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Resting-State Functional Connectome in Patients with Brain Tumors Before and After
Surgical Resection
Gianvincenzo Sparacia1,3, Giuseppe Parla3, Vincenzina Lo Re4, Roberto Cannella1, Giuseppe Mamone3,
Vincenzo Carollo3, Massimo Midiri1, Giovanni Grasso2
- PURPOSE: High-grade glioma surgery has evolved
around the principal belief that a safe maximal tumor
resection improves symptoms, quality of life, and survival.
Mapping brain function has been recently improved by
resting-state functional magnetic resonance imaging (rest-
fMRI), a novel imaging technique that explores networks
connectivity at “rest.”

-METHODS: This prospective study analyzed 10 patients
with high-grade glioma in whom rest-fMRI connectivity
was assessed both in single-subject and in group analysis
before and after surgery. Seed-based functional connec-
tivity analysis was performed with CONN toolbox. Network
identification focused on 8 major functional connectivity
networks. A voxel-wise region of interest (ROI) to ROI
correlation map to assess functional connectivity
throughout the whole brain was computed from a priori
seeds ROI in specific resting-state networks before and
after surgical resection in each patient.

-RESULTS: Reliable topography of all 8 resting-state
networks was successfully identified in each participant
before surgical resection. Single-subject functional con-
nectivity analysis showed functional disconnection for
dorsal attention and salience networks, whereas the lan-
guage network demonstrated functional connection either
in the case of left temporal glioblastoma. Functional
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BOLD: Blood oxygen level dependent
DMN: Default mode network
EOR: Extent of resection
FDR: False discovery rate
fMRI: Functional magnetic resonance imaging
KPS: Karnofsky performance status
MR: Magnetic resonance
rest-fMRI: Resting-state functional magnetic resonance imaging
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connectivity in group analysis showed wide variations of
functional connectivity in the default mode, salience, and
sensorimotor networks. However, salience and language
networks, salience and default mode networks, and
salience and sensorimotor networks showed a significant
correlation (P uncorrected <0.0025; P false discovery rate
<0.077) in comparison before and after surgery confirming
non-disconnection of these networks.

-CONCLUSIONS: Resting-state fMRI can reliably detect
common functional connectivity networks in patients with
glioma and has the potential to anticipate network alter-
ations after surgical resection.
INTRODUCTION
urgical resection of focal brain tumors aims to maximize
the resection while preserving brain function. Mapping
Sbrain function was recently improved by a novel imaging

technique that explores distributed connectivity networks at
“rest,” which requires minimal participant collaboration. Resting-
state functional magnetic resonance imaging (rest-fMRI) repre-
sents a novel tool to study brain functional network connectivity
associated with both normal and pathologic neurologic function.
This novel imaging technique is based on the quantification of
ROI: Region of interest
RSNs: Resting-state networks
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hemodynamic changes following the activation of brain areas.
Neuronal activity creates a hemodynamic response that locally
alters local brain concentrations of oxyhemoglobin and deoxy-
hemoglobin. This process produces time-dependent alterations in
T2- and T2*-relaxation times, forming the basis of the blood ox-
ygen level-dependent (BOLD) contrast imaging.1

As opposed to task-driven fMRI, the resting-state fMRI is ac-
quired in the absence of any stimulus or task. The result is a map
reflecting the spontaneous BOLD signal fluctuation, and therefore
activation of a distinct patterns of cerebral areas during the resting
state that may reflect the underlying cerebral connectivity. This
connectivity patterns are represented as “networks” between active
regions of the brain and are called resting-state networks
(RSNs).2,3

Temporally coherent networks can be reliable assessed by rest-
fMRI and are well recognized in the literature based on the
different functions of the brain that they accomplish, such as
vision, language, motor, and attention.1,4,5 Assessment of RSNs by
rest-fMRI shows a high reproducibility; thus, this technique
became a valid method for examination of the intrinsic functional
architecture, or “connectome,” of the human brain.4-7

With this method, several RSNs have been identified; the main
ones are the default mode network (DMN), the sensorimotor
network, the visual network, the auditory network, the executive
control network, the lateralized frontoparietal network, and the
temporoparietal network.4-7 The most significant proof of their
existence lies in the reproducibility of the networks in the single
subject, in the consistency of the networks between different
subjects, and in the correspondence of the cortical areas identified
with different methods of study.8,9

Although serval recent studies have explored the potential ap-
plications of resting-state fMRI in various neurologic diseases,10-13

the value of this technique in the neurosurgical planning of pa-
tients with brain tumors was not fully defined.2,3,14-19 Therefore,
further validation is necessary to prove the clinical value of
rest-fMRI for neurosurgical planning of brain tumors. Moreover,
rest-fMRI potentially could allow evaluating functional reorgani-
zation in patients after neurosurgical resection of brain tu-
mors.2,14,19 There is a limited report in the literature of the
changes in intersubject and intrasubject variability of the RSNs
in patients with brain tumors undergoing surgery using
intraoperative rest-fMRI.19 The aim of this study, therefore, was
to map the functional connectome of known RSNs in single
subjects and in group analysis before and after surgical resection
of brain tumors in a routine clinical setting and to assess
changes in neuronal networks related to the surgery.
METHODS

