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Abstract 
Background.   Cognitive functioning is increasingly assessed as a secondary outcome in neuro-oncological trials. 
However, which cognitive domains or tests to assess, remains debatable. In this meta-analysis, we aimed to eluci-
date the longer-term test-specific cognitive outcomes in adult glioma patients.
Methods.   A systematic search yielded 7098 articles for screening. To investigate cognitive changes in glioma 
patients and differences between patients and controls 1-year follow-up, random-effects meta-analyses were 
conducted per cognitive test, separately for studies with a longitudinal and cross-sectional design. A meta-
regression analysis with a moderator for interval testing (additional cognitive testing between baseline and 1-year 
posttreatment) was performed to investigate the impact of practice in longitudinal designs.
Results.   Eighty-three studies were reviewed, of which 37 were analyzed in the meta-analysis, involving 4078 pa-
tients. In longitudinal designs, semantic fluency was the most sensitive test to detect cognitive decline over time. 
Cognitive performance on mini-mental state exam (MMSE), digit span forward, phonemic and semantic fluency 
declined over time in patients who had no interval testing. In cross-sectional studies, patients performed worse 
than controls on the MMSE, digit span backward, semantic fluency, Stroop speed interference task, trail-making 
test B, and finger tapping.
Conclusions.   Cognitive performance of glioma patients 1 year after treatment is significantly lower compared to 
the norm, with specific tests potentially being more sensitive. Cognitive decline over time occurs as well, but can 
easily be overlooked in longitudinal designs due to practice effects (as a result of interval testing). It is warranted 
to sufficiently correct for practice effects in future longitudinal trials.

Key Points

-	 Normalized cognitive scores of glioma patients are below average on multiple tasks.

-	 Specific tests are more sensitive to detect cognitive decline throughout treatment.

-	 To detect treatment-related decline, attention is required for practice effects.

Gliomas are the most common type (ie, 70%) of malignant pri-
mary brain tumors.1 Due to improvements in the existing mul-
timodal treatments, patients’ survival rates have increased 
in the last decades. Consequently, the aspects of the patients’ 
functioning and well-being are becoming more important, in-
cluding health-related quality of life and cognitive functioning. 
The prevalence of cognitive impairment in adult World Health 
Organization (WHO) glioma (grade 1–3) patients has been es-
timated at 27%–83%.2 The large variability in these prevalence 
numbers is partly due to heterogeneous study designs and 

populations, various cognitive tests that were used, and incon-
sistent definitions of impairment across trials. Furthermore, by 
investigating general cognitive impairment one could neglect 
the granularity of cognitive outcomes (and domain or test spec-
ificity) and individual patient profiles. More specifically, cogni-
tive sequelae in glioma patients can consist of specific problems 
in memory, attention, executive functioning, processing speed, 
perception, and language.3 Although cognitive functioning is in-
creasingly assessed as secondary outcome in neuro-oncological 
clinical trials, and guidelines for optimal management of 
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cognitive deficits in brain tumor patients have been pro-
posed earlier (eg, ICCTF, EANO, NCCN, and IPCG), evidence 
for test specificity in glioma patients is still lacking.4

Meta-analyses can be used to address this question. To 
date, few meta-analyses exist which assess the cognitive 
outcome data of the existing literature in glioma patients. 
Ng et al. investigated cognitive outcomes up to 6 months 
post-surgery with data from 11 studies.5 In this meta-
analysis, glioma surgery appeared to be beneficial for the 
domains of complex attention, language, learning, and 
memory, while it could negatively affect executive func-
tioning, both immediately after surgery and at 6 months 
follow-up. Lawrie et al. focused on cognitive outcomes 
after radiotherapy in a subset of glioma patients (based 
on 9 studies) who were tested at least 2 years after radi-
otherapy.6 They concluded that radiotherapy may increase 
the risk of long-term cognitive side effects, but the data re-
mained insufficient to estimate the magnitude of the risk. 
Although these meta-analyses provided valuable initial 
insights, data between 1 and 2 years after therapy were 
neglected. However, other studies have clearly shown 
that cognitive impairment in fluency, working memory, 
and verbal memory can already be observed at 1-year 
follow-up after radiotherapy.7 Furthermore, test scores 
were grouped into domains, which does not provide in-
formation on test specificity and sensitivity to detect more 
subtle cognitive changes. Additionally, the existing meta-
analyses did not analyze the impact of potential practice 
effects. These occur when patients get more familiar with 
a test due to memory of the content, or application of 
more efficient strategies after repeated testing procedures. 
Methods for limiting these effects include alternate forms/
parallel versions of tests, reliable change index or stand-
ardized regression-based change scores and having longer 
interval periods.8 If studies included in meta-analyses do 
not analyze the role of practice effects, the meta-analysis 
may overestimate certain cognitive outcomes. Finally, in 
recent years, the number of studies reporting cognitive 
outcomes in glioma patients have increased dramatically, 
resulting in a larger number of cognitive data that were not 
included in previous meta-analyses.

Meta-analyses on cognitive outcomes in non-CNS cancer 
types, mostly breast cancer, after chemotherapy showed 
that these cancer patients performed worse than controls 
mostly on cognitive domains of memory, attention, and 

executive function. In longitudinal trials, patients improved 
over time, but potential practice effects were not taken into 
account.9–11

In this study, we aim to further improve our insight 
into longer-term cognitive outcomes in the adult glioma 
population. Herein, we will solely focus on objective cog-
nitive functioning, as measured with neuropsycholog-
ical tests in the research context. Given the previously 
mentioned existing gaps, we aim to report on test-specific 
cognitive outcomes after 1-year follow-up. To study 
both  cognitive changes within patients over time and 
compare cognitive outcomes of patients versus controls/
norms at 1-year follow-up, we will perform separate meta-
analyses for both designs (longitudinal vs. cross-sectional, 
respectively). Furthermore, we report on how previous 
clinical studies dealt with practice effects in glioma pa-
tients specifically and aim to investigate the potential role 
of these practice effects in the research setting, based on 
the longitudinal studies, which were largely neglected so 
far in previous reviews. Based on these findings, we in-
tend to aid in the development of clearer recommenda-
tions for improving future clinical trials.

Methods

Literature Search

A comprehensive literature search (see Supplementary 
Material 1 for the protocol) was performed on July 19, 
2021, using the PubMed, Embase, Web of Science Core 
Collection, Cochrane Library, and PsycArticles databases. 
The search string consisted of 3 main components, in-
cluding a range of glioma-, cognition-, and treatment-
related keywords (see Supplementary Material 1). Articles 
covering each of these three topics and being published 
between January 01, 1990 and July 19, 2021 were selected 
to cover the literature of the past 2 decades.

Study Selection

The titles and abstracts of the articles were independently 
screened in Rayyan12 by 2 independent reviewers (A.V. and 
C.S.). Disagreement was resolved by consensus. Studies 

Importance of the Study

Long-term cognitive sequelae can severely impact the 
quality of life in glioma patients after their multimodal 
treatment. However, evidence on which cognitive tests 
to implement in clinical routine to detect these cogni-
tive problems is still lacking. In this meta-analysis (after 
screening 7098 articles), we investigated the longer-
term test-specific cognitive outcomes in adult glioma 
patients, involving 4078 patients. Moreover, we per-
formed meta-regression analyses to investigate the 
role of practice effects. Based on these outcomes, we 

provide recommendations on the use of specific test 
materials, raw versus standardized scores, and future 
trial designs to standardize follow-up protocols in this 
population. To the best of our knowledge, such test and 
score specificity was never reported before, nor was 
information provided on repeated test assessments. 
However, uniformization and correction for practice ef-
fects for multiple test materials will be crucial to moving 
forward in our understanding of cognitive outcomes in 
glioma patients.

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad045#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad045#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad045#supplementary-data


1397De Roeck et al.: Cognitive outcomes in adult glioma patients
N

eu
ro-

O
n

colog
y

were included if they reported an investigation of (1) adults, 
defined as subjects of 18 years and older, (2) who had a 
diagnosis of a WHO grade 1–4 glioma, (3) with a sample 
size of more than 5 subjects, (4) in which subjects received 
cancer treatment (surgery, radiotherapy, and/or chemo-
therapy), and (5) cognitive outcome scores were reported 
with validated cognitive tests (objectively assessed by an 
independent assessor) at least 1 year after the treatment 
for cross-sectional studies and at least 1-year post-baseline 
in longitudinal studies. Only original studies were eligible. 
Studies were excluded based on the following criteria: 
Studies in a non-English language, intervention, or reha-
bilitation studies to improve cognitive outcomes. Detailed 
information from all included studies was summarized in 
tables containing study characteristics (author, year, and 
design), characteristics of the study population (sample 
size, age, gender, tumor histology, and grade), cognitive 
tests that were used, timing of assessments, whether or 
not potential practice effects were accounted for and in 
which way, and main findings. Tables were created sep-
arately per design (ie, longitudinal and cross-sectional 
studies). Quality assessment was performed by the risk of 
bias assessment in individual studies (see Supplementary 
Material 2 and 3).

Design and Extraction of Data for Analyses

Two separate datasets were constructed. First, to inves-
tigate cognitive changes after 1 year in a sufficient and 
maximally homogenous sample, test scores at baseline 
(pretreatment) and after 1 year (maximum of 24 months) 
follow-up were included in a dataset for longitudinal 
studies. In this dataset, the moderator interval testing (yes 
vs. no) was also included, to be able to investigate poten-
tial practice effects. This interval testing was defined as 
“additional cognitive testing between baseline and 1-year 
post-treatment.”

For randomized controlled trials randomizing between 
2 nonexperimental treatment arms (eg, procarbazine-
lomustine-vincristine (PCV) and temozolomide), both treat-
ment arms were included but not compared. When the 
patients were randomized between an experimental and 
nonexperimental treatment, only the treatment arm that 
received treatment considered as standard clinical care 
was included.

Second, to investigate cognitive status compared to 
healthy controls, the patient and control/normative data 
(healthy controls) assessed at 1 year or more posttreatment 
(no maximum) were included in a dataset for cross-sec-
tional studies. By selecting these timepoints, we targeted 
the maximal amount of available data and the potential 
dropout effects were minimized.

Scores from specific cognitive tests were extracted in a 
dataset if at least 2 studies reported scores of a similar test 
within the same design (ie, longitudinal/cross-sectional) and 
reporting method (ie, raw/z-scores). These collected values 
were either means and standard deviations of raw test 
scores (eg, raw accuracy rates, response times), or means 
and standard deviations of normalized test scores, repre-
sented by z-scores, which are standardized scores based on 
test-specific norm tables or healthy control groups.

In case of missing data, the data were requested from 
the corresponding author(s) by email. If the same data 
were presented in multiple reports, they were included 
only once in the analyses.

Statistical Analyses: Meta-analyses

Based on both raw- and z-scores in longitudinal (change 
over time) and cross-sectional (patients vs. controls as-
sessed at one-time point) designs, separate random-effects 
meta-analyses for each cognitive test were performed. The 
random-effects model was selected to take between-study 
heterogeneity in true effect size into account, and to be 
able to generalize the results to the population of studies. 
For these analyses, Hedges’ g standardized mean differ-
ences and corresponding sampling variances (for each 
cognitive test) were calculated based on the equations of 
Borenstein13 and Hedges14 (see Supplementary Material 3). 
Effect sizes were interpreted based on the rules-of-thumb 
of Cohen15 and findings were reported if effects were of 
moderate or high size. Next, we will describe the 2 different 
approaches for the specific study designs (longitudinal and 
cross-sectional).

First, for longitudinal analyses, a Pearson’s correlation of 
r = 0.5 was assumed to compute Hedges’ g and its sam-
pling variance as exact correlations were underreported in 
studies. If sample sizes differed between baseline versus 
follow-up, we used the harmonic mean of the sample size 
at both measurements. In order to check for potential prac-
tice effects, a meta-regression analysis with a moderator 
for interval testing (yes vs. no) was performed for the lon-
gitudinal datasets (see Supplementary Material 3).

Second, for studies with a cross-sectional design without 
a control group but with reported z-scores (based on pub-
lished norms), these mean normalized test scores were 
compared to a standard value of 0.

Between-study heterogeneity was quantified by the 
between-study variance (estimated with the restricted 
maximum likelihood estimator) and the I2-statistic (ie, per-
centage of total variance that can be attributed to between-
study variance16). The Q-test17 was used to test the null 
hypothesis of no between-study heterogeneity. The classi-
fication of Higgins et al. was used to evaluate the degree of 
heterogeneity.16

Additionally, equal effect meta-analyses were fitted as 
sensitivity analyses. All meta-analyses were also repeated 
including only the low-risk-of-bias studies as a validity 
check (see Supplementary Material 3).

Practice Effects

To analyze the potential practice effects, a meta-regression 
analysis with a moderator for interval testing (yes vs. no) 
was performed for the longitudinal datasets. In this anal-
ysis, the effect sizes of time effects in patients who had no 
assessment during the interval were denoted by b0, while 
differences in time effects in patients who had interval 
testing versus patients who did not, were estimated as b1. 
Hence, these parameters (b0 and b1) are summed to in-
terpret the effect of change in the group of patients with 
interval testing.

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad045#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad045#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad045#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad045#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad045#supplementary-data
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Tumor Grade Sub-analysis

To explore potential differences in cognitive outcomes be-
tween low-grade glioma (LGG) and high-grade glioma (HGG) 
patients, a subgroup analysis was performed on the raw test 
scores, with the variable “majority HGG patients” (ie, >50% 
patients with HGG) as a moderator of the regression anal-
ysis. In this analysis, effect sizes of studies including mostly 
LGG patients were denoted by b0 and differences in effects 
with HGG studies (compared to b0) were denoted by b1.

All hypotheses were tested using α = 0.05. We refer to 
Supplementary Material 3 for the R script.

Results

For the results of study selection and risk of bias, we refer 
to Supplementary Material 4. In Figure 1, a flowchart of the 
selection process of the included studies, is shown.

Of all 83 studies, 37 studies were included in the meta-
analysis, including 25 studies with longitudinal design 
(Table 1; Figure 2B), 

10 studies with cross-sectional design (Table 2; Figure 
2A), and 2 studies with both designs. Detailed characteris-
tics of the remaining 44 studies with missing data for ana-
lyses are provided in Supplementary Tables S1 and S2).

Of all studies that reported information on methods for 
correction for practice effects, 30% (k = 8/27) applied cor-
rection for practice effects (11% standardized regression-
based change scores (k = 3),23,26,30 4% alternate testing 
forms (k = 1),19 15% reliable change index (k = 4),25,28,37,42 
respectively). Fifty-one percent reported whether they 
had corrected scores for covariates (age, education, and/
or gender). Regarding molecular features, only 19% of the 
studies reported details on IDH mutation of the tumor (k = 
3/10 cross-sectional and k = 4/27 longitudinal studies).

Cognitive scores of 21 out of 37 studies (56.8%) were 
readily available and extracted from the papers. Data from 
the remaining studies (43.2%) were requested. Tests in-
cluded cognitive screening instruments (MMSE, MOCA), 
tests measuring processing speed (coding/substitution, 
TMT A), attention span (digit span forward), working 
memory (digit span backward), verbal learning and 
memory (word list learning eg, Hopkins Verbal Learning 
Test [HVLT]), visual learning and memory immediate and 
recall (object/figure learning, ROCF copy, and recall), ex-
ecutive functioning (semantic fluency, phonemic fluency, 
Stroop performance or speed interference task), logical 
reasoning (matrices), fine motor skills (finger tapping 
for dominant and non-dominant hand), and language 
(reading, token test). We focused on the results with mod-
erate–high effect sizes in the paragraphs below

Longitudinal results: Change in cognitive 
performance over time

Results of the longitudinal random-effects model can 
be found in Table 3. Longitudinal data were available in 
27 studies, covering 21 different cognitive tests, with 
posttreatment measurement of cognitive functioning at a 
median of 12 months posttreatment.

The majority of studies used the MMSE screening instru-
ment (14 out of 27 studies, 51.9%), and phonemic fluency 
and verbal memory tests (8 out of 27 studies, 29.6%) in 
their follow-up.

A longitudinal change (1–2 years posttreatment) of mod-
erate effect size was found with an increase in ROCF re-
call (est = 0.562, 95% CI = 0.083; 1.042) and a decrease in 
semantic fluency (est = −0.502, 95% CI = −1.021; 0.017). 
Across all tests, significant between-study heterogeneity 
(93.9 < I2 < 97.6) was detected in 5 out of 21 tests.

Results of the sensitivity analyses showed that the ob-
served effect sizes were robust. Furthermore, findings 
were confirmed in the equal-effect model (Supplementary 
Table S3), with again a moderate effect size for increase in 
ROCF recall (but somewhat smaller effect size for decrease 
in semantic fluency, est = −0.434). After excluding high-risk 
of bias studies, effect sizes were consistently small (0.120 
< est < 0.388), which can be related to high variability, the 
low number of remaining studies, but also lower bias in 
these studies (Supplementary Table S4).

Longitudinal z-scores were reported for nine cognitive 
tests in 2 to 3 studies. Standardized scores of patients de-
clined over time for digit span backward (z-difference = 
−0.081) and showed relative improvement over time for 
the remaining tests (coding, phonemic fluency, TMT A, 
TMT B, picture naming, immediate verbal memory, and 
delayed verbal memory; 0.052 < z-difference < 11.334; 
Supplementary Table S5). These findings were robust based 
on the sensitivity analyses. Based on the equal-effect model, 
all findings were confirmed but coding additionally showed 
a decline over time (z-difference = −0.135; Supplementary 
Table S6). Findings remained stable after excluding high-
risk bias studies (Supplementary Table S7), albeit based on 
merely 2 studies per test (and only available for 4 tests).

Finally, the meta-regression model including the moder-
ator of additional practice (patients who received interval 
testing: yes or no) showed that changes in raw scores of 
MMSE, digit span forward, semantic and phonemic flu-
ency, and immediate visual memory figures differed 
between patients with versus patients without interval 
testing with moderate effect sizes (Table 4). More specif-
ically, patients without interval testing showed declines 
of moderate size in MMSE (b0 = −0.630, 95% CI = −1.485; 
0.225), phonemic fluency (b0 = −0.765, 95% CI = −2.103; 
0.574), digit span forward (b0 = −0.878, 95% CI = −1.585; 
−0.172) and semantic fluency (b0 = −0.868, 95% CI = −1.63; 
−0.106) versus stability in patients with interval testing. 
Furthermore, patients without interval testing showed rel-
atively stable scores of immediate visual memory figures 
(b0 = 0.121), while patients with interval testing showed 
moderate increases of 0.620 (b0 + b1). These findings 
were confirmed in the equal effect model. As longitudinal 
z-scores were only reported in a maximum of 3 studies, 
meta-regression analysis using the moderator interval 
testing was not performed for z-scores.

Based on the subgroup analysis comparing longitudinal 
studies with majority of LGG (k = 76/n = 108) versus HGG 
patients (k = 32/n = 108), a more profound cognitive decline 
of at least moderate effect size was observed in the perfor-
mance of digit span forward (b1 = −0.867) and backward 
(b1 = −0.911), semantic (b1 = −0.704) and phonemic fluency 
(b1 = −0.809), and MMSE (b1 = −0.514) in HGG patients, 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad045#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad045#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad045#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad045#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad045#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad045#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad045#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad045#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad045#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad045#supplementary-data
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while the opposite effect was encountered for coding/sub-
stitution (b1 = 0.698) (see Supplementary Table S13).

