armstrong TS, Wefel JS, Wang M et al (2013) Net clinical ben-
efit analysis of radiation therapy oncology group 0525: a phase

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

III trial comparing conventional adjuvant temozolomide with
dose-intensive temozolomide in patients with newly diagnosed
glioblastoma. J Clin Oncol 31(32):4076—4084. https://doi.org/10.
1200/JC0.2013.49.6067

Louis DN, Ohgaki H, Wiestler OD et al. (eds) (2016) WHO clas-
sification of tumours of the central nervous system, Revised 4th
edition. World Health Organization classification of tumours.
International Agency for Research on Cancer, Lyon

Kleihues P, Cavenee WK (eds) (2000) World Health Organization
Classification of Tumours. Pathology and genetics of tumours of
the nervous system. World Health Organization classification of
tumours, vol 1. IARC Press, Lyon

Louis DN, Ohgaki H, Wiestler OD et al. (eds) (2007) WHO Clas-
sification of Tumours of the Central Nervous System, 4th edn., vol
1. International Agency for Research on Cancer, Lyon

Folstein MF, Folstein SE, McHugh PR (1975) Mini-mental state.
J Psychiatr Res 12(3):189-198. https://doi.org/10.1016/0022-
3956(75)90026-6

Buckner JC, Shaw EG, Pugh SL et al (2016) Radiation plus Pro-
carbazine, CCNU, and Vincristine in Low-Grade Glioma. N Engl
J Med 374(14):1344-1355. https://doi.org/10.1056/NEJMoal500
925

Wefel JS, Kayl AE, Meyers CA (2004) Neuropsychological dys-
function associated with cancer and cancer therapies: a concep-
tual review of an emerging target. Br J Cancer 90(9):1691-1696.
https://doi.org/10.1038/sj.bjc.6601772

Correa DD, DeAngelis LM, Shi W et al (2004) Cognitive func-
tions in survivors of primary central nervous system lymphoma.
Neurology 62(4):548-555. https://doi.org/10.1212/01.wnl.00001
09673.75316.d8

Correa DD, Maron L, Harder H et al (2007) Cognitive functions
in primary central nervous system lymphoma: literature review
and assessment guidelines. Ann Oncol 18(7):1145-1151. https://
doi.org/10.1093/annonc/mdl464

Hoppe C, Fliessbach K, Schlegel U et al (2009) NeuroCog FX:
computerized screening of cognitive functions in patients with
epilepsy. Epilepsy Behav 16(2):298-310. https://doi.org/10.
1016/j.yebeh.2009.07.041

Fliessbach K, Hoppe C, Schlegel U et al (2006) NeuroCogFX-
eine computergestiitzte neuropsychologische Testbatterie fiir
Verlaufsuntersuchungen bei neurologischen Erkrankungen
(NeuroCogFX-a computer-based neuropsychological assessment
battery for the follow-up examination of neurological patients).
Fortschr Neurol Psychiatr 74(11):643—-650. https://doi.org/10.
1055/5-2006-932162

Fliessbach K, Rogowski S, Hoppe C et al (2010) Computer-
based assessment of cognitive functions in brain tumor patients.
J Neurooncol 100(3):427-437. https://doi.org/10.1007/
s11060-010-0194-9

Osoba D, Aaronson NK, Muller M et al (1996) The development
and psychometric validation of a brain cancer quality-of-life
questionnaire for use in combination with general cancer-specific
questionnaires. Qual Life Res 5(1):139-150. https://doi.org/10.
1007/BF00435979

Meyers CA, Hess KR (2003) Multifaceted end points in brain
tumor clinical trials: cognitive deterioration precedes MRI pro-
gression. Neuro Oncol 5(2):89-95. https://doi.org/10.1093/neu-
onc/5.2.89

Armstrong CL, Goldstein B, Shera D et al (2003) The predictive
value of longitudinal neuropsychologic assessment in the early
detection of brain tumor recurrence. Cancer 97(3):649-656.
https://doi.org/10.1002/cncr.11099

Butterbrod E, Bruijn J, Braaksma MM et al (2019) Predict-
ing disease progression in high-grade glioma with neuropsy-
chological parameters: the value of personalized longitudinal

@ Springer


https://doi.org/10.1212/wnl.59.1.121
https://doi.org/10.1212/wnl.56.10.1285
https://doi.org/10.1212/wnl.56.10.1285
https://doi.org/10.1212/wnl.54.7.1442
https://doi.org/10.1016/j.ijrobp.2011.10.021
https://doi.org/10.1200/JCO.2011.35.8598
https://doi.org/10.1200/JCO.2011.35.8598
https://doi.org/10.1200/JCO.2013.53.1830
https://doi.org/10.1200/JCO.2013.53.1830
https://doi.org/10.1200/JCO.2003.07.080
https://doi.org/10.1200/JCO.2003.07.080
https://doi.org/10.1016/s0140-6736(02)11398-5
https://doi.org/10.1016/s0140-6736(02)11398-5
https://doi.org/10.1016/S1474-4422(09)70204-2
https://doi.org/10.1016/S1474-4422(09)70204-2
https://doi.org/10.1016/S1470-2045(16)30313-8
https://doi.org/10.1016/S1470-2045(16)30313-8
https://doi.org/10.1016/S1470-2045(16)30305-9
https://doi.org/10.1016/S1470-2045(16)30305-9
https://doi.org/10.1200/JCO.2003.04.172
https://doi.org/10.1200/JCO.2003.04.172
https://doi.org/10.1200/JCO.2004.06.082
https://doi.org/10.1093/neuonc/nor024
https://doi.org/10.1093/neuonc/nor024
https://doi.org/10.1056/NEJMoa1308573
https://doi.org/10.1200/JCO.2013.49.6067
https://doi.org/10.1200/JCO.2013.49.6067
https://doi.org/10.1016/0022-3956(75)90026-6
https://doi.org/10.1016/0022-3956(75)90026-6
https://doi.org/10.1056/NEJMoa1500925
https://doi.org/10.1056/NEJMoa1500925
https://doi.org/10.1038/sj.bjc.6601772
https://doi.org/10.1212/01.wnl.0000109673.75316.d8
https://doi.org/10.1212/01.wnl.0000109673.75316.d8
https://doi.org/10.1093/annonc/mdl464
https://doi.org/10.1093/annonc/mdl464
https://doi.org/10.1016/j.yebeh.2009.07.041
https://doi.org/10.1016/j.yebeh.2009.07.041
https://doi.org/10.1055/s-2006-932162
https://doi.org/10.1055/s-2006-932162
https://doi.org/10.1007/s11060-010-0194-9
https://doi.org/10.1007/s11060-010-0194-9
https://doi.org/10.1007/BF00435979
https://doi.org/10.1007/BF00435979
https://doi.org/10.1093/neuonc/5.2.89
https://doi.org/10.1093/neuonc/5.2.89
https://doi.org/10.1002/cncr.11099

78

Journal of Neuro-Oncology (2022) 159:65-79

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

assessment. J Neurooncol 144(3):511-518. https://doi.org/10.
1007/s11060-019-03249-1

DiefBiner-Oehl M (2012) Postoperative Erfassung kognitiver Leis-
tungsfihigkeit bei Patienten mit glialen Tumoren anhand der com-
puterisierten neuropsychologischen Testbatterie NeuroCogFX.
Dissertation, Faculty of Medicine, Ruhr-University Bochum
Cuddapah VA, Robel S, Watkins S et al (2014) A neurocentric
perspective on glioma invasion. Nat Rev Neurosci 15(7):455-465.
https://doi.org/10.1038/nrn3765

Torres D, Canoll P (2019) Alterations in the brain microenviron-
ment in diffusely infiltrating low-grade glioma. Neurosurg Clin N
Am 30(1):27-34. https://doi.org/10.1016/j.nec.2018.08.001
Venkataramani V, Tanev DI, Kuner T et al (2021) Synaptic input
to brain tumors: clinical implications. Neuro Oncol 23(1):23-33.
https://doi.org/10.1093/neuonc/noaal58