Data for this study were prospectively collected as part of a larger
ongoing follow-up study in patients with brain glioma who un-
dergo resective surgery at our institution. The study was reviewed
and approved by the institutional research review board of our
institution, and informed consent form was waived. However,
informed written consent to magnetic resonance (MR) and the
surgical procedure was obtained in all the patients.
From August 2018 to December 2019, patients with a neuro-

radiologic diagnosis of brain glioma were enrolled. Patients
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underwent neurologic examination along with Karnofsky perfor-
mance status (KPS) assessment. Neuropsychologic evaluation by
using standardized tests for cognitive, perceptual, motor, and
psychological functions was performed.20

The topography and the size of the tumor were accurately
analyzed on a preoperative MRI, with T1-weighted images ob-
tained before and after gadolinium enhancement in the 3
orthogonal planes, T2-weighted coronal images, and fluid-
attenuated inversion recovery axial images. Resting-state fMRI
was performed in all the patients before and 1 month after surgery.

MR Data Acquisition
MR examinations were acquired with a 3T MR scanner (Discovery
750w; General Electric Healthcare, Milwaukee, Wisconsin, USA)
with a 32-channel dedicated head coil before surgery and 1 month
following the tumor resection. Volumetric high-resolution
isotropic anatomical MR imaging T1-weighted tri-dimensional
spoiled gradient recalled acquisition in steady state MR images
(1 � 1 � 1 mm voxels, repetition time 8.6 milliseconds, echo time
3.2 milliseconds, field of view 240 mm, matrix size 256 � 256, flip
angle 12�) were acquired in the axial plane before and after
paramagnetic contrast media administration (Gadovist; Bayer AG,
Leverkusen, Germany). Anatomical images were used for co-
registration with rest-fMRI images. For the rest-fMRI acquisi-
tion, the patient was instructed to stay still with eyes closed while
relaxing. Resting-state fMRI was acquired with echo-planar im-
aging sequence (repetition time 2000 milliseconds, echo time 30
milliseconds, voxel size 3 � 3 � 3 mm, slice thickness 3 mm,
number of slices 39, number of volumes 210).

Resting-State fMRI Analysis
One of the most critical processes of rest-fMRI is the identification
of the resting-state brain functional networks. This can be ach-
ieved by several methods: an automatic or semiautomatic pro-
cedure with independent component analysis or through a spatial
matching with respect to network templates16,21 or manually with
a seed-based approach, where predefined regions of interest
(ROIs) are selected based on a-priori hypothesis using the Brod-
mann atlas coordinates.1-3 Novel alternative methods, such as
machine-learning approaches,17,22 cortical parcellating
approach,8,23 or graph analyses,7 are also used for easier-to-use
methods in the clinical practice.
We adopted the seed-based method3 with a cortical parcellation

approach.8 Seed-based functional connectivity analysis was per-
formed with CONN toolbox version 1824 running under SPM12
(Statistical Parametric Mapping 12; Wellcome Centre for Human
Neuroimaging, London, United Kingdom; http://www.fil.ion.ucl.
ac.uk) and MATLAB (The MathWorks Inc., Natick, Massachu-
setts, USA). The CONN toolbox provides predefined 164 ROIs,
which compose an atlas of cortical and subcortical areas from the
FSL Harvard-Oxford atlas,19,24 as well as cerebellar areas from the
automated anatomical labeling atlas.24 The atlas is normalized in
Montreal Neurological Institute space and could be applied to the
normalized images of the subject(s) (Figure 1).
Resting-state preprocessing was performed by compensation

for slice-dependent time shifts, correction of systematic oddeeven
slice intensities due to interleaved acquisition, head spatial
registration to correct head movement within sequences, and
UROSURGERY, https://doi.org/10.1016/j.wneu.2020.05.054
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Figure 1. Example of predefined region of interestmap composing an atlas of cortical and subcortical areas from the FSLHarvard-Oxford atlas used by CONN toolbox.

ORIGINAL ARTICLE

GIANVINCENZO SPARACIA ET AL. REST-FMRI IN GLIOMA SURGERY
spatial smoothing using a Gaussian kernel. Voxel-wise nuisance-
signal suppression is obtained by removing signals related to ce-
rebrospinal fluid, white matter, and the global signal, as well as
movement-related artifacts. The signal is low-pass filtered at 0.1
Hz. After time series realignment, rest-fMRI raw data are
normalized to Montreal Neurological Institute space [1] at 2-mm
voxel resolution and are coregistered to structural 3D T1-
weighted spoiled gradient recalled acquisition in steady state
MR images. The transformed structural images are then
segmented into gray matter, white matter, and cerebrospinal fluid.
Network identification based on 32 seed-based ROIs correlation

analysis of the functional connectivity focused on the
WORLD NEUROSURGERY-: e1-e13, - 2020
sensorimotor network, language network, visual network, execu-
tive control network, lateralized frontoparietal network, salience
network, dorsal attention network, and DMN.25,26 (Table 1). Seed-
based analysis, in general, necessitates a priori knowledge of
presumed brain networks. Having selected a ROI as the seed,
whole-brain correlations of rest-fMRI BOLD time courses can be
computed, generating spatial maps of the network of
interest.3,20,27

We used a 32 seed-based correlation matrix to associate BOLD
correlation maps corresponding to predefined seeds with specific
RSNs identities (Figure 2). A voxel-wise ROI to ROI correlation
maps to produce estimates of RSNs membership throughout the
www.journals.elsevier.com/world-neurosurgery e3
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Table 1. Network Identification Based on Seed-Based
Correlation Analysis Using the CONN Toolbox

Network Seed Location

Sensorimotor network (SMN) Central sulcus

Language network (LAN) Broca's region

Visual network Calcarine sulcus

Executive control network (ECN) Medial prefrontal regions

Lateralized frontoparietal network (FPN) Anterior prefrontal cortex

Salience network (SN) Anterior cingulate cortex

Dorsal attention network Posterior and lateral parietal regions

Default mode network (DMN) Precuneus

Functional connectivity focused on the sensorimotor network (SMN), language network
(LAN), visual network, executive control network (ECN), lateralized frontoparietal
network (FPN), salience network (SN), dorsal attention network, and default mode
network (DMN).

Figure 2. Connectivity matrix between 32 regions of interest correspondin
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whole brain was computed to assess functional connectivity from a
priori seeds ROI in specific RSNs before and after surgical
resection in each patient, and the results were analyzed by using
the graph theory to compare functional connectivity before and
after surgical resection in single participants.

Correlation Analysis
Single-subject and group analyses of the relevant network in each
subject, along with a group analysis of the commonly used func-
tional network, were performed and graphically displayed as a
circular connectome (connectogram) using the CONN toolbox via
seed region connectivity analysis.24 Pearson correlations were
calculated between the mean time series of each ROI resulting
in a 32 � 32 correlation matrix for each subject preoperatively
and postoperatively. The correlation coefficients were Fisher Z-
transformed to z scores to allow a group ROI-voxel analysis to
detect the average effect of the tumor resection on the functional
connectivity across subjects. The Fischer Z-transformation is used
to transform the voxel-wise correlation values to a range of
numbers because correlation values range from e1 to þ1, whereas
Z values are not bounded by upper or lower limits. Z-trans-
formation of the values is useful for subsequent statistical group
comparisons. The seed-based functional connectivity maps
g to predefined seeds with specific resting-state network identities.

UROSURGERY, https://doi.org/10.1016/j.wneu.2020.05.054
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Table 2. Patient Characteristics

No.
Age,
years Sex

Tumor
Type

WHO
Grade Tumor Location

EA
Affected Handedness

Tumor
Volume, mL

Preoperative KPS
Score

Preoperative
Symptoms Surgery

EOR,
%

Postoperative KPS
Score

Postoperative
Symptoms

1 25 M AA III Left frontal Motor Right 98 90 Seizure GA 90 95 Improved

2 46 M AA III Left frontal Motor Right 144 90 Focal weakness GA 95 95 Improved

3 48 M AA III Right parietal and
frontal

Motor Right 182 100 Seizure GA 96 100 Improved

4 67 M GBM IV Left temporal Language Right 405 95 Mild aphasia A 95 95 Unchanged

5 60 M GBM IV Left temporal Language Right 325 95 Mild aphasia GA 90 95 Unchanged

6 52 M AA III Right temporal Language Right 250 100 Headache GA 90 100 Improved

7 51 M AA III Left temporal Language Right 190 95 Moderate
aphasia

GA 95 95 Unchanged

8 60 F GBM IV Left temporal Language Right 178 90 Mild aphasia GA 90 90 Unchanged

9 49 F AA III Right temporal Language Right 186 80 Moderate
aphasia

GA 80 75 Worsened

10 52 F AOD III Right Occipital Visual Left 215 100 Right superior QDA GA 95 90 Worsened

WHO, World Health Organization; EA, eloquent area; KPS, Karnofsky performance status; EOR, extent of resection; M, male; AA, anaplastic astrocytoma; GA, General anesthesia; GBM, glioblastoma multiforme; A, awake; AOD, anaplastic
oligodendroglioma; QDA, quadrantanopia.
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Figure 3. Brain surface mapping of single-subject
functional connectivity before and after surgery. The
tri-dimensional images show significantly reduced
connectivity (P-uncorrected <0.0025; P-false discovery

rate <0.077) in dorