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A B S T R A C T

Background: Progressive cognitive decline following multimodal neurooncological treatment is a common ob-
servation in patients suffering from malignant glioma. Alterations of the default-mode network (DMN) represent
a possible source of impaired neurocognitive functioning and were analyzed in these patients.
Methods: Eighty patients (median age, 51 years) with glioma (WHO grade IV glioblastoma, n = 57; WHO grade
III anaplastic astrocytoma, n = 13; WHO grade III anaplastic oligodendroglioma, n = 10) and ECOG perfor-
mance score 0–1 underwent resting-state functional MRI (rs-fMRI) and neuropsychological testing at a median
interval of 13 months (range, 1–114 months) after initiation of therapy. For evaluation of structural and me-
tabolic changes after treatment, anatomical MRI and amino acid PET using O-(2-[18F]fluoroethyl)-L-tyrosine
(FET) were simultaneously acquired to rs-fMRI on a hybrid MR/PET scanner. A cohort of 80 healthy subjects
matched for gender, age, and educational status served as controls.
Results: The connectivity pattern within the DMN (12 nodes) of the glioma patients differed significantly from that of
the healthy subjects but did not depend on age, tumor grade, time since treatment initiation, presence of residual/
recurrent tumor, number of chemotherapy cycles received, or anticonvulsive medication. Small changes in the con-
nectivity pattern were observed in patients who had more than one series of radiotherapy. In contrast, structural tissue
changes located at or near the tumor site (including resection cavities, white matter lesions, edema, and tumor tissue)
had a strong negative impact on the functional connectivity of the adjacent DMN nodes, resulting in a marked de-
pendence of the connectivity pattern on tumor location. In the majority of neurocognitive domains, glioma patients
performed significantly worse than healthy subjects. Correlation analysis revealed that reduced connectivity in the left
temporal and parietal DMN nodes was associated with low performance in language processing and verbal working
memory. Furthermore, connectivity of the left parietal DMN node also correlated with processing speed, executive
function, and verbal as well as visual working memory. Overall DMN connectivity loss and cognitive decline were less
pronounced in patients with higher education.
Conclusion: Personalized treatment strategies for malignant glioma patients should consider the left parietal and
temporal DMN nodes as vulnerable regions concerning neurocognitive outcome.
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1. Introduction

In the last years, treatment for patients with malignant glioma has
been significantly intensified and nowadays usually comprises repeated
and multimodal interventions such as complete or partial tumor re-
sections, local radiotherapy, and multiple courses of chemotherapy
(Kazmi et al., 2019; Salvati et al., 2019; Weller et al., 2017). The pro-
longed survival times that have such been achieved for a significant
portion of patients are, however, often associated with progressive
deterioration of neurocognitive functioning (Bosma et al., 2007). The
mechanisms underlying cognitive decline in these patients are far from
understood. For example, neurosurgical procedures that aim at com-
plete removal of the macroscopic tumor while primarily sparing elo-
quent areas (Hirsch et al., 2000; Satoer et al., 2018; Satoer et al., 2012)
may unintentionally damage cortical regions involved in higher cog-
nitive functions. Studies on the long-term cognitive outcome con-
cerning resection site and extent when sparing eloquent regions to date
remain scarce and produced inconclusive results (Dallabona et al.,
2017; Hendriks et al., 2018; Satoer et al., 2014; van Kessel et al., 2019).
Unlike resection, radiotherapy is assumed to predominantly damage the
white matter tracts (Greene-Schloesser et al., 2012) and has been shown
consistently to affect cognitive functions in patients with WHO grade
II–IV glioma (Bosma et al., 2007; Chapman et al., 2012; Douw et al.,
2009). Besides a presumed relationship between radiation dose to the
hippocampus and memory function (Chapman et al., 2012; Gondi et al.,
2013), evidence regarding the impact of extent and location of white
matter changes induced by focal irradiation on cognitive functioning is
also limited.

Resting-state functional network analysis may help to elucidate the
underlying mechanisms of neurocognitive decline in glioma patients, as
surgical resection, irradiation, or residual or recurrent tumor growth,
potentially disrupt both the local integrity of the affected grey matter
and its functional connectivity (Fox and King, 2018; Volz et al., 2018).
One of the most robust resting-state networks is the default mode net-
work (DMN), which is often considered to represent the backbone of
cortical integration (Buckner et al., 2008). Connectivity within the
DMN has been found to correlate with cognitive functioning in several
cognitive domains such as executive function, memory, and processing
speed (Andrews-Hanna et al., 2007; Broyd et al., 2009; Shaw et al.,
2015), and has so far been explored in small studies of untreated glioma
patients (Esposito et al., 2012; Ghumman et al., 2016; Harris et al.,
2014; Maesawa et al., 2015; Zhang et al., 2016). This cross-sectional
study evaluated alterations of the DMN as a possible source of impaired
neurocognitive functioning in WHO grade III or IV glioma patients
prospectively recruited from a cohort of patients that were referred for
clinical assessment of structural and metabolic imaging changes fol-
lowing a various amount of oncologic interventions after initiation of
therapy. Anatomical MRI, amino acid PET using O-(2-[18F]fluoroethyl)-
L-tyrosine (FET), and resting-state functional MRI (rs-fMRI) were si-
multaneously recorded using a hybrid PET/MR scanner, and neuro-
cognitive assessment was performed on the same day. Healthy subjects
matched for age, sex, and educational status, taken from a population-
based cohort (Caspers et al., 2014), served as controls. The main hy-
pothesis of this study was that following treatment in malignant glioma
patients, DMN alterations could be identified that were associated with
certain cognitive deficits.

2. Patients and methods

2.1. Patient characteristics

The study included glioma patients (WHO grade III or IV) that were
in good general condition (ECOG performance score, 0–1), had no
major depression, were free of seizures (with or without anticonvulsive
medication), and were able to undergo neurocognitive testing in the
German language. The study protocol was approved by the ethics

committee of the University of Cologne. Before study inclusion, patients
were screened by phone call for eligibility. Informed written consent
according to the Declaration of Helsinki was obtained from all patients
and healthy subjects.

Within 19 months, 80 patients (30 females, 50 males) with a median

Table 1
Patient characteristics.

n %

Gender
male/female 50/30 63/37

Age (years)
25–30 3 4
30–40 10 13
40–50 20 25
50–60 26 33
60–70 15 19
70–80 5 6
81 1 1

Performance Status (ECOG Scale)
ECOG 0 36 45
ECOG 1 37 46
ECOG 2 6 8
ECOG 3 1 1

Tumor Type
Glioblastoma, IDH wildtype 46 58
Glioblastoma, IDH mutant 8 10
Glioblastoma, NOS 3 4
Anaplastic astrocytoma, IDH wildtype 4 5
Anaplastic astrocytoma, IDH mutant 7 9
Anaplastic astrocytoma, NOS 4 5
Anaplastic Oligodendroglioma, IDH mutant, 1p/19q co-deleted 8 10

Tumor Location
frontal left/frontal right 19/19 24/24
parietal left/parietal right 5/5 6/6
temporal left/temporal right 14/12 18/15
occipital left/occipital right 5/1 6/1

Primary Treatment#

Resection + RT + TMZ/CCNU/PC 58 70
Biopsy + RT + TMZ/CCNU/PC 10 13
Resection + RT 5 6
Resection alone 6 8
Biopsy + RT 1 1

Total Number of Oncologic Interventions*
1 6 8
2 3 4
3 61 76
4 2 3
5 6 8
7 2 3

Recurrence diagnosed by FET PET
no/yes 43/37 54/46

Neurological Symptoms
None 25 31
Paresis 19 23
Aphasia 15 19
Fatigue 10 13
Visual Field Defect 7 9
Vertigo, confusion 4 5

Employed
yes/no 60/20 75/25

Imaging follow-up interval (months)
0–12 38 48
12–24 18 22
24–60 16 20
> 60 8 10

Median Range
Lesion Size (ml) 129.0 17.3–496.2
Radiation Dose (Gy) 60.0 40.0–60.0

#received until date of imaging, * including biopsy, resection, radiotherapy
series, systemic therapy courses. ECOG: Eastern Cooperative Oncology Group,
IDH: Isocitrate Dehydrogenase, NOS: Not otherwise specified, RT:
Radiotherapy, TMZ: Temozolomide, CCNU: Chlorethyl-Cyclohexyl-Nitroso-
Urea = Lomustin, PC: Procarbacin plus CCNU
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age of 51 years (range, 28–81 years) and neuropathologically con-
firmed glioma were enrolled (Table 1). Of these, 13 (16%) were
younger than 40 years of age, 33 (41%) were younger than 50 years of
age, and 60 (75%) were employed. Patients were referred for hybrid
MR/PET imaging for assessment of residual tumor after surgery,
therapy monitoring or suspicion of recurrent tumor after completion of
primary therapy and thus, represent a cross-section through different
stages of the course of disease including some patients who had not
already fully completed primary treatment. The median interval be-
tween initiation of therapy and imaging amounted to 13 months (range,
1–114 months). At the date of presentation, the majority of patients
(n = 58; 73%) had received primary treatment with complete or partial
tumor resection followed by fractionated local irradiation with 60 Gy
with concomitant and adjuvant chemotherapy with temozolomide
(TMZ, n = 42; 53%), TMZ plus lomustine (TMZ+CCNU, n = 12; 15%),
or CCNU plus procarbazine (PC, n = 4, 5%). Further treatment details
are provided in Table 1, and lesion probability maps for tumors located
in the main brain lobes are shown in Fig. 1. In order to account for the
overall therapy intensity received by the patients, the number of sur-
gical interventions, courses of chemotherapy and series of radiation
were recorded for further analysis. Each of the following was counted as
one oncological intervention: biopsy, resection, biopsy followed by re-
section within 6 weeks, course of stand-alone, concurrent, or con-
current/adjuvant chemotherapy, radiotherapy series apart at least
3 months from the last series.

Overall, 55 patients (69%) were symptomatic at the time of MR/
PET imaging, but symptoms were usually mild. The general perfor-
mance status was graded according to the ECOG-scale (Oken et al.,
1982). In brief, grade 0 are fully active patients, able to carry on all pre-
disease performance without restriction, grade 1 are patients restricted
in physically strenuous activity, but ambulatory and able to carry out
work of a light or sedentary nature, grade 2 are ambulatory patients
capable of all self-care that are up and about more than 50% of waking
hours but unable to work, and grade 3 accounts for patients capable of
only limited self-care, confined to bed or chair more than 50% of
waking hours. Most of the patients (91%) had an ECOG performance
score between 0 and 1. In seven patients, the performance score was
lower than at the time of screening; these were included nevertheless.
Twenty patients (25%) were on corticosteroids, and 47 patients (59%)
had anticonvulsant medication. All patients except one were right-
handed.

2.2. PET imaging

O-(2-[18F]fluoroethyl)-L-tyrosine (FET) PET images were obtained
using a high-resolution 3T hybrid PET/MR scanner (Siemens Tim-
TRIO/BrainPET, Siemens Medical Systems, Erlangen) equipped with a
PET insert (72 rings, axial field of view 19.2 cm, center spatial re-
solution 3 mm FWHM). Image data were corrected for random and
scatter coincidences, as well as dead time, before OPOSEM (Ordered
Poisson Ordinary Subset Expectation Maximization) reconstruction,
provided by the manufacturer (2 subsets, 32 iterations) (Herzog et al.,
2011). Attenuation correction was performed by a template-based ap-
proach using MRI. The presence or absence of residual or recurrent
tumor was assessed through standardized criteria applied to the
summed activity images 20–40 min post-injection (Langen et al., 2017).