Montgomery MK, Kim SH, Dovas A et al (2020) Glioma-induced
alterations in neuronal activity and neurovascular coupling dur-
ing disease progression. Cell Rep 31(2):1-39. https://doi.org/10.
1016/j.celrep.2020.03.064

Stoecklein VM, Stoecklein S, Gali¢ F et al (2020) Resting-state
fMRI detects alterations in whole brain connectivity related to
tumor biology in glioma patients. Neuro Oncol 22(9):1388-1398.
https://doi.org/10.1093/neuonc/noaa044

Weyer-Jamora C, Brie MS, Luks TL et al (2021) Postacute cogni-
tive rehabilitation for adult brain tumor patients. Neurosurgery
89(6):945-953. https://doi.org/10.1093/neuros/nyaa552
Soussain C, Ricard D, Fike JR et al (2009) CNS complications
of radiotherapy and chemotherapy. The Lancet 374(9701):1639—
1651. https://doi.org/10.1016/S0140-6736(09)61299-X

Schift D, Wen PY, van den Bent MJ (2009) Neurological adverse
effects caused by cytotoxic and targeted therapies. Nat Rev Clin
Oncol 6(10):596-603. https://doi.org/10.1038/nrclinonc.2009.128
Abrey LE (2012) The impact of chemotherapy on cognitive
outcomes in adults with primary brain tumors. J Neurooncol
108(2):285-290. https://doi.org/10.1007/s11060-012-0807-6
Rydelius A, Litt J, Kinhult S et al (2020) Longitudinal study
of cognitive function in glioma patients treated with modern

Authors and Affiliations

Sabine Schlomer’

46.

47.

48.

49.

50.

51.

52.

radiotherapy techniques and standard chemotherapy. Acta Oncol
59(9):1091-1097. https://doi.org/10.1080/0284186X.2020.17781
81

Froklage FE, Oosterbaan LJ, Sizoo EM et al (2014) Central neu-
rotoxicity of standard treatment in patients with newly-diagnosed
high-grade glioma: a prospective longitudinal study. J] Neurooncol
116(2):387-394. https://doi.org/10.1007/s11060-013-1310-4
Armstrong CL, Hunter JV, Ledakis GE et al (2002) Late cognitive
and radiographic changes related to radiotherapy: Initial prospec-
tive findings. Neurology 59:1. https://doi.org/10.1212/wnl.59.1.40
Torres 1J, Mundt AJ, Sweeney PJ et al (2003) A longitudinal
neuropsychological study of partial brain radiation in adults with
brain tumors. Neurology 60(7):1113-1118. https://doi.org/10.
1212/01.wnl.0000055862.20003.4a

Laack NN, Brown PD, Ivnik RJ et al (2005) Cognitive function
after radiotherapy for supratentorial low-grade glioma: a North
Central Cancer Treatment Group prospective study. Int J Radiat
Oncol Biol Phys 63(4):1175-1183. https://doi.org/10.1016/j.
ijrobp.2005.04.016

Vigliani M-C, Sichez N, Poisson M et al (1996) A prospective
study of cognitive functions following conventional radiotherapy
for supratentorial gliomas in young adults: 4-year results. Int J
Radiat Oncol Biol Phys 35(3):527-533. https://doi.org/10.1016/
s0360-3016(96)80015-0

Monje ML, Mizumatsu S, Fike JR et al (2002) Irradiation induces
neural precursor-cell dysfunction. Nat Med 8(9):955-962. https://
doi.org/10.1038/nm749

Monje ML, Toda H, Palmer TD (2003) Inflammatory block-
ade restores adult hippocampal neurogenesis. Science
302(5651):1760-1765. https://doi.org/10.1126/science.1088417

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

- Jorg Felsberg? - Milena Pertz' - Bettina Hentschel® - Markus Loffler® - Gabriele Schackert® -

Dietmar Krex* - Tareq Juratli* - Joerg Christian Tonn’ - Oliver Schnell>® - Hartmut Vatter” - Matthias Simon’3
Manfred Westphal® - Tobias Martens®'? - Michael Sabel'! - Martin Bendszus'? - Nils Dérner'*'3 . Klaus Fliessbach'* -
Christian Hoppe'® - Guido Reifenberger? - Michael Weller'®'” . Uwe Schlegel’ - for the German Glioma Network

