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We investigated the mechanisms underlying neurocogni-
tive dysfunction in patients with low-grade glioma (LGG)
by relating functional connectivity revealed by mag-
netoencephalography to neurocognitive function. We
administered a battery of standardized neurocognitive
tests measuring six neurocognitive domains to a group
of 17 LGG patients and 17 healthy controls, matched
for age, sex, and educational level. Magnetoencepha-
lography recordings were conducted during an eyes-
closed “resting state,” and synchronization likelihood (a
measure of statistical correlation between signals) was
computed from the delta to gamma frequency bands to
assess functional connectivity between different brain
areas. We found that, compared with healthy controls,
LGG patients performed more poorly in psychomotor
function, attention, information processing, and work-
ing memory. LGG patients also had significantly higher
long-distance synchronization scores in the delta, theta,
and lower gamma frequency bands than did controls. In
contrast, patients displayed a decline in synchronization
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likelihood in the lower alpha frequency band. Within the
delta, theta, and lower and upper gamma bands, increas-
ing short- and long-distance connectivity was associated
with poorer neurocognitive functioning. In summary,
LGG patients showed a complex overall pattern of dif-
ferences in functional resting-state connectivity com-
pared with healthy controls. The significant correlations
between neurocognitive performance and functional
connectivity in various frequencies and across multiple
brain areas suggest that the observed neurocognitive
deficits in these patients can possibly be attributed to dif-
ferences in functional connectivity due to tumor and/or
treatment. Neuro-Oncology 10, 734-744, 2008 (Posted
to Neuro-Oncology [serial online], Doc. 07-00091, July
23, 2008. URL http://neuro-oncology.dukejournals.org;
DOI: 10.1215/15228517-2008-034)
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of all gliomas.! The mean 5-year progression-free
survival rate ranges from 46% to 73%,2™* with
median survival times ranging from 5 to 16.7 years.’
Epilepsy is the first symptom in at least two-thirds of
all patients with LGG,® and LGG is almost invariably
accompanied by a loss of neurocognitive functioning.”®

l ow-grade gliomas (LGGs) constitute 20%-25%
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These neurocognitive deficits tend to be generalized and
cannot be explained unequivocally by tumor localiza-
tion alone.®? Bressler'” has suggested that higher neuro-
cognitive functions depend on the integrated activity of
several specialized brain areas. These interactions can
be studied with functional imaging techniques such as
functional MRI (fMRI), electroencephalography (EEG),
and magnetoencephalography (MEG). Statistical corre-
lations between time series of brain activity recorded
over distinct regions are assumed to reflect interactions
between the brain regions. This concept is referred to
as “functional connectivity.”!! Local processing of
information, or local synchrony, is reflected in MEG
or EEG power and in the synchronization between the
signals from pairs of channels at nearby sites (we refer
to this as short-distance functional connectivity), and
global integration (long-distance and interhemispheric
functional connectivity) reflects the synchronization
between channel pairs at spatially well separated sites;
both are required for optimal functioning of the brain.'?
EEG and MEG are distinct methods used to assess func-
tional connectivity of the brain. EEG measures electrical
activity generated by extracellular currents in the brain,
whereas MEG detects magnetic fields related to intra-
cellular currents. The skull and scalp do not distort the
magnetic field patterns as they do electrical currents in
EEG measurement. Also, MEG does not require the use
of a reference electrode. Therefore, MEG seems to be
more suitable than EEG for estimations of functional
connectivity.'

In cognitive neuroscience, functional imaging tech-
niques are used to measure task-specific changes in
activity associated with mental activities. Recent fMRI
research has shown that the no-task, resting state is
stable and active'®'® and is characterized by activation
of a “default” network.!” It has recently been shown
in patients with Alzheimer’s disease that resting-state
connectivity is a good indication of neuropsychological
functioning.'® MEG signals can also be recorded during
the resting state as a way to study baseline functional
networks in the brain.!’-2!

Functional connectivity (as recorded with MEG) in
brain tumor patients has been investigated and com-
pared with that in healthy controls.???3 Differences in
resting-state functional connectivity were found in the
patient population within several frequency bands when
compared with those of healthy controls. Interestingly,
these differences were not limited to the tumor area and
were more notable in patients with a tumor in the left
hemisphere. However, these studies did not evaluate
whether these reported changes are only an epiphenom-
enon or are indeed associated with poorer neurocogni-
tive functioning.

Neurocognitive functioning in glioma patients can be
affected by the tumor and tumor treatment, as well as
by tumor-related epilepsy and antiepileptic drugs, and
can be assessed by neuropsychological assessments. The
underlying pathophysiological mechanism in the brain
responsible for these neurocognitive deficits has not yet
been described. We hypothesize changes in functional
connectivity to be the intermediate between the effect
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of tumor and tumor-related treatment, on the one hand
(“input”), and these neurocognitive deficits (“output”),
on the other hand, as shown in Fig. 1.

In the present study, we investigated functional
connectivity and neurocognitive functioning in LGG
patients and the correlation between these two variables.
On the basis of our previous studies, we hypothesized
that LGG patients show differences in resting-state func-
tional connectivity of the brain, compared with healthy
controls. More important, on the basis of the notion that
resting-state connectivity is a good indication of neuro-
psychological functioning,'® we expected significant
correlations between resting-state functional connectiv-
ity in the brain and neurocognitive functioning in LGG
patients.

Materials and Methods

Patients

Twenty-three patients with LGG were approached to
participate in this study. Patients were eligible if (1)
they had a suspected or histologically confirmed LGG,
(2) they had no radiological (confirmed by MR or CT
scan) and/or clinical tumor progression in the previous
6 months, and (3) they did not use medication possi-
bly interfering with neurocognitive function, other than
antiepileptic drugs.

Patients were recruited from the VU University Medi-
cal Center and the Academic Medical Center, both ter-
tiary referral centers in Amsterdam for brain tumor
patients, after the study was approved by the institu-
tional ethics review boards of both participating hospi-
tals. Relatives of the patients were asked to participate
as healthy controls. Healthy controls were eligible if they
(1) did not have any neurological disease and (2) did not
use any medication possibly influencing neurocognitive
function. For patients who could not provide a healthy
control participant, VU University Medical Center staff
members served as controls.

Magnetoencephalography

MEG recordings were obtained using a 151-channel
whole-head MEG system (CTF Systems Inc., Port Coquit-
lam, BC, Canada) while participants were seated inside
a magnetically shielded room (Vacuumschmelze GmbH,
Hanau, Germany). Magnetic fields were recorded during
a no-task, eyes-closed resting state. Metal artifacts were
avoided as much as possible. A third-order software gra-
dient?* was used with a recording passband of 0.25-125
Hz and a sample frequency of 312.5 Hz. At the begin-
ning, middle, and end of each recording, the head posi-
tion relative to the coordinate system of the helmet was
recorded by leading small alternating currents through
three head position coils attached to the left and right
preauricular points and the nasion on the subject’s head.
Head position changes up to approximately 1.5 cm dur-
ing a recording condition were accepted.

For this study, 149 of the 151 channels could be used.
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Fig. 1. Flow diagram of the relationship between tumor-related factors, higher neurocognitive function, and functional connectivity in
patients with low-grade glioma. Abbreviations: fMRI, functional MRI; EEG, electroencephalography; MEG, magnetoencephalography.

MEG recordings were converted to ASCII files. From
these ASCII files, four artifact-free epochs of 13 s (4,096
samples) were carefully selected by visual analysis by
one of the authors (I.B.).

Magnetic field frequencies ranging from 0.5 to 80
Hz were recorded. The signals were then filtered into
seven frequency bands: delta (0.5-4 Hz), theta (4-8
Hz), lower alpha (8-10 Hz), upper alpha (10-13 Hz),
beta (13-30 Hz), lower gamma (30-45 Hz), and upper
gamma (55-80 Hz).'®

The synchronization likelihood (SL) was used as a
measure of statistical interdependencies between MEG
time series.?? The SL is based on the concept of general
synchronization.?® This concept states that independent
time series of two separate systems (i.e., MEG chan-
nels) need not be linearly similar to act in a synchro-
nous manner, as long as recurrent patterns of the first
system coincide (in time) with recurrent patterns of the
second system. Thus, general synchronization takes into
account linear as well as nonlinear synchronicity.

The SL ranges from 0.01 (no synchronicity) to 1.00
(maximal synchronicity), and it has proven to measure
the linear as well as the nonlinear component that MEG
signals contain.?® The SL has recently been used to
assess functional connectivity in patients with Alzheim-
er’s disease.!®2728 The SL was computed off-line with
DIGEEGXP software developed at the Department of
Neurophysiology of the VU University Medical Cen-
ter.'® The parameter setting of the SL computation in
this study was lag L = 10, embedding dimension m =
10, and Pref = 0.01.

In the present study, SL values were calculated between
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all possible pairwise combinations of MEG sensors for
all frequency bands separately. The MEG sensors were
grouped according to their location above the hemisphere:
central, frontal, occipital, parietal, and temporal areas
(Fig. 2). Three types of SL averages were then calculated:
(1) five between-area SLs in each hemisphere, (2) eight
(four per hemisphere) long-distance intrahemispheric SLs
(left and right frontotemporal, frontoparietal, parieto-
occipital, and temporo-occipital), and (3) 10 (five per
hemisphere) within-area local SLs. The first two SL
measures we summarized as long-distance functional
connectivity, and the within-area SLs represent short-
distance functional connectivity (see Fig. 2).

Neurocognitive Assessment

Participants were asked to complete a neurocognitive
assessment (Table 1) after the MEG recording. The total
duration of the assessment varied between 1 and 2 h.

Individual patient test scores were converted to
z-scores, using the means and standard deviations of the
matched healthy controls as a reference.

To reduce data, individual scores on these tests were
summarized into six neurocognitive domains: informa-
tion processing speed, psychomotor function, atten-
tion, verbal memory, working memory, and executive
functioning. Construction of these domains has been
previously reported® and was based on a principal
component analysis using varimax rotation with Kaiser
normalization performed on the z-scores of a large group
of healthy controls.?* The domains found are commonly
used in neurocognitive practice and research. An overall
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Fig. 2. Distribution of magnetoencephalography (MEG) regions and illustration of short-distance (dashed arrow) and long-distance (solid

arrow) connections.

measure of cognition was also determined by calculating
the mean of all test z-scores for each participant.

Statistical Analyses

Statistical analyses were performed using SPSS for Win-
dows (version 14.0; SPSS Inc., Chicago, IL, USA).The
nonparametric Mann-Whitney U test was used to inves-
tigate whether patients’ standardized z-scores on neu-
rocognitive tests in the overall measure of cognition and
in the aforementioned neurocognitive domains differed
significantly from the z-scores of healthy controls.

To allow parametric statistical testing, we normalized
the SL scores by means of the transformation Lg10[x/(1 -
x)].*° To quantify differences in the SL scores between the
patients and the controls, we used analysis of covariance
(ANCOVA) testing with repeated measures for each fre-

Table 1. Description of neuropsychological testing battery

Test Cognitive Abilities

quency band. The repeated-measure factor had 8 levels for
long-distance connections, 5 levels for interhemispheric
connections, and 10 levels for short-distance connec-
tions. The between-subjects factor had two levels (LGG
patients and controls), and age, sex, and education were
used as covariates. In cases of significant group effects or
interaction effects involving groups (Greenhouse-Geiser
corrected p-value), subsequent post hoc analyses with
regard to the regional differences in SL were performed
between the patients and the controls. Again, age, sex,
and education were used as determinants.

All analyses of the relation between higher neuro-
cognitive function and SL scores within the patient
population involved separate ANCOVAs with repeated
measures for each frequency band. Again, the repeated-
measure factor had 8 levels for long-distance connec-
tions, 5 for interhemispheric connections, and 10 for

Letter Digit Substitution Test?*:3°
Concept Shifting Test3':32

Stroop Color Word Test3334
Visual Verbal Learning Test®®
Memory Comparison Test3®
Categoric Word Fluency®”

Psychomotor function relatively unaffected by intellectual ability

Executive (frontal) function, attention, visual scanning, and mental processing speed
Executive (frontal) function, attention, mental speed, and mental control

Various aspects of verbal learning, organization, and memory

Selective attention, mental concentration, memory, and information processing
Frontal dysfunction and flexibility of verbal thought processes
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short-distance connections. Age, sex, education level,
tumor lateralization, treatment modalities (radiother-
apy, surgery), and epilepsy burden were used as covari-
ates together with one of the neurocognitive domains. In
cases of significant group or interaction effects (Green-
house-Geiser corrected p-value), subsequent post hoc
analyses with regard to the regional differences in SL
were performed with one of the neurocognitive domains
and the above-mentioned possible confounders as deter-
minants.

Results

Sociodemographic and Clinical Characteristics

From the initial patient group, six patients were excluded:
four because of metal artifacts on the MEG, one because
of severe epileptic seizures, and one because of tumor
progression. The four patients with metal artifacts had
dental implants or amalgam fillings that had become
magnetized as a result of previous MR1 scans. The final
analyses were performed on a sample of 17 patients and
17 matched healthy control participants.

Because of the matching procedure, there were no sig-
nificant differences between patients and healthy con-
trols in age (patients: mean = 42.7, SD = 11.2 years;
healthy controls: mean = 42.6, SD = 12.7 years; p =
0.99) or educational level (patients: mean = 5.2, SD =
1.8; healthy controls: mean = 5.5, SD = 1.8; p = 0.64).
The male-to-female ratio between the two groups did
not differ significantly (chi squared = 0.47, p = 0.37).

Fourteen of the 17 LGG patients had a histologically
confirmed LGG and were clinically and radiologically
stable for more than 6 months before inclusion. Another
three patients were suspected of having LGG and were
stable for more than 6 months in the outpatient clinic;
1 year after the MEG registration, two of these three
patients underwent surgery because of increasing epi-
lepsy frequency.

Of the 16 patients with a histologically confirmed
LGG, the pathological diagnosis was grade II astrocy-
toma in 10 patients, oligodendroglioma grade II in four
patients, and oligoastrocytoma grade II in two patients.

The mean time in years between diagnosis and the
MEG registration for the patient population in our study
was 8 years, with a range of 1-19 years.

Seven of the 17 patients underwent radiotherapy, with
prior chemotherapy in two patients (one patient with five
cycles of procarbazine, lomustine, and vincristine [PCV]
and one patient with two cycles of PCV and three cycles
of temozolomide). Eleven patients had left hemisphere
tumors, and six patients had right-side tumors. Table 2
shows the specific locations of the tumors.

We used T1-weighted MRI and defined tumor size
or postoperative cavity as the product of the two largest
perpendicular diameters.*! The mean tumor size or post-
operative cavity in the patient group was 12 mm (range,
0.63-43 mm).

In the patient group, all but one patient used anti-
epileptic mono- or polytherapy. Six of the 17 patients
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Table 2. Tumor lateralization and localization

Tumor Location No. Patients

Left hemisphere

Left frontal

Left parietal

Left temporal

Left parieto-occipital

Total 1

Right hemisphere

Right frontal

Right frontoparietal

A A W W N

Right insular region
Total

o = W N

receiving antiepileptic drugs were free of seizures, and
10 patients were still having seizures while receiving
antiepileptic mono- or polytherapy.

Differences between Patients and the
Healthy Control Group

Neurocognitive functioning. Six of the 17 patients had
received neurocognitive assessments 1-9 months earlier
and were clinically stable. These patients were not tested
again, and the data from this last assessment were used,
because their neurological status had not changed. Over-
all, patients performed more poorly than healthy con-
trols on the neurocognitive test battery (controls mean
=~ 0.00): they had a significantly lower z-score on the
overall measure of cognition (mean = -1.01, SD = 1.42)
than did control participants (SD = 0.45, p = 0.009)
(Fig. 3).

Furthermore, patients had significantly lower psy-
chomotor function z-scores (mean = -0.50, p = 0.035),
lower working memory z-scores (mean = -1.43, p =
0.003), slower information processing speed z-scores
(mean = -0.85,p = 0.011), and lower attention z-scores
(mean = -1.92, p = 0.003) relative to healthy controls.
Patients’ performance in the verbal memory and execu-
tive function domains did not differ significantly from
those of controls.

To determine whether the small sample group was
representative of LGG patients in general, mean neuro-
psychological test scores were compared with those of a
much larger group of patients (7 = 195) from a previous
study by Klein et al.® The mean neuropsychological test
scores of our patient group did not deviate more than 1
SD from those of the large group participating in that
study. The SD seemed slightly higher in our group than
in the sample of Klein and colleagues, most likely due to
the small sample size of our patient group.

Because we are primarily interested in the relation
between SL and impaired neurocognitive functioning,
the remainder of the analyses focus on psychomotor
function, working memory capacity, information pro-
cessing speed, and attentional tasks.
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Fig. 3. Patients’ z-scores on the six neurocognitive domains on total neurocognitive functioning. Abbreviations: PF, psychomotor function-
ing; A, attention; IPS, information processing speed; VM, verbal memory; WM, working memory; EF, executive functioning. Performance
is relative to that of age-, sex-, and education-matched healthy controls (represented by the “0" line). A higher score (i.e., approaching 0)

indicates better performance. *p < 0.05, **p < 0.01.

Functional connectivity. A significant group effect
was seen in long-distance connectivity in the delta
(ANCOVA with repeated measures; p = 0.027), theta
(p = 0.004), lower alpha (p = 0.046), and lower gamma
bands (p = 0.036). Post hoc regression analysis showed
that long-distance functional connectivity was higher in
the LGG patients than in the healthy controls, with only
two exceptions: a significant decrease in functional con-
nectivity in the patient population in the intertemporal
region in the delta band and interoccipital region in the

lower alpha band (Table 3, Fig. 4).

Associations between Functional Connectivity and
Neurocognitive Functioning within the Patient Group

Table 4 and Fig. 5 show the significant associations
between functional connectivity and neurocogni-
tive functioning in the four disturbed neurocognitive
domains. A significant group effect was seen in the delta
band for long- and short-distance synchronization with
working memory (ANCOVA with repeated measures:
interhemispheric, p = 0.050; long distance, p = 0.032;
short distance, p = 0.006). Post hoc regression analysis
showed that an increase in synchronization was associ-
ated with a worsening of working memory in the left
frontotemporal region (p = 0.003), right frontopari-
etal and right parieto-occipital regions (p = 0.007 and
p = 0.018, respectively), and left temporal region (p =
0.007). An increase in synchronization in the right fron-
tal region was associated with an improving working
memory (p = 0.010).

A significant effect for group and interaction was seen
in the delta band for long- and short-distance synchroni-
zation with attentional tasks (ANCOVA with repeated
measures: interhemispheric, p = 0.015 [group] and p =
0.007 [interaction]; long distance, p = 0.002 [group]
and p = 0.005 [interaction]; short distance, p = 0.018

[group] and p = 0.017 [interaction]). Post hoc regression
analysis showed that an increase in synchronization was
associated with a worsening in attentional tasks in the
left frontotemporal and left temporo-occipital regions
(p = 0.008 and p = 0.004, respectively), right parieto-
occipital and temporo-occipital regions (p = 0.001 and
p = 0.002, respectively), interoccipital and interparietal
regions (p = 0.018 and p = 0.021, respectively), and left
temporal and right occipital regions (p = 0.001 and p =
0.000, respectively).

A significant group effect was seen in the theta band
for long-distance synchronization with working memory
(ANCOVA with repeated measures; p = 0.030). Post hoc
regression analysis showed that an increase in synchro-
nization was associated with a worsening of working
memory in the left frontotemporal region (p = 0.004).

A significant group effect was seen in the theta band
for long-distance synchronization with attentional tasks
(ANCOVA with repeated measures: interhemispheric, p
= 0.017; long distance, p = 0.020). Post hoc regression
analysis showed that an increase in synchronization was
associated with a worsening in attentional tasks in the
left frontotemporal and left temporo-occipital regions
(both p = 0.002) and the interfrontal, interoccipital, and
interparietal regions (p = 0.000, p = 0.002, and p =
0.000, respectively).

A significant interaction effect was seen in the lower
gamma band for long-distance synchronization with
attentional tasks (ANCOVA with repeated measures; p
= 0.022). Post hoc regression analysis showed that an
increase in synchronization was associated with a wors-
ening in attentional tasks in the left frontotemporal and
temporo-occipital regions (p = 0.002 and p = 0.017,
respectively).

Also in the upper gamma band, a significant group
effect was seen for long- and short-distance synchro-
nization with information processing (ANCOVA with
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Table 3. Significant differences in synchronization likelihood between patients and controls per frequency band and accompanying statis-

tics
Synchronization Likelihood (mean = SD)? Model
Patients Controls
Frequency/Area (n=17) (n=17) b SEb B R? F-statistic  p value
Delta (0.5-4 Hz)
Left parieto-occipital 0.041 + 0.009 0.035 *= 0.007 —7.30E-02 0.030 -0.398 0.234 2-32 0.018
Right frontoparietal 0.029 * 0.005 0.024 = 0.004 —7.65E-02 0.025 -0.487 0.237 1-32 0.004
Right parieto-occipital 0.049 * 0.019 0.039 *= 0.008 -8.52E-02 0.038 -0.333 0.339 2-32 0.002
Interparietal 0.046 + 0.038 0.038 = 0.006 -8.61E-02 0.032 -0.434 0.189 1-32 0.012
Intertemporal 0.057 = 0.016 0.080 + 0.027 0.155 0.047 0.510 0.261 1-32 0.002
Theta (4-8 Hz)
Left frontotemporal 0.023 += 0.005 0.019 = 0.003 —7.02E-02 0.028 -0.412 0.170 1-32 0.017
Right frontotemporal 0.026 * 0.006 0.022 *= 0.005 —7.10E-02 0.031 -0.350 0.312 2-32 0.004
Right temporo-occipital  0.026 = 0.005 0.023 = 0.005 —6.06E-02 0.028 -0.357 0.128 1-32 0.041
Lower alpha (8-10 Hz)
Interoccipital 0.039 = 0.009 0.048 = 0.010 9.40E-02 0.032 0.456 0.208 1-33 0.007
Lower gamma (30-45 Hz)
Right frontoparietal 0.015 = 0.000 0.015 = 0.001 -8.52E-03 0.004 -0.299 0.390 2-33 0.000

Abbreviations: b, regression coefficient; SEb, standard error of b; R?, explained variance.

aSignificantly higher synchronization likelihood is shown in boldface.

Theta band Lower alpha band

Delta hand

Fig. 4. Significant differences in long-distance connectivity between low-grade glioma patients and healthy controls in the different fre-
quency bands. Gray arrows indicate significantly higher synchronization in the patient group. Black arrows indicate significantly lower
synchronization in the patient group. Abbreviations: LF, left frontal; RF, right frontal; LT, left temporal; LC, left central; RC, right central,
RT, right temporal; LP, left parietal; RP, right parietal; LO, left occipital; RO, right occipital.
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Table 4. Significant associations in patients between synchronization likelihood scores and neurocognitive function, per frequency band,

and accompanying statistics

Neurocognitive Model
Frequency/Area Domain b SEb B R? F-statistic  p value
Delta (0.5-4 Hz)
Left frontotemporal Working memory —4.83E-02 0.010 -0.852 0.652 3-16 0.003
Right frontoparietal Working memory —-2.40E-02 0.008 -0.533 0.511 2-16 0.007
Right parieto-occipital Working memory -5.04E-02 0.019 -0.564 0.318 1-16 0.018
Left temporal Working memory -2.52E-02 0.008 -0.626 0.392 1-16 0.007
Right frontal Working memory 2.72E-02 0.009 0.604 0.365 1-16 0.010
Left frontotemporal Attention -0.16 0.005 -0.679 0.497 2-16 0.008
Left temporo-occipital Attention -0.022 0.006 -0.621 0.548 2-16 0.004
Right parieto-occipital Attention -0.027 0.007 -0.736 0.541 1-16 0.001
Right temporo-occipital Attention -0.029 0.008 -0.689 0.475 1-16 0.002
Interoccipital Attention -0.030 0.011 -0.566 0.320 1-16 0.018
Interparietal Attention -0.015 0.006 -0.554 0.306 1-16 0.021
Left temporal Attention -0.012 0.003 -0.724 0.525 1-16 0.001
Right occipital Attention -0.110 0.037 -0.465 0.735 3-16 0.000
Theta (4-8 Hz)
Left frontotemporal Working memory —4.06E-02 0.011 -0.694 0.546 2-16 0.004
Left frontotemporal Attention -0.018 0.004 -0.749 0.592 2-16 0.002
Left temporo-occipital Attention -0.022 0.006 -0.686 0.471 1-16 0.002
Interfrontal Attention -0.014 0.005 -0.434 0.684 2-16 0.000
Interoccipital Attention -0.022 0.006 -0.707 0.499 1-16 0.002
Interparietal Attention -0.015 0.003 -0.687 0.876 5-16 0.000
Lower gamma (30-45 Hz)
Left frontotemporal Attention -0.004 0.001 -0.715 0.595 2-16 0.002
Left temporo-occipital Attention -0.010 0.004 -0.571 0.326 1-16 0.017
Upper gamma (55-80 Hz)
Right temporo-occipital Information processing -1.81E-02 0.007 -0.553 0.306 1-16 0.021
Left frontal Information processing -5.65E-03 0.002 -0.541 0.293 1-16 0.025
Left temporo-occipital Attention -0.012 0.004 -0.637 0.406 1-16 0.006

Abbreviations: b, regression coefficient; SEb, standard error of b; R?, explained variance.

repeated measures: long distance, p = 0.014; short dis-
tance, p = 0.038). Post hoc regression analysis showed
that an increase in synchronization was associated with
a worsening of information processing in the right
temporo-occipital region (p = 0.021) and left frontal
region (p = 0.025).

A significant interaction effect was seen for long-dis-
tance synchronization with attentional tasks (ANCOVA
with repeated measures; p = 0.017). Post hoc regression
analysis showed that an increase in synchronization in
the left temporo-occipital region was associated with
a worsening in attentional tasks in the left temporo-
occipital region (p = 0.006).

Discussion

The aim of our study was to evaluate changes in func-
tional connectivity in LGG patients compared with
healthy controls and to study the correlation between
impaired neurocognitive functioning and functional

connectivity as a potential explanatory mechanism
underlying cognitive deficits.

LGG patients’ overall neurocognitive performance
and the neurocognitive domains of psychomotor func-
tion, working memory, information processing speed,
and attention were impaired. These results corroborate
previous studies indicating a decline in neurocognitive
functioning in LGG patients.”$:4#>=43

Consistent with our previous studies, we also
found differences in resting-state functional connectivity
in brain tumor patients compared with a healthy control
population.

An increase in the lower-frequency bands was shown
within the patient population compared with healthy
controls. However, in contrast to our previous stud-
ies, we now report a strong increase in both the lower-
and higher-frequency bands for long-distance func-
tional connectivity, whereas in Bartolomei et al.?* we
reported a strong increase in lower-frequency bands for
short-distance connectivity and a decrease in higher-
frequency bands for long-distance connectivity.

22,23
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Psychomotor function

Delta band

Attention

Information processing Working memory

Theta band

Lower gamma band

Upper gamma band

Fig. 5. Significant differences in the long-distance connectivity between synchronization likelihood scores in low-grade glioma patients and
neurocognitive function in the different frequency bands. Black arrows and areas indicate higher synchronization associated with worsening
in higher neurocognitive functioning. Gray arrows and areas indicate higher synchronization associated with improving higher neurocogni-
tive functioning. Abbreviations: LF, left frontal; RF, right frontal; LT, left temporal; LC, left central; RC, right central; RT, right temporal; LP,

left parietal; RP, right parietal; LO, left occipital; RO, right occipital.