2.3. MR imaging

MRI data were acquired simultaneously with the PET data on the
high-resolution 3T hybrid PET/MR scanner equipped with an 8-channel
receive-only coil. For rs-fMRI assessment, 300 functional volumes were
acquired using a gradient-echo echo planar imaging (GE-EPI) pulse
sequence (36 axial slices, slice thickness 3.1 mm, repetition time
(TR) = 2200 ms, echo time (TE) = 30 ms, flip angle = 90°, field of
view (FoV) = 200 × 200 mm2, in-plane voxel-size 3.1 × 3.1 mm2).

During image acquisition (11 min), subjects were instructed to relax
and let their mind wander, but not to fall asleep. For the assessment of
brain structure, a 3D high-resolution T1-weighted magnetization-pre-
pared rapid acquisition gradient-echo (MPRAGE) anatomical scan was
acquired (176 sagittal slices, TR = 2250 ms, TE = 3.03 ms,
FoV = 256 × 256 mm2, flip angle = 9°, voxel-size 1 × 1 × 1 mm3).
Contrast-enhanced T1-weighted anatomical images (T1-CE) were ob-
tained from a second MPRAGE scan following the injection of gadoli-
nium (0.2 mmol/kg, DotaremR, Guerbet GmbH, Sulzbach, Germany) or
from high-resolution T1-weighted, contrast-enhanced MR scans that
were made available by the referring institution. In addition, T2-
weighted (T2-SPACE, 176 slices, TR = 3.2 s, TE = 417 ms,
FoV = 256 × 256 mm2, voxel-size 1 × 1 × 1 mm3) and T2-weighted
fluid-attenuated structural images (T2-FLAIR, 25 slices, TR = 9000 ms,
TE = 3.86 ms, FoV = 220 x 220 mm2, flip angle = 150°, voxel-
size = 0.9 × 0.9 × 4 mm3) were acquired. All protocols were exactly
reproduced from a stand-alone 3T Siemens Tim-TRIO MR scanner used
in the 1000BRAINS study (Caspers et al., 2014) and transferred to the
hybrid scanner.

2.4. fMRI and FET PET image processing

Image processing was performed using the FSL toolbox version 5.0
(FMRIB Software Library, http://www.fmrib.ox.ac.uk/fsl) (Jenkinson

R L

Frontal
R: 19 L: 19

Parietal
R: 5 L: 5

Occipital
R: 1 L: 5

Temporal
R: 12 L: 14

Probability

10% 90%

Fig. 1. Lesion probability maps (comprising residual or recurrent tumor and
treatment-related tissue changes in structural MRI and FET-PET images) for
tumors located in the main lobes of the brain depicted in MNI-152 space. For
each lobe, the image plane with the approximate focus of the lesions is shown.
R: Right, L: Left, numbers: number of patients.
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et al., 2012), the SPM12 toolbox (Statistical Parametric Mapping
Toolbox (www.fil.ion.ucl.ac.uk/spm/software/spm12, MatLabR

R2017b, MathWorks, Natick, MA, USA) which included the CAT12
Computational Anatomy Toolbox (www.neuro.uni-jena.de/cat12) and
by the Advanced Normalization Tools ANTS version 2.1 (http://stnava.
github.io/ANTs) following the conversion of all images to Nifti format.
Brain extraction was achieved by segmentation of the T1-weighted
images by CAT12 where voxels with a probability of at least 50% of
belonging to one of the three tissue classes - gray matter, white matter,
and cerebrospinal fluid - were used for the brain mask after augmen-
tation by the FSL “fill-hole” routine. Functional images were subjected
to motion correction utilizing FSL-MCFLIRT (Jenkinson et al., 2002),
high pass temporal filtering (100 ms), rigid registration to the in-
dividual brain-extracted structural scan (FMRIB's Linear Image Regis-
tration tool FLIRT) (Jenkinson and Smith, 2001), and smoothing using a
5-mm FWHM Gaussian kernel. According to the default settings of FSL,
slice timing correction was not applied. Images were cleaned from ar-
tifacts by applying a probabilistic independent component analysis
(ICA) using FSL-MELODIC and passing all identified components to
FMRIB's ICA-based Xnoisefier (FIX), which allows categorization of all
resting-state components into accurate signal and artifacts (Salimi-
Khorshidi et al., 2014). Both structural MR images (T2-SPACE, T2-
FLAIR, T1-CE) and PET images were rigidly co-registered to the ana-
tomical T1-weighted image using FSL-FLIRT.

All structural MR and PET images were used for manually outlining
a multimodal lesion mask. This lesion mask comprised residual or re-
current tumor and treatment-related tissue pathologies (resection
cavity, edema, gliosis, contrast-enhancing regions, any FET-PET signal
above background) and was used for elastic registration of the T1-
weighted image to the MNI-152 standard brain template. For this
purpose, the ANTs diffeomorphic algorithm with symmetric normal-
ization (SyN) was applied in conjunction with cost function masking
(Andersen et al., 2010) using the neighborhood cross correlation (CC)
metric. Finally, the cleaned functional data, all structural MR images,
the PET images, and the multimodal lesion mask were normalized to
the MNI-152 template by applying the resulting deformation field. Also,
the functional data and lesion masks were resized to a voxel size of
3 × 3 × 3 mm3. Fig. 2 illustrates the main image processing steps.