Department of Neurology, University Hospital
Knappschaftskrankenhaus, Ruhr University Bochum, In der
Schornau 23-25, D-44892 Bochum, Germany

Institute of Neuropathology, Heinrich Heine University
Medical Faculty and University Hospital Diisseldorf,
Diisseldorf, Germany

Institute for Medical Informatics, Statistics
and Epidemiology, University of Leipzig, Leipzig, Germany

Department of Neurosurgery, University Hospital, University
Carl Gustav Carus of Dresden, Dresden, Germany

Department of Neurosurgery, University Hospital, Ludwig
Maximilians University of Munich, Munich, Germany

Department of Neurosurgery, Medical Center - University
of Freiburg, Freiburg, Germany

@ Springer

Department of Neurosurgery, University Hospital Bonn,
Bonn, Germany

Department of Neurosurgery, Medical Center Bethel,
University Hospital Bielefeld, Bielefeld, Germany

Department of Neurosurgery, University Hospital
Hamburg-Eppendorf, Hamburg, Germany

Department of Neurosurgery, Medical Center Asklepios
St. Georg, Hamburg, Germany

Department of Neurosurgery, Heinrich Heine University
Medical Faculty and University Hospital Diisseldorf,
Diisseldorf, Germany

Department of Neuroradiology, Medical Center
of Neurology, University Hospital Heidelberg, Heidelberg,
Germany


https://doi.org/10.1007/s11060-019-03249-1
https://doi.org/10.1007/s11060-019-03249-1
https://doi.org/10.1038/nrn3765
https://doi.org/10.1016/j.nec.2018.08.001
https://doi.org/10.1093/neuonc/noaa158
https://doi.org/10.1016/j.celrep.2020.03.064
https://doi.org/10.1016/j.celrep.2020.03.064
https://doi.org/10.1093/neuonc/noaa044
https://doi.org/10.1093/neuros/nyaa552
https://doi.org/10.1016/S0140-6736(09)61299-X
https://doi.org/10.1038/nrclinonc.2009.128
https://doi.org/10.1007/s11060-012-0807-6
https://doi.org/10.1080/0284186X.2020.1778181
https://doi.org/10.1080/0284186X.2020.1778181
https://doi.org/10.1007/s11060-013-1310-4
https://doi.org/10.1212/wnl.59.1.40
https://doi.org/10.1212/01.wnl.0000055862.20003.4a
https://doi.org/10.1212/01.wnl.0000055862.20003.4a
https://doi.org/10.1016/j.ijrobp.2005.04.016
https://doi.org/10.1016/j.ijrobp.2005.04.016
https://doi.org/10.1016/s0360-3016(96)80015-0
https://doi.org/10.1016/s0360-3016(96)80015-0
https://doi.org/10.1038/nm749
https://doi.org/10.1038/nm749
https://doi.org/10.1126/science.1088417
http://orcid.org/0000-0001-8237-8004

Journal of Neuro-Oncology (2022) 159:65-79

79

13 Institute for Diagnostic and Interventional Radiology

and Neuroradiology, University Hospital Essen, Essen,
Germany

Department of Neurodegenerative Diseases and Geriatric
Psychiatry, University Hospital Bonn, Bonn, Germany

Department of Epileptology, University Hospital Bonn,
Bonn, Germany

Department of Neurology, University Hospital and University
of Zurich, Zurich, Switzerland

Department of General Neurology, University Hospital
Tiibingen, Tiibingen, Germany

@ Springer



	Mid-term treatment-related cognitive sequelae in glioma patients
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Patients and methods
	Patients
	Neurocognitive functioning
	Procedures
	Statistical analyses

	Results
	Sociodemographic and clinical characteristics
	Change of neurocognitive functioning within two years after surgery
	Change of neurocognitive functioning associated with radiotherapy
	Change of neurocognitive functioning associated with chemotherapy
	Neurocognitive functioning related to tumor and surgery characteristics

	Discussion
	Acknowledgements 
	References