In a previous study,?? we found an increase in the
alpha band, whereas in this study we found a decrease
in the lower alpha band and an increase in the lower
gamma band. It is not known whether these conflicting
results are a result of differences in methodology in the
two studies. Compared with the patients in our previous
studies,?>?3 the present patient population consisted of a
homogeneous group of LGG patients instead of patients
with a mixture of primary brain tumors. Furthermore,
here we used a healthy control group that was better
matched for age, education, and sex. As hypothesized,
we found a high number of significant correlations
between functional connectivity and neurocognitive
performance in the patients. The associations between
functional connectivity and cognition occurred mostly
in the delta, theta, and lower and upper gamma bands,
thus confirming earlier studies in which the delta band
was linked to verbal memory?® and the theta band to
working memory performance and attentional func-
tions.**=>° The gamma band has been reported to cor-
relate with learning and memory formation,’'>%2 selec-
tive attention and task complexity,* and information
processing.’4-5¢

The present outcomes indicate an association between
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functional connectivity and neurocognitive functioning
in LGG patients. It is possible that changes in resting-
state synchronization are not merely an epiphenomenon.
However, the causal relation of this association remains
unclear because of the cross-sectional nature of this
study.

Also, interpreting correlations between signals
recorded at different MEG sensors as functional con-
nectivity is difficult (i.e., the inverse problem). Volume
conduction could have given rise to random correlations
between the MEG channels, although this possibility
can hardly explain all the reported patterns of correla-
tion that we found. Moreover, long-distance connectiv-
ity, which we frequently found in this study, is much less
likely to be subject to volume conduction.

The cause of the reported increase of functional con-
nectivity, in particular, the lower frequencies, remains
unknown. Evidence of increased functional connectiv-
ity has also been found in other patient groups, includ-
ing those with Alzheimer’s disease, in which increased
coherence was found in the delta and theta bands.’”
Another study explored the relation between EEG syn-
chronization and verbal memory in patients with mild
cognitive impairments (MClIs).?® During the resting



state, patients’ verbal memory scores correlated nega-
tively with EEG recordings in the delta frequency band.
The researchers propose a compensational mechanism in
MCI patients: the increased synchronization in the lower
alpha band could mean that the brain tries to adjust to
the deleterious effect of synchronization on cognition.
Patients suffering from full-blown Alzheimer’s disease
do not show this increase, possibly because there is too
much deterioration to allow compensation. Bookheimer
et al.’® evaluated patterns of brain activation during
fMRI scanning in healthy subjects, half of them carriers
of the APOE €4 allele, which has a dose-related effect on
risk and age of onset of late-onset familial Alzheimer’s
disease. They found a greater increase in signal intensity
in brain regions necessary for tasks requiring memory
among carriers of this allele compared with noncarriers.
Bookheimer and colleagues suggest that in persons at
risk for Alzheimer’s disease, such increased brain activ-
ity may effectively serve as a compensatory mechanism,
wherein subjects use additional cognitive resources to
bring memory-related performance to a normal level.’®

Speculatively, the changes reported in the present
study could be due to a compensation mechanism in the
LGG patients, as well. The functional connectivity might
increase because of the effect on the higher neurocogni-
tive function, whereas the healthy controls do not have
to compensate in this manner.

In our study, an increase in long-distance connectiv-
ity was found, especially in the low-frequency bands.
Moreover, higher functional connectivity in these fre-
quency bands was associated with poorer performance
in working memory and attentional tasks, with the only
exception for the right frontal region in the delta band,
where an increase in the functional connectivity was
associated with an improving working memory. In the
lower and upper gamma band, an increase in short- and
long-distance functional connectivity was associated

Bosma et al.: LGG—functional connectivity and neurocognition

with a worsening in information processing and atten-
tional tasks. However, the negative correlation between
functional connectivity and cognition implies that this
presumed compensatory mechanism does not optimize
neurocognitive function.

The short-distance functional connectivity measures
were equal in patients and controls. Within the patient
group, an increased short-distance connectivity in gen-
eral went hand in hand with poorer neurocognitive per-
formance.

In conclusion, LGG patients displayed changes in rest-
ing-state functional connectivity compared with healthy
controls and showed impaired neurocognitive function-
ing. We found significant correlations between neu-
rocognitive performance and functional connectivity in
various frequencies and across multiple areas, suggesting
that the changes in resting-state functional interactions
may be relevant for the observed neurocognitive deficits
in the LGG patients. Further research is needed, and a
longitudinal study will start soon in our department.
On the basis of the results of this study, we will evalu-
ate the functional connectivity in brain tumor patients
before and after treatment and correlate these results
with higher neurocognitive function. In this way, we will
be able to determine whether the changes in resting-state
synchronization are merely an epiphenomenon.
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