2.5. Functional connectivity in the default mode network

The default mode network (DMN) template of Yeo et al. (2011) was
used to identify the DMN in the individual patients by a modified seed-

based approach using FSL dual regression (Ghumman et al., 2016;
Maesawa et al., 2015; Beckmann et al., 2009; Filippini et al., 2009;
Nickerson et al., 2017). First, all voxels that were located in the stan-
dard DMN template but not covered by the lesion mask and were thus
unaffected by any tumor- or treatment-related structural tissue changes
were used to compute an average reference time course for the in-
dividual DMN. Second, the normalized regression coefficients (z-scores)
with reference to this time course were calculated for all voxels of the
brain. Thus, it was expected to identify all voxels belonging to the in-
dividual DMN irrespectively of their location with respect to the DMN
template or the lesion mask. The resulting z-scores were stored in a
subject-specific DMN map. In order to determine the influence of the
tumor location on the integrity of the DMN, group average DMN z-score
maps were computed for subgroups of patients with tumors located in
any of the frontal, parietal, temporal, or occipital lobes of the left or
right hemispheres. Tumor location was assigned to one of the major
lobes of the brain by identifying the lobe with the maximal volumetric
overlap with the lesion mask using the brain lobe templates of the MNI-
152 structural atlas provided by FSL (Jenkinson et al., 2012). Finally,
the original DMN template of Yeo et al. (2011) was partitioned into 12
well-recognized nodes, 6 in each hemisphere: orbito-frontal cortex
(OrbF), medial prefrontal cortex (mPFC), lateral temporal cortex
(Temp), inferior parietal lobule (Par), posterior cingulate/retrosplenial
cortex (PCC), hippocampus/parahippocampal cortex (HC) (Raichle,
2015). The mean z-scores of the voxels in the respective node were
calculated for each patient and were assumed to represent the func-
tional connectivity of the node with respect to the main body of the
DMN.

2.6. Neurocognitive assessment

A test battery was used to assess neurocognitive functioning on the
day of imaging. The cognitive tests were selected from a larger battery
of well-established tests that were set up for the 1000BRAINS study
(Caspers et al., 2014) and designed to assess the main cognitive do-
mains in a reasonable time tolerable for the brain tumor patients
(Table 2). In most cases, the tests could be performed within 25–30 min.
The battery started with the Trail-Making Test A (processing speed) and
Trail-Making Test B (executive function with concept shifting) tests.
Next, the DemTect, a widely used test for cognitive screening in Ger-
many was applied. It included a test for semantic word fluency, where
candidates have to imagine a shopping tour in a supermarket and name
as many products as possible within 60 s, a test for language processing

Fig. 2. Essential image pre-processing steps. A multi-
modal lesion mask comprising residual or recurrent
tumor and all treatment-related tissue changes in any of
the structural MRI and FET-PET images was manually
outlined and used for cost-function masking of the
elastic registration of all structural and functional
images to the MNI standard space. In this patient, a
resection cavity, a perifocal zone of abnormal high T2-
signal, a FET PET-positive recurrence, and edema are
present. T1CE: T1-weighted MR image with contrast
enhancement, T2w: T2-weighted SPACE MR image, T2-
FLAIR: Fluid Attenuated Inversion Recovery MR image,
FET-PET: O-(2-[18F]fluoroethyl)-L-tyrosine Positron-
Emission-Tomography.
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that involves the trans-coding of 4 numbers to words and back, a
classical test for verbal working memory by digit spans in which an
orally presented sequence of digits has to be repeated (forwards and
backwards) and a typical test for verbal episodic memory, where a list
of 10 words is recalled directly or after a delay. Finally, the visuo-
spatial memory was assessed by the Corsi Block-Tapping test, where the
sequence of small blocks on a board tapped by the examiner has to be
reproduced forwards and backwards.

Besides, educational status was determined according to the 1997
ISCED scoring system (http://uis.unesco.org/sites/default/files/
documents/international-standard-classification-of-education-1997-en_
0.pdf), which is mainly based on the achieved highest level of educa-
tion. In brief, the scores are: (3) upper secondary, (4) post-secondary-
non-tertiary, (5) first-stage-tertiary, (6) second-stage-tertiary education,
including sub-scores A and B referring to the German education system
(https://de.wikipedia.org/wiki/International_Standard_Classification_
of_Education).

2.7. Reference fMRI and neurocognitive data from a healthy population

From 2011 to 2018, the 1000BRAINS study, a population-based
cohort study that included over 1300 older subjects, investigated en-
vironmental and genetic influences on the inter-individual variability of
brain structure, function, and connectivity in the aging brain (Caspers
et al., 2014). From these, a group of 80 healthy subjects was selected
that matched the patient population for this study in terms of gender,
age, and education (ISCED-score) (Baek et al., 2015). Matching was
performed using propensity score matching as implemented in the
software R. Age and ISCED-score were chosen as matching factors as
they are essential factors for cognitive functioning in healthy subjects
(Berggren et al., 2018), which was also the case in the present control
group (significant correlations between age and cognitive performance
in 9 out of 10 neuropsychological tests and ISCED score in 8 out of 10
tests). The subjects had undergone the same rs-fMRI protocol on the
same type of MRI scanner (3T Siemens Tim-TRIO), but without a PET
insert. A body-coil was used for transmission, and a head-coil (32-
channel) was used for signal reception. Therefore, a phantom study was
performed that confirmed an equal signal quality and signal-to-noise
ratio between both scanners. All processing steps except those for the
cost-function masking for normalization to the MNI template and the
DMN seed trimming excluding pathologic tissue were equally carried
out in the healthy subjects group.

2.8. Statistical analysis

SPSS (IBM SPSS Statistics version 24, IBM Corporation) was used for
all analyses. Unless stated otherwise, comparisons of neurocognitive

test results and DMN connectivity measures between patients and
healthy subjects, as well as all other group comparisons, were made
using the Mann-Whitney-U test (2-sided). Correlations between neuro-
cognitive test scores, DMN connectivity measures, and other continuous
variables were calculated using a Spearman Rank Correlation (1-sided).
The impact of patient- and tumor-related factors on the connectivity of
the 12 DMN nodes was assessed by a mixed, repeated-measures ANOVA
with Greenhouse–Geisser correction for non-sphericity, where appro-
priate. The dependence of the overall DMN connectivity strength on
several disease-unrelated factors (age, education level) and disease-re-
lated factors (tumor grading, lesion location, presence of PET-positive
recurrence, imaging interval, number of chemotherapy courses, number
of radiotherapy series, total number of oncologic interventions, use of
anticonvulsants) was assessed by the significance level of the between-
subjects effect and termed “DMN level”. The influence of these factors
on the pattern of DMN connectivity was determined by the significance
level of the interaction term between the DMN node connectivity and
the respective factor and termed “DMN pattern”.

3. Results

3.1. Alterations of the DMN in malignant glioma patients

The mean DMN z-score maps of the healthy subjects and tumor
patients, as well as the individual DMN of a typical malignant glioma
patient, are depicted in Fig. 3. The connectivity profiles of the DMN-
nodes in healthy subjects and in glioma patients are illustrated in Fig. 4.
The connectivity level and -pattern in the tumor patients differed sig-
nificantly (p < 0.001) from those of the healthy subjects. A post-hoc
analysis (Mann-Whitney U tests) revealed significantly (p < 0.05)
reduced connectivity in the bilateral medial prefrontal cortex (mPFC)
and orbitofrontal (OrbF) nodes, as well as in the left lateral temporal
and left hippocampus/parahippocampal cortex (HC) DMN-nodes.
Within the group of glioma patients, the DMN connectivity level was
significantly (p < 0.05) higher in well-educated patients. Marked
variability of the DMN pattern was observed for tumors of different
locations (p < 0.001). Also, tumors of the left vs. the right hemisphere
had a significantly different DMN pattern (p < 0.001), but did not
differ significantly in the overall DMN level (p = 0.05).

In contrast, age, glioma grading, presence of a residual or recurrent
tumor as diagnosed by FET PET, time since the initiation of the therapy,
number of chemotherapy courses, total number of oncologic interven-
tions, and the use of anticonvulsive medication did not have any sig-
nificant impact on DMN connectivity level or pattern. However, the
DMN pattern showed some variation (p < 0.01) about the number of
radiotherapy series applied, affecting mainly the right parietal node.

As the dominant influence on the DMN pattern in tumor patients

Table 2
Neurocognitive test battery.

Domain Function Test Reference

Attention Processing Speed Trail-Making Test A (TMT-A), time in seconds (Morris et al., 1989; Tombaugh,
2004)

Executive Function Concept Shifting Trail-Making Test B (TMT-B), time in seconds (Morris et al., 1989; Tombaugh,
2004)

Language Semantic Word Fluency DemTect:
Supermarket (SM), number of correct items

(Kalbe et al., 2004)

Language Processing, Executive
Functions

DemTect:
Number Transcoding (NT), number of correct items

(Kalbe et al., 2004)

Working Memory Verbal Working Memory DemTect:
Digit Span forward // backward (DS), weighted number of correct items

(Kalbe et al., 2004)

Visual Spatial Working Memory CorsiBlock Tapping Test forward // backward (CBT), weighted number of
correct items

(Berch et al., 1998)

Episodic Memory Verbal Episodic Memory DemTect: Word List, immediate (WL-IR) and delayed (WL-DR) recall,
number of correct items

(Kalbe et al., 2004)

Tests were selected that allowed to assess cognitive functions in the essential domains within 25–30 min.
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was lesion location, the deviation of the mean z-score of each DMN
node from that of the same node in the healthy controls was computed
for tumor location in the different brain lobes. As depicted in Fig. 5, the
connectivity of the DMN nodes was significantly reduced in nodes that
were close to the lesion or located elsewhere in the same hemisphere. In
contrast, the nodes of the contralateral hemisphere were mainly un-
affected or showed a minor increase in connectivity.

3.2. Association between DMN connectivity and neurocognitive functioning

In glioma patients, the performance in most of the neurocognitive
tests was significantly worse compared to the matched healthy subjects
(Table 3). The most significant differences were observed in the do-
mains of attention, executive functions, word fluency, and verbal
working memory. As in the healthy subjects, age and educational status
were generally associated with neurocognitive functioning and corre-
lated significantly (p < 0.01 in most cases) with the results of almost
all neurocognitive tests (age, 9 out of 10 tests; ISCED, 8 out of 10 tests).

A specific correlation pattern between DMN node connectivity and
cognitive performance was observed both in healthy controls and tumor
patients (Table 4, Figs. 6, 7). In patients, reduced connectivity in the left
temporal DMN node correlated with lower performance in language
processing (word fluency and number trans-coding) and verbal working
memory while the connectivity of the left parietal DMN node correlated
with processing speed, executive function, verbal and visual working
memory, and verbal episodic memory. The same correlation pattern
was also seen in the controls, but the connectivity of several other DMN
nodes including the mPFC and the OrbF nodes correlated significantly
with several cognitive test results (processing speed, executive function,
word fluency, language processing, verbal and visual working memory)
in healthy controls but not in patients.

4. Discussion

4.1. Main findings

We found that structural brain tissue changes caused by either local
treatment or residual/recurrent tumor growth had a strong negative
impact on the functional connectivity of the adjacent DMN nodes in
WHO grade III or IV glioma patients such that the resulting connectivity
pattern within the DMN differed significantly from that of healthy
subjects. Behaviorally, the glioma patients performed significantly
worse than the healthy subjects in the majority of cognitive domains.
The observed cognitive impairment was mainly associated with re-
duced connectivity in the left inferior parietal lobule DMN node that
resulted in a lowered performance in 7 of 10 tests in the domains of
attention, executive function, language processing, and verbal as well
as visual (working) memory, and by the reduced connectivity of the left
lateral temporal cortex DMN node leading to reduced performance in 3
of 10 tests in the domains of language and verbal episodic memory.

4.2. Cognitive outcome and role of the DMN in glioma patients

It is well known that patients with newly diagnosed malignant
glioma suffer from a variety of neurocognitive impairments (Tucha
et al., 2000). Also, a number of recent longitudinal studies suggest that
cognitive function impairment persists during the course of the disease
and may even further deteriorate. For example, in a prospective study
comprising 32 malignant glioma patients, a marked decline of neuro-
cognitive function was found both at 8 and 16 months after therapy
(Bosma et al., 2007). In a randomized study on the effect of bev-
acizumab and irinotecan in recurrent GBM, involving 167 patients,
lower neurocognitive performance was observed at baseline compared

Fig. 3. Default Mode Network (DMN) template and average DMN (z-score map) in 80 post-therapeutic glioma patients and a matched cohort of healthy subjects. The
individual DMN network of a female patient with a small, multifocal recurrence with perifocal edema 10 months after first-line therapy is shown on the right. The
circles in white depict the DMN-nodes with reduced connectivity. T1CE: T1-weighted MR image with contrast enhancement, PET: O-(2-[18F]fluoroethyl)-L-tyrosine
Positron-Emission-Tomography, arrows: multifocal, small contrast-enhancing, PET-positive tumor nodules. DMN nodes: mPFC - medial prefrontal cortex, OrbF -
orbitofrontal cortex, PCC - posterior cingulate/retrosplenial cortex, Temp - lateral temporal cortex, Par - inferior parietal lobule, HC - hippocampus/parahippocampal
cortex.
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to the general population, which persisted also in the responding pa-
tients during the observation period of 24 weeks (6 months) (Wefel
et al., 2011). In a large trial on bevacizumab for primary GBM, ap-
proximately 500 patients were evaluated by a battery of tests and were
found to continuously deteriorate from baseline up to 46 weeks
(11 months) after diagnosis (Gilbert et al., 2014). Also, in a small group
of long-term survivors (> 100 months) of WHO grade III oligoden-
droglial tumors, 30% were severely cognitively impaired even if they
never progressed (Habets et al., 2014).

In principle, cognitive decline observed in these studies affected all
domains. For example, in the long-term survivors analyzed by Habets
and colleagues (Habets et al., 2014), working memory, processing
speed, psychomotor function, attention and executive functioning were
all reduced by 1.5–2.5 standard deviations compared to healthy con-
trols. So far, it is mostly unclear to what extent local and systemic in-
terventions contributed to this effect. As for surgery, cognitive perfor-
mance is mainly assessed preoperatively, where it is used to predict
early postoperative outcome (Satoer et al., 2012; Tucha et al., 2000;
Noll et al., 2018; Noll et al., 2015; Talacchi et al., 2011). Studies on the
long-term cognitive outcome with regard to location and extent of re-
section are rare and have not shown conclusive results so far.

Vulnerable regions that have been identified include the left thalamus
(van Kessel et al., 2019), the left insular or temporal cortex (Dallabona
et al., 2017), and multiple regions of the right hemisphere (Hendriks
et al., 2018). One study even failed to observe any correlation between
lesion location and cognitive performance 12 months after resection
(Satoer et al., 2014). In radiation oncology, the situation is quite si-
milar. Routine, focal radiotherapy for malignant glioma aims at tar-
geting the regions at high risk for recurrence (Piroth et al., 2016, 2012)
and avoiding radiation necrosis and cranial nerve damage, but thus far
does not take into account details of the functional organization of the
brain (Sours Rhodes et al., 2019). Hippocampal sparing (Pinkham et al.,
2015) is a concept that arose from the observation of memory deficits
after whole-brain radiation but has rarely been applied in glioma
therapy.

A number of studies in newly diagnosed glioma patients hypothe-
sized that gliomas may cause significant alterations in DMN con-
nectivity. Esposito et al. (Esposito et al., 2012) examined a mixed col-
lective of 24 patients with left-hemispheric grade II or grade IV gliomas.
The DMN of the patients with grade IV gliomas was overall similar to
that of healthy volunteers, while in grade II gliomas, a lateralization of
the DMN connectivity to the opposite (right) side was observed.

Fig. 4. DMN connectivity profiles in healthy subjects and malignant glioma patients, as well as in subgroups of glioma patients. The significance levels of a mixed,
repeated measures ANOVA for the overall DMN connectivity (DMN level) and the interaction between the analyzed factor and the connectivity of the different nodes
(DMN pattern) are shown. A marked, significant variation of the DMN pattern was observed, depending on the location of the tumor lesion. Numbering of DMN
nodes: 1/2 left/right mPFC, 3/4 left/right orbitofrontal cortex, 5/6 left/right PCC, 7/8 left/right inferior parietal lobule, 9/10 left/right lateral temporal cortex, 11/
12 left/right hippocampus/parahippocampal cortex. RT: Radiotherapy, CTx: Chemotherapy. ISCED: International Standard Classification of Education, *p < 0.05 in
post-hoc test (Mann-Whitney U) performed separately for each DMN node.
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Ghumann and colleagues analyzed a cohort of patients with newly di-
agnosed tumors of various types located in both hemispheres
(Ghumman et al., 2016) and found that tumors in the left hemisphere
had a large effect on DMN connectivity regardless of their size and type,
while this effect was not observed for right hemispheric tumors. The
authors conclude that DMN connectivity in the left side of the brain
may be more fragile to insults by lesions. Harris et al. (2014) analyzed
DMN integrity in 47 left-sided malignant gliomas and in 21 grade II
glioma patients and found that depending on tumor location, malignant
gliomas were associated with a significant alteration in global DMN
connectivity. Interestingly, patients with tumors in the left lateral
parietal cortex had a significantly lower overall DMN connectivity
compared to patients with tumors located in the mPFC. Zhang et al.
(2016) investigated the functional connectivity within the posterior
DMN in 20 patients with frontal lobe gliomas of both hemispheres. The
intra-hemispheric functional connectivity between the PCC and the
parietal DMN nodes was found to be decreased, while the inter-hemi-
spheric connectivity between the corresponding DMN regions was in-
creased. Again, the functional connectivity in the left hemisphere was

more vulnerable and showed a significant correlation with WHO grade.
Collectively, these studies suggest that the overall pattern of DMN

connectivity is preserved in untreated malignant glioma patients, that
the DMN nodes located in the same hemisphere are mainly affected and
that the nodes in the posterior DMN, especially the PCC and parietal
node of the left hemisphere, are vulnerable to connectivity loss.