Cross-sectional results; status of cognitive 
performance

Cross-sectional data of patients versus controls (or norm 
data) at follow-up at least 1 year posttreatment (Mdn = 36.5 
months) were available in 12 studies, covering 14 different 
test materials. Six out of these twelve studies included a 
control group (Table 2); all other used (published) norma-
tive data to derive z-scores. Results of the random-effects 

model based on cross-sectional raw scores can be found 
in Table 5. For cross-sectional comparisons between pa-
tients and controls (or norms), most studies provided data 
on semantic fluency and verbal memory tests (8 out of 12 
studies, 66.7%).

Of the 14 cross-sectional tests, lower performance in pa-
tients compared to controls was observed with moderate 
effects sizes in 6 different tests (−3.513 < est < −0.521), 
including the digit span backward (est = −0.583, 95% CI 
= −0.778 ;−0.388), semantic fluency (est = −0.628, 95% 
CI= −1.066; −0.190), Stroop speed interference task (est = 
−0.763, 95% CI = −1.275; −0.251), and TMT B (est = −0.521, 
95% CI = −0.958; −0.084), finger tapping dominant hand 

Systematic search
based on “glioma”, “neurocognition” and

“cancer treatment” (n = 10 190)

Deduplication
(n = 3092)

Total (n = 7098)
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No. of full-text manuscripts reviewed
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No. of articles included in systematic review
(n = 83)

Missing data for
meta-analyses

(n = 46)

No. of articles included in meta-analysis:
longitudinal design (n = 25), cross-sectional

design (n = 10), both designs (n = 2)

No. of articles excluded at
title/abstract stage (n = 6851)

Case report (n = 1370)
Pediatric (n = 1312)
Review article (n = 1304)
No cognitive data (n = 1068)
Background article (n = 381)
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Other disease (n = 220)
Ineligible publication type (n = 226)
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Figure 1.  Flowchart of the selection process of the included articles.

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad045#supplementary-data
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(est = −0.650, 95% CI = −1.483; 0.183) and large effect sizes 
in MMSE (est = −3.513, 95% CI = −4.330; −2.695). These 
effect sizes were confirmed in the equal-effect model 
(Supplementary Table S8). After excluding high-risk bias 
studies, all abovementioned effects remained of moderate 
size (Supplementary Table S9).

Compared to the longitudinal studies, heterogeneity 
across studies, was higher in the cross-sectional studies, 
reaching significance in 9 out of 12 test scores (79.5 < I2 < 
93.9).

Z-scores were available in 4 cross-sectional studies for 10 
tests where the performance of patients was lower than the 

MMSE

A

Coding/substitution

TMT A

Digit span forward

Semantic fluency

Phonemic fluency

Stroop speed interference task

TMT B

Finger tapping dominant hand

Finger tapping non-dominant hand

Digit span backward

Verbal memory delayed recall

Verbal memory delayed recognition

Verbal memory immediate recall

MMSE

B

MOCA
Coding/substitution
TMT A
Digit span forward
Semantic fluency
Phonemic fluency
Stroop performance interference task
Stroop speed interference task
TMT B
Matrices
Digit span backward
Verbal memory delayed recall
Verbal memory delayed recognition
Verbal memory immediate recall
Visual memory figures delayed
Visual memory figures immediate
ROCF recall
Picture naming
Reading
Token test

–4 –3 –2 –1 0 1

–4 –3 –2 –1 0 1

500

Large effect (g = –0.8)

1000
1500
2000

0–50

50–100

200–300

300+

Hedges' g

Figure 2.  Forest plots of the meta-analyses per cognitive test. Panel (A) demonstrates the effect sizes for cross-sectional studies. Panel (B) 
shows the effect sizes for longitudinal studies. The gray dotted line represents the cutoff for largest effect sizes (hedges g of >−0.8) towards im-
pairment in glioma patients The number of included patients per analysis is represented by the size of the circles. The crosses indicate the effect 
sizes per included study.

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad045#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad045#supplementary-data
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norm on 8 tests (coding, TMT A, TMT B, semantic fluency, 
phonemic fluency, picture naming, verbal memory imme-
diate, and delayed recall), which ranged between −0.083 < 
z < −0.991 (Supplementary Table S10), These findings were 
confirmed in the equal-effect model (Supplementary Table 
S11). Since all cross-sectional studies using z-scores were 
defined as low risk for bias, no additional validity analysis 
was performed.

Based on the subgroup analysis comparing cross-sec-
tional studies with majority of LGG (k = 59/n = 94) versus 
HGG patients (k = 35/n = 94), a more severe cognitive im-
pairment of at least moderate effect size was observed on 
the performance of digit span backward (b1 = −0.718), se-
mantic (b1 = −0.538) and phonemic fluency (b1 = −1.662), 
TMT A (b1 = −1.022) and B (b1 = −0.766) in HGG compared 
to LGG patients, while the opposite effect was encountered 

for coding/substitution (b1 = 2.221) (see Supplementary 
Table S14).

Discussion

Scientific evidence supporting future guidelines on cogni-
tive follow-up in glioma patients was not quantitively sum-
marized before. In this study, we aimed to summarize the 
available data on longer-term outcomes of specific cogni-
tive tests for this population. In general, we can conclude 
that after taking additional interval testing (potential prac-
tice effects) into account, patients’ performance in clinical 
trials remained stable or declined over time (pretreatment 
vs. 12–24 months follow-up), and that after at least 1 year, 

Table 3.  Results of (random-effects) meta-analysis of longitudinal studies reporting mean raw test scores

Test k 
∑
n Est. (SE) 95% CI z-value (P) τ̂2 (SE) 95% CI τ̂2 Q-value (P) I2 -sta-

tistic 

MMSE 14 1658 −0.112 (0.153) (−0.413;0.188) −0.732 (.464) 0.301 (0.129) (0.145;0.825) 210.962 (<.001)* 96.8

MOCA 2 214 −0.085 (0.068) (−0.218;0.048) −1.257 (.209) 0 (0.039) (0;6.688) 0.237 (.627) 0

Coding/substitution 5 75 0.039 (0.141) (−0.238;0.316) 0.277 (.782) 0.033 (0.070) (0;1.240) 6.730 (.151) 33.3

TMT A 5 135 0.205 (0.097) (0.014;0.396) 2.101 (.036)* 0.007 (0.034) (0;0.389) 4.152 (.386) 13.6

Digit span forward 4 228 −0.266 (0.275) (−0.804;0.273) −0.967 (.334) 0.265 (0.246) (0.062;4.409) 39.252 (<.001)* 91.9

Semantic fluency 5 280 −0.502 (0.265) (−1.021;0.017) −1.895 (.058) 0.322 (0.248) (0.101;2.657) 88.992 (<.001)* 92.9

Phonemic fluency 8 368 −0.164 (0.425) (−0.998;0.669) −0.386 (.699) 1.389 (0.773) (0.575;5.977) 238.937 (<.001)* 97.6

Stroop performance 
interference task

2 48 −0.118 (0.140) (−0.392;0.157) −0.841 (.400) 0 (0.057) (0;0.022) 0.002 (.969) 0

Stroop speed inter-
ference task

2 46 0.027 (0.142) (−0.252;0.306) 0.190 (.850) 0 (0.060) (0;3.741) 0.088 (.767) 0

TMT B 5 125 0.238 (0.116) (0.011;0.464) 2.056 (.040)* 0.019 (0.047) (0;0.665) 5.880 (.208) 29.1

Matrices 2 42 0.388 (0.161) (0.073;0.704) 2.411 (.016)* 0.003 (0.082) (0;58.835) 1.061 (.303) 5.7

Digit span backward 6 258 −0.212 (0.309) (−0.817;0.394) −0.685 (.494) 0.523 (0.362) (0.176;3.333) 105.579 (<.001)* 93.9

Verbal memory de-
layed recall

8 263 0.188 (0.065) (0.061;0.315) 2.907 (.004)* 0.002 (0.016) (0;0.414) 10.025 (.187) 5.7

Verbal memory de-
layed recognition

2 98 0.035 (0.127) (−0.214;0.284) 0.273 (.785) 0.009 (0.073) (0;52.255) 1.199 (.274) 16.6

Verbal memory im-
mediate

8 192 0.129 (0.071) (−0.009;0.268) 1.832 (.067) 0 (0.020) (0;0.271) 6.601 (.472) 0

Visual memory fig-
ures delayed

2 88 0.271 (0.183) (−0.087;0.629) 1.482 (.138) 0.035 (0.110) (0;79.131) 1.810 (.178) 44.8

Visual memory fig-
ures immediate

3 109 0.335 (0.188) (−0.033;0.703) 1.784 (.074) 0.066 (0.107) (0;3.392) 5.752 (.056) 63.1

ROCF recall 2 40 0.562 (0.244) (0.083;1.042) 2.300 (.021)* 0.060 (0.175) (0;>100) 1.926 (.165) 48.1

Picture naming 6 119 0.134 (0.103) (−0.067;0.336) 1.309 (.191) 0.013 (0.039) (0;0.248) 5.581 (.349) 21.1

Reading 3 51 0.219 (0.162) (−0.099;0.536) 1.351 (.177) 0.022 (0.080) (0;2.463) 2.527 (.283) 26.9

Token test 3 52 −0.095 (0.158) (−0.404;0.214) −0.601 (.548) 0.020 (0.075) (0;3.385) 2.857 (.240) 27.0

Note. K = number of included studies, 
∑
n  = total number of included patients in a meta-analysis, Est. (SE) = Average effect size estimate and 

standard error, CI = confidence interval, z-value (P) = z-value and two-tailed P-value to test the null-hypothesis of no effect. τ̂2 (SE) = estimated 
between-study variance in true effect size using the restricted maximum likelihood estimator and corresponding standard error, 95% CI τ̂2 = 95% 
confidence interval of the between-study variance obtained with the Q-profile method,53 Q-value (P) = Q-statistic and p-value to test the null-
hypothesis of no between-study variance. I2 -statistic = percentage of variance that can be attributed to between-study variance. 
* indicates a P-value <.05. Tests with moderate effect sizes are indicated in bold.
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patients scored lower than controls on several cognitive 
tests, and worse than the norm on most of them.

More specifically, based on moderation analyses of the 
longitudinal data, decline in performance of medium and 
large effect sizes were found for MMSE, digit span for-
ward, semantic and phonemic fluency in patients who had 
no interval testing, while these scores remained stable in 
patients who did. Thus, practice effects may have masked 
the cognitive decline in performance on these tests over 
time. This suggests specific cognitive decline in imme-
diate attention and verbal fluency, which can sometimes 
be subtle, and therefore easily overlooked, certainly if 
no correction for interval assessment (ie, more practice) 
is performed. Similarly, scores improved for immediate 
visual memory (of figures) if patients had interval testing, 
but remained stable if they did not. By contrast, in the in-
itial longitudinal model, in which no covariate for interval 
testing was included, such decline was only encountered 
for semantic fluency, while improvement was also found 
for visual memory (ROCF recall). Hence, if there is no cor-
rection for interim practice effects, the impact of treatment 
could be largely underestimated in longitudinal trials.54–56 
Unfortunately, across the existing longitudinal studies, 
8 out of 27 studies (30%) reported whether and how they 
applied corrections for practice effects. We also note that 
although we evaluated practice effects of additional as-
sessments within the interval between pretreatment and 
follow-up, such effects may also already have occurred in 

the case of assessment at these 2 timepoints only,56 which 
can be related to instruction knowledge. This may have re-
sulted in a too-optimistic perspective regarding cognitive 
change over time-based on the longitudinal studies. For 
longer intervals, it becomes even more challenging to dif-
ferentiate practice effects from actual changes and within-
person variability. Although practice effects can partly 
explain the lack of encountered cognitive decline, it should 
be noted that many patients have cognitive impairment 
already before treatment. The tumor itself and its related 
stress already have a substantial impact on baseline cogni-
tive functioning.48,57 Therefore, effects of change over time 
may be smaller if measured from baseline (when cognitive 
performance is already low) to 1 or 2 years follow-up, as 
compared to the size of the deviation from the norm only at 
a single longer-term follow-up timepoint. The tumor effects 
of infiltration, compression, and edema can further disrupt 
the neural connections and affect specific cognitive func-
tions.3,58 While treatment (including surgery) and tumor 
control could thus (temporarily) improve the patient’s cog-
nitive functioning,5 this may occur without full restora-
tion of patients’ prior functioning level due to permanent 
damage. The tumor location and type, as well as the extent 
of surgery59–61 and other treatments, are considerable fac-
tors influencing the patient’s cognitive risk profile.

When comparing patients to controls at least 1-year 
posttreatment (median 36.5 months, maximum of 22 
years) in the cross-sectional dataset, patients showed 

Table 4.  Results of meta-regression of longitudinal studies with moderator to study practice effects in studies reporting mean raw test scores

Test k k1 
∑
n b0 (SE) 95% CI b0 z-value (P) b0 b1 (SE) 95% CI b1 z-value (P) b1 

MMSE 14 9 1658 −0.630 (0.436) (−1.485;0.225) −1.444 (.149) 0.603 (0.482) (−0.341;1.547) 1.252 (.211)

Coding/substi-
tution

5 2 75 0.039 (0.207) (−0.366;0.444) 0.187 (.852) 0.037 (0.370) (−0.689;0.763) 0.100 (.920)

TMT A 5 2 135 0.037 (0.135) (−0.228;0.302) 0.274 (.784) 0.300 (0.174) (−0.041;0.642) 1.725 (.085)

Digit span for-
ward

4 3 228 −0.878 (0.360) (−1.585;−0.172) −2.437 (.015)* 0.826 (0.428) (−0.014;1.665) 1.928 (.054)

Semantic fluency 5 3 280 −0.868 (0.389) (−1.630;−0.106) −2.233 (.026)* 0.615 (0.504) (−0.372;1.602) 1.221 (.222)

Phonemic fluency 8 5 368 −0.765 (0.683) (−2.103;0.574) −1.120 (.263) 0.960 (0.864) (−0.733;2.653) 1.111 (.266)

TMT B 5 2 125 0.210 (0.196) (−0.174;0.595) 1.072 (.284) 0.080 (0.297) (−0.502;0.661) 0.268 (.789)

Digit span back-
ward

6 3 258 −0.428 (0.460) (−1.330;0.474) −0.930 (.353) 0.441 (0.653) (−0.840;1.721) 0.675 (.500)

Verbal memory 
delayed recall

8 4 263 0.054 (0.118) (−0.177;0.285) 0.456 (.648) 0.224 (0.150) (−0.070;0.518) 1.493 (.135)

Verbal memory 
immediate

8 4 192 0.089 (0.109) (−0.125;0.302) 0.812 (.417) 0.070 (0.143) (−0.210;0.351) 0.492 (.623)

Visual memory 
figures immediate

3 1 109 0.121 (0.168) (−0.209;0.451) 0.718 (.473) 0.499 (0.209) (0.090;0.908) 2.390 (.017)*

Picture naming 6 1 119 0.004 (0.108) (−0.208;0.215) 0.033 (.974) 0.320 (0.220) (−0.111;0.751) 1.454 (.146)

Reading 3 2 51 0.392 (0.301) (−0.198;0.982) 1.302 (.193) −0.254 (0.372) (−0.983;0.474) −0.684 (.494)

Note: The effect sizes of time effects in patients who had no interval testing (ie, b0) are interpreted based on Cohen’s rules-of-thumb15. Differences 
in time effects in patients who did have additional interval testing (vs. the ones who did not) (ie, b1) are summed with this baseline time effect to 
interpret the effect sizes of change in the patients who had additional interval testing (again based on Cohen’s rules-of-thumb). CI = confidence 
interval, k = number of included studies in the analysis, k1= number of studies that had additional test assessments between baseline and follow-up, ∑
n  = total number of included patients in a meta-analysis, SE = standard error, * indicates a p-value <.05. Tests of moderate or high effect size are 

indicated in bold for estimates of b0 and underlined for b0+b1.
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lower raw mean scores with moderate effect sizes than 
controls on several tests including the MMSE, digit span 
backward, semantic fluency, Stroop speed interference 
task, TMT B and finger tapping. The majority of available 
z-scores were also lower than the norm for coding, TMT A 
& B, semantic and phonemic fluency, picture naming, and 
verbal memory (immediate and delayed recall). Notably, 
larger effect sizes and more significant results values were 
observed in the cross-sectional designs compared to the 
longitudinal designs, indicating that the scores of patients 
deviate substantially from the norm, while medium-sized 
declines in scores over one (maximum of 2) year(s) with 
a median of 12 months were only found semantic fluency. 
Hence, it could be the case that decline over time on certain 
cognitive tasks occurs only later than 1-year post-baseline. 
In previous studies, patients with LGGs showed stable cog-
nitive function 6 years after radiotherapy, but worse func-
tioning after 12 years.62,63 Given that in the longitudinal 
studies, we focused on the time point of 1 to 2 years fol-
low-up, we cannot address the question of later delayed 
cognitive decline at this point. A nonlinear pattern of short-
term improvement and subsequent decline in scores could 
be treatment-related (eg, short-term improvement post-
surgery5 and long-term decline post-radiation6).

Our results are particularly interesting since this is the 
first work analyzing scores from individual tests in a meta-
analysis, which could be more sensitive and more specific 
to detect subtle cognitive function changes than cogni-
tive domains as included in previous meta-analyses.5,6 
Furthermore, due to the increase in the number of studies, 
we included a larger sample size (4078 patients with 
gliomas (37 studies) compared to 2406 patients (9 studies) 
and 313 patients (11 studies) by Lawrie et al.,6 and Ng et 
al.,5 respectively). Other strengths are that we consulted 
multiple databases, and included data between 1 and 2 
years (or more) after therapy. Moreover, to the best of our 
knowledge, this is the first meta-analysis that considered 
the role of practice effects in cognitive test scores of glioma 
patients, which showed the importance of correcting for 
such effects in longitudinal studies.

To increase our knowledge of incidence, severity, in-
dividual risk factors, and causes of cognitive deficits in 
glioma patients, future trials with larger sample sizes and 
consistent timing and use of materials are needed. Based 
on the results of these meta-analyses, we would encourage 
clinical trials with longitudinal designs to implement a core 
test battery at least including a digit span forward, semantic, 
and phonemic fluency test to detect cognitive decline, 

Table 5.  Results of (random-effects) meta-analysis of cross-sectional studies reporting mean raw test scores

Test k 
∑
n Est. (SE) 95% CI z-value (P) τ̂2 (SE) 95% CI τ̂2 Q-value (P) I2 -sta-

tistic 

MMSE 2 2008 −3.513 (0.417) (−4.330;−2.695) −8.425 (<.001)* 0.132 (0.952) (0;>100) 1.244 (.265) 19.6

Coding/substitu-
tion

4 890 −0.256 (0.548) (−1.330;0.817) −0.468 (.640) 1.082 (0.980) (0.263;17.144) 35.802 (<.001)* 93.4

TMT A 4 538 −0.227 (0.287) (−0.789;0.335) −0.791 (.429) 0.270 (0.268) (0.054;3.953) 23.659 (<.001)* 88.0

Digit span forward 2 402 −0.410 (0.100) (−0.607;−0.214) −4.087 (<.001)* 0 (0.030) (0; 10.317) 0.062 (.803) 0