The role of different parts of the DMN for cognitive functioning is
still under investigation, but what seems obvious is that the DMN
comprises subsystems involved in different tasks. A common view is
that the DMN consists of a posterior system that is mainly involved in
episodic memory retrieval and comprises the PCC, the inferior parietal
lobules and hippocampal/ temporal nodes (medial temporal system,
MTL), and an anterior system that serves self-referential judgements
and mental explorations and mainly consisting of the mPFC that con-
nects to the posterior system by the PCC, which such serves as a main
hub of the DMN (Buckner et al., 2008; Broyd et al., 2009; Andrews-
Hanna et al., 2010; Sestieri et al., 2011; Campbell et al., 2013). The
view of the PCC as an important hub is also supported by findings in
elderly or demented people where the functional connectivity between

Fig. 5. Average connectivity (z-score) maps in the group of glioma patients with lesions located in the main brain lobes depicted by lesion probability maps. As shown
in the table, connectivity values were mainly reduced in DMN nodes located in or adjacent to the lesion location (difference compared to matched healthy cohort).
*p < 0.05, **p < 0.01, ***p < 0.001, Mann-Whitney-U-Test. mPFC: medial prefrontal cortex, PCC: posterior cingulate cortex, inf.: inferior, lat.: lateral, HC:
hippocampus/parahippocampal cortex.

Table 3
Neurocognitive test scores.

Cognitive Function Healthy Subjects (n = 80) Malignant Glioma Patients (n = 80)

Attention, Processing Speed (TMT-A, seconds) 31.5 (12.2) 47.1 (33.7)***
Executive Function (TMT-B, seconds) 67.3 (37.9) 121.4 (83.1)***
Language, Word Fluency (Supermarket, items) 26.2 (5.1) 20.5 (7.8)***
Language Processing (Number Transcoding, items) 3.8 (0.5) 3.4 (1.0)*
Verbal Working Memory (Digit span forward, weighted items) 8.4 (2.1) 7.4 (2.4)**
Verbal Working Memory (Digit span backward, weighted items) 8.0 (2.4) 6.5 (2.5)***
Verbal Episodic Memory (Word list, immediate recall, items) 14.3 (2.6) 11.7 (3.8)***
Verbal Episodic Memory (Word list, delayed recall, items) 5.2 (2.7) 4.4 (2.8)
Visual Working Memory (CBT forward, weighted items) 7.5 (2.1) 6.5 (2.3)*
Visual Working Memory (CBT backward, weighted items) 5.6 (2.4) 4.7 (2.0)

Average (standard deviation) neurocognitive test scores in n = 80 malignant glioma patients compared to a cohort of n = 80 healthy controls matched for age,
gender, and educational status. In TMT-A/B, lower scores correspond to better performance, while in all other tests, higher scores indicate better performance.
*p < 0.05, **p < 0.01, ***p < 0.001, Mann-Whitney-U-Test
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the PCC and the mPFC were strongly associated with reduced memory
performance, executive functioning and processing speed (Andrews-
Hanna et al., 2007; Campbell et al., 2013; Vidal-Pineiro et al., 2014).

In opposite to the findings mentioned above, reduced connectivity
of the PCC or mPFC was not a major cause of cognitive dysfunction in
the glioma patients investigated here. Instead, our results suggest that
the posterior DMN node in the left inferior parietal lobule serves as an
important hub, and care should be taken to spare it from damage by
surgery or radiotherapy. This view is supported by a meta-analytic
study on the behavioral domains associated with the DMN regions
where the domains action and cognition (including attention, execu-
tion, and memory) were mainly linked to the right and left parietal
DMN nodes (Buckner et al., 2008; Laird et al., 2009). Besides, a recent
study focusing on the function and connectivity of the left inferior
parietal lobule identified a sub-region with specific connectivity to the
entirety of the DMN and functional association with advanced cognitive
processes, including explicit, and episodic memory recall (Bzdok et al.,
2016).

The scores of the neurocognitive tests in the present glioma patients
were not only significantly worse, but also had a much larger variability
compared to those of the healthy subjects. This is probably the reason
why monotonic correlations with the functional connectivity measures
of separate DMN nodes could not be observed as frequently as in the
more homogenous group of healthy people. However, in almost all
instances where a correlation was found in the glioma patients, it had
the same direction and approximate effect strength as in the healthy
subjects, which suggests that the DMN kept its principle functional
organization in the glioma patients. Presumably, in the glioma patients,
not only the DMN but also other functional networks were affected and
could thus have lead to the varying cognitive results. Importantly, un-
treated gliomas were found to impact on the frontoparietal (Lang et al.,
2017), executive control and salience (Liu et al., 2019) networks and to
change whole brain functional connectivity measures (De Baene et al.,
2019; Derks et al., 2017; Huang et al., 2014; Park et al., 2016; Xu et al.,
2013).