Semantic fluency 8 2511 −0.628 (0.223) (−1.066;−0.190) −2.809 (.005)* 0.345 (0.213) (0.123;1.711) 70.037 (<.001)* 91.5

Phonemic fluency 3 938 −0.388 (0.551) (−1.469;0.692) −0.705 (.481) 0.822 (0.913) (0.173;33.907) 35.186 (<.001)* 92.9

Stroop speed in-
terference task

5 642 −0.763 (0.261) (−1.275;−0.251) −2.922 (.003)* 0.268 (0.240) (0.051;2.779) 19.993 (<.001)* 83.9

TMT B 4 538 −0.521 (0.223) (−0.958;−0.084) −2.335 (.020)* 0.145 (0.161) (0.016;2.226) 13.638 (.003) 79.5

Finger tapping 
dominant hand

2 625 −0.650 (0.425) (−1.483;0.183) −1.530 (.126) 0.156 (0.511) (0;>100) 1.761 (.184) 43.2

Finger tapping 
non-dominant 
hand

2 625 −0.424 (0.395) (−1.197;0.350) −1.074 (.283) 0.107 (0.440) (0;>100) 1.523 (.217) 34.3

Digit span back-
ward

3 426 −0.583 (0.099) (−0.778;−0.388) −5.873 (<.001)* 0 (0.030) (0;6.613) 2.370 (.306) 0

Verbal memory de-
layed recall

8 1410 −0.056 (0.203) (−0.455;0.342) −0.277 (.782) 0.258 (0.175) (0.072;1.321) 34.857 (<.001)* 87.1

Verbal memory de-
layed recognition

2 513 0.251 (0.561) (−0.848;1.351) 0.448 (.654) 0.585 (0.893) (0.079;>100) 13.601 (<.001)* 92.6

Verbal memory 
immediate

8 1410 −0.172 (0.220) (−0.603;0.259) −0.782 (.435) 0.312 (0.205) (0.097;1.471) 44.979 (<.001)* 88.9

Note. k = number of included studies, 
∑
n  = total number of included patients in a meta-analysis, Est. (SE) = Average effect size estimate and 

standard error, CI = confidence interval, z-value (P) = z-value and two-tailed P-value to test the null-hypothesis of no effect. τ̂2 (SE) = estimated 
between-study variance in true effect size using the restricted maximum likelihood estimator and corresponding standard error, 95% CI τ̂2 = 95% 
confidence interval of the between-study variance obtained with the Q-profile method (Viechtbauer, 2007),53 Q-value (P) = Q-statistic and P-value 
to test the null-hypothesis of no between-study variance. I2 -statistic = percentage of variance that can be attributed to between-study variance. * 
indicates a P-value <.05. Tests with moderate or high effect sizes are indicated in bold.
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while correcting for practice. Methods to limit the impact 
of practice effects, such as alternate forms/parallel versions 
or having longer interval periods, should be considered,8,55 
to help decrease memorization of specific test items and to 
better detect cognitive decline over time. Other methods to 
correct for practice effects (including memory for test pro-
cedures) are, calculating reliable change indices that spe-
cifically correct for practice effects (eg, Chelune 199364) and 
standardized regression-based change scores.8,65 Ideally, 
reliable change index scores are calculated based on stand-
ardized scores at baseline and follow-up (incorporating age, 
sex, and education in the normative data). However, for the 
calculation of this index, longitudinal normative data (ie, 
healthy controls) from repeated testing is required. For each 
of these steps and choices in designs of future studies or 
trials, neuropsychology expertise is required, which should 
consistently be embedded in international multidisciplinary 
neuro-oncology groups.

If longitudinal trials focus on acute effects (within 1 year), 
we recommend to use similar test materials as recom-
mended for (1 year) follow-up (ie, digit span forward, se-
mantic and phonemic fluency), to measure evolution over 
time. It is highly important for such interim repeated meas-
ures to always use alternative forms, to limit practice effects.

Based on our results, consideration of practice effects 
certainly holds for the MMSE, digit span forward, semantic 
and phonemic fluency, for which moderate declines were 
found if potential practice effects of interim assessment(s) 
were taken into account (as moderator), as well as for 
visual memory tasks (ROCF and figures), which can im-
prove, if this is not taken into account.66 Surprisingly, in 
contrast to the immediate attention digit span forward 
task, such a practice effect was not found for the working 
memory digit span backward task. On the one hand, this 
could be explained by the increased executive load of the 
backward task which may outweigh the practice effects. On 
the other hand, we cannot exclude the possibility that the 
working memory of patients is more affected from base-
line onwards (as can be seen in the cross-sectional results), 
potentially leading to a smaller practice effect.

However, longitudinal normative data or acquisition 
from controls are required to optimally correct for practice 
on group or individual level (eg, in case of using Reliable 
Change Indices66).

The preferred and most sensitive measures to esti-
mate deviations from the norm based on raw scores, ap-
peared to be digit span backward, semantic fluency, Stroop 
speed interference task, TMT B, and finger tapping, which 
could therefore be recommended to be implemented 
in cross-sectional studies. In case of using standardized 
z-scores, fewer differential effects between the tasks were 
found. Surprisingly, we did not find verbal memory (word 
list learning) to be sensitive to change nor group differ-
ences in these meta-analyses. This could possibly be ex-
plained by memory issues that already exist at baseline in 
glioma patients.67 Furthermore, tumors can possibly lead 
to reduced learning effects for verbal memory in patients 
compared to controls, masking true impairment or existing 
decline in verbal memory over time.

We would recommend not to focus on screening instru-
ments only (eg, MMSE), as these tests appear to be mod-
erately sensitive to practice, possibly insensitive to subtle 

changes, not tailored to oncological populations (but 
rather to aging-related neurological diseases),68,69 unspe-
cific and heterogeneous across studies.

The preferred reporting strategy for the interpretation 
of impairment would be using z-scores.70 However, the 
number of studies reporting z-scores appeared to be lim-
ited (k ≤3 for longitudinal designs, 2 ≤k≤8 for cross-sec-
tional designs). Furthermore, available normative data are 
often region specific and outdated, restraining interna-
tional studies and collaborations. (Inter)national datasets 
of the most frequently used cognitive tests, assembled by 
multicenter collaborative efforts, are thus essential to ob-
tain high-quality cognitive data.

Based on our findings, recommendations for future trials 
are provided in the summary box below. The proposed 
test selection covers a minimal core battery to assess im-
portant cognitive outcomes, based on the measures that 
were most consistently sensitive in previous glioma trials. 
Additional cognitive subtests might be needed to address 
other domains of functioning or specific hypotheses. 
Moreover, a focused but adequately broad cognitive test 
battery, which also includes cognitive domains of memory 
and executive function, would be advised to use. This 
would enable us to optimally capture possible cognitive 
impairment or changes over time in glioma patients.

Uniform cognitive outcome data would allow the com-
munity to develop prediction models to estimate the risk 
of cognitive decline at individual level.30,71 These models 
could help pave the path toward patient-tailored care.

While this study certainly has its merits, a few limitations 
need to be noted. First, computerized tests were excluded 
from the analyses, as their instructions and required skills 
can be different from traditional pen-and-paper tasks, 
which would complicate pooling of these data. Second, 
even though multiple effect sizes were of moderate size, we 
need to be aware that only a few studies provided data for 
each analysis of subtests (for raw test scores: 2 ≤ k ≤ 0.14, 
median k = 4, for z-scores: 2 ≤ k ≤ 8, median k = 2 for longitu-
dinal and k = 4 cross-sectional design), since we performed 
a separate analysis for each test. Third, significant hetero-
geneity (with large confidence intervals) was noted across 
studies, which is inherent in the domain of cognitive out-
comes in neuro-oncological patients. For instance, even in 
the case of k = 14 studies reporting on MMSE scores, con-
fidence intervals were very wide with significant heteroge-
neity (eg, I2 = 96.8). Our results provide additional insights 
into the possible impact of standard glioma treatments on 
neurocognitive functioning, compared to existing large-
scale interventional trials in other neuro-oncological pa-
tients (eg, brain metastases), which for instance show 
improvements in memory (Hopkins Verbal Learning Test) 
and executive functioning (TMT), but not on fluency tasks 
(COWA) after hippocampal sparing radiotherapy.72 More 
trials will be required for possible meta-analyses on bene-
ficial effects of interventions. Cognitive outcomes can also 
be influenced by many confounding factors that we did 
not take into account (tumor location/size, neurosurgical 
procedures, the radiation dose, medication (eg, anticon-
vulsants), volume, fractionation, adjuvant chemotherapy, 
and possible complications (eg, hydrocephalus, endocrine 
problems), and time of follow-up4,6). The variety in fol-
low-up intervals in the cross-sectional studies was wide, 



1411De Roeck et al.: Cognitive outcomes in adult glioma patients
N

eu
ro-

O
n

colog
y

ranging from 1 year to maximum of 22 years after baseline. 
In the longitudinal analysis, this variety was restricted by 
only including the outcomes reported between 12 and 24 
months after therapy. By including the moderator for ad-
ditional practice (measured as interval testing yes vs. no), 
we aimed to study the impact of additional practice effects. 
However, interval testing is only a rough measure of the 
actual practice a patient had. As abovementioned, different 
approaches in correction for practice could have been used 
as well. Moreover, we cannot exclude potential relation-
ships between the number of assessments in a study and 
its main research question or population. For instance, the 
expected prognosis of patients could affect decisions on 
the selected design. More specifically, the shorter expected 
lifespan in HGGs, could motivate researchers to add in-
terim assessments, or to select shorter intervals between 
the assessments.

Also, tumor grade could be an important confounding 
factor.73 It was evidenced that HGGs are associated with 
stronger decreases in cognitive performance compared to 
LGGs, which affect cognition to a lesser extent than HGGs.73 
Based on the additional subgroup analysis (majority of LGG 
vs. HGG patients), we confirm this effect for most tests. 
Hence, even though the majority of patients were diagnosed 
with LGGs, we cannot exclude the results of the main anal-
ysis to be partly driven by larger effects in studies including 
a majority of HGG patients. We also note that the analyses 
taking tumor grade into account, were based on fewer 
studies per test (k ranging from 3 to 14), so the meta-analytic 
estimates have wide confidence intervals and results should 
therefore be interpreted with much caution. Moreover, 
since the WHO classification of gliomas changed in 2021,74 
this former classification based on grade is clinically not 
very meaningful anymore. The more significant prognostic 
factor nowadays is the IDH1 and IDH2 mutational status 
Unfortunately, this information was only available in a mi-
nority of studies (k = 3/10 cross-sectional45,49,50 and k = 4/27 
longitudinal studies20,27,30,42). The available data to date re-
main insufficient to perform meaningful subgroup analyses 
concerning the other confounding factors. Furthermore, 
we could not statistically test and correct for selection bias 
(only assessments that were repeatedly reported were ana-
lyzed) or publication bias (studies with significant results 
might have higher chances to be published) due to the small 
number of studies per meta-analysis. Finally, our results can 
partly be driven by a few large cohort studies. Many more 
large-scale studies and data-sharing agreements are re-
quired to validate our findings in future research.

Recommendations for Future Trials:

Longitudinal trials:

•	 Include as a minimal core set*:
◦	 Digit span forward
◦	 Semantic and phonemic fluency test

•	 Limit practice effects by:
◦	 using alternate forms
◦	 calculating standardized regression-based scores/RCI
◦	 recruiting longitudinal normative data

Cross-sectional trials:
•	 Include as a minimal core set*:

◦	 Digit span backward
◦	 Semantic fluency test
◦	 Stroop speed interference task
◦	 TMT B
◦	 Finger tapping

Expand this set for complete assessment of*:
◦	 a specific tool (eg, TMT A)
◦	 additional cognitive domains (e.g. memory, executive 

function)
•	 Controls.

◦	 Recruit healthy controls matched for age, gender, and 
education (certainly, if no updated and regional norms 
are available)

Preferred reporting strategies:
•	 Use of norms

◦	 Cite and report means and SDs of used norms per test
•	 Definition of impairment

◦	 Use cutoff of Z<-2 for one specific test, and Z<-1.5 for 
the combination of tests

Conclusion

Cognitive functioning is a commonly affected outcome in 
glioma patients after multimodal therapy with a substan-
tial impact on patients’ health-related quality of life. Based 
on our findings, digit span backward, semantic fluency, 
Stroop interference test, TMT B and finger tapping might 
be most sensitive to estimate cognitive longer-term im-
pairment in glioma patients versus controls. Longitudinal 
declines over time were found in digit span forward, se-
mantic, and phonemic fluency scores, albeit more subtle 
and only after taking potential practice effects into ac-
count. These tests could therefore be valuable to measure 
potential decline over time in longitudinal designs, when 
adjusting for practice. Uniformization, and correction for 
practice effects for multiple test materials will be crucial 
to move forward in our understanding of cognitive out-
comes in glioma patients. With a successful adaptation of 
this standard, earlier detection of cognitive impairment 
or decline could be accomplished, and large datasets and 
prediction models could be developed to guide patient-
tailored follow-up.
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Oncology (http://neuro-oncology.oxfordjournals.org/).
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