Apart from presurgical assessment of language function, task based
fMRI has rarely been used in order to assess higher cognitive domains in
brain tumor patients (Fox and King, 2018; Castellano et al., 2017;
Cirillo et al., 2019). Briganti et al. (2012) subjected a cohort of left-
sided low grade and malignant glioma patients to a verb generation

task. Global functional connectivity of the language network was sig-
nificantly reduced in the tumor patients and affected mainly the regions
of the left hemisphere. Importantly, the left TPJ (temporal-parietal
junction) node showed the greatest decrease of functional connectivity
within the language network. Wang et al. (2013) studied a group of
patients with predominantly malignant gliomas during a presurgical
picture naming task. Tumors in the left frontal region affected activa-
tion both in Broca’s and Wernicke’s areas and those in the left temporal
lobe affected mainly Wernicke’s area, while in tumors of the right
hemisphere, the language areas remained intact. These studies support
the view that the impact of tumor growth in malignant gliomas is
mainly on the adjacent functional cortical areas, but also affects con-
nectivity to other nodes of the same network to some degree.

4.3. Education and cognitive reserve

In the present study, cognitive functioning in most domains was
found to be significantly affected by age and educational status in both
healthy subjects and glioma patients. It is well known that in the
normal population, increasing age is associated with cognitive decline,
mainly in the domains of processing speed, attention, executive func-
tioning and memory (Harada et al., 2013). People with higher educa-
tion perform better across a broad range of cognitive tasks, but the
educational status does not necessarily seem to influence the age-re-
lated rate of decline (Lenehan et al., 2015). Both, age and educational
status are typically used for the construction of reference scores for
neurocognitive testing (Bosma et al., 2007), but have rarely been in-
vestigated in brain tumor patients. However, in a retrospective study on
48 grade III and IV glioma patients which were evaluated following
surgery before initiation of adjuvant therapy, a significant effect of age
on memory function and of educational status on intellectual cap-
abilities was observed (Kayl and Meyers, 2003).

In the present study, within the group of glioma patients, the overall
DMN connectivity level was significantly higher in well-educated pa-
tients. This relates to the theory of cognitive reserve which is based on
the observation that some individuals have a greater ability to with-
stand pathological changes to the brain and that higher levels of edu-
cation, participation in certain activities, higher socioeconomic status
and intelligence protect against the manifestations of brain diseases
(Harada et al., 2013). Several studies in cognitive neuroscience of aging

Table 4
Correlation analysis for DMN node connectivity and neurocognitive test scores.

Correlation analysis of connectivity of DMN nodes and neurocognitive test scores in n = 80 malignant glioma patients after multimodal therapy (Pat) and in a
matched cohort of healthy controls (HC). Spearman Rank-Correlation Coefficients, one-sided, *p < 0.05, **p < 0.01.
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have tried to elucidate the role of the DMN for the cognitive reserve in
elderly people and demented patients. In the widely recognized report
of Andrews-Hanna et al. (2007), reduced functional connectivity be-
tween multiple regions within the DMN of older subjects was observed.
Connectivity loss between the mPFC and the PCC was most pronounced
and was strongly associated with a reduced performance in executive
function, memory, and processing speed. Others found that the func-
tional connectivity of the PCC to the HC (Wang et al., 2010) or that of
the mPFC to the left inferior parietal lobule (He et al., 2012) correlated
significantly with memory function in elder individuals. Importantly,
the connectivity of the PCC was found to correlate with the cognitive
reserve estimated from the number of years of education and type of
schools attended in a group of patients with Alzheimer’s disease
(Bozzali et al., 2015). These reports and the present results suggest that
a higher pre-morbid overall level of connectivity in the DMN associated
with a higher education level has some protective effect against im-
paired cognitive functioning in grade III or IV glioma patients at diag-
nosis and following treatment.

4.4. Limitations of the study

The patients included in our study constitute a selected population
that is not representative of the full spectrum of glioma patients. More
than 90% were in good general condition (ECOG score 0 or 1), almost
half of them were less than 50 years old, and 75% of them were still
employed. Although this group was mainly chosen in order to allow the
conductance of this study, it is probably these glioma patients who still
perform well in their everyday and professional life for whom cognitive
decline counts most.

So far, the analysis did not separately evaluate the differential in-
fluence of the type of brain tissue damage on the connectivity of a DMN
node. This is a challenging task, because resection cavities, residual or
recurrent tumor, radiation-induced tissue changes and edema may af-
fect the gray matter of a functional node and its fiber tracts in a com-
plicated way. A major requisite for this kind of analysis would be a
reliable, automatic sub-segmentation of all lesions that is planned to be
carried out in future studies.

Fig. 6. Correlation analysis between connectivity of the left temporal and parietal DMN nodes (z-score) and scores for a variety of neurocognitive tests in glioma
patients. IR: Immediate Recall, CBT: Corsi Block-Tapping test, r: Spearman Rank Correlation Coefficient, *p < 0.05, ** p < 0.01 (one-sided).

M. Kocher, et al. NeuroImage: Clinical 27 (2020) 102287

10



Another limitation comes from the cross-sectional character of this
study that included patients with large variability in age, malignant
glioma subtype, presence of a residual or recurrent tumor, interval from
initiation of therapy, received therapy intensity, and use of antic-
onvulsive medication. However, the impact of the location of the tumor
and the associated, therapy-induced tissue changes on the DMN ex-
ceeded by far all other factors that caused the variability in the dataset,
which allowed the identification of the most vulnerable DMN nodes
with respect to cognitive functioning. For the future, it is planned to
recruit patients at several time points of their clinical course including
the time at diagnosis before any therapy.

4.5. Conclusion

In a selected group of post-therapeutic patients performing well in
daily life, reduced connectivity in the left inferior parietal lobule and
lateral temporal cortex DMN nodes caused by tumor- and treatment-
related structural brain tissue changes appears to have a significant
effect on neurocognitive functioning. Furthermore, our study suggests
that age and educational status are critical premorbid factors that may
determine cognitive performance following therapy. In summary, our
findings imply that in order to minimize neurocognitive deficits, per-
sonalized treatment should avoid tissue damage to the left parietal and
temporal DMN nodes and consider age and educational status as sig-
nificant factors of cognitive reserve in malignant glioma patients.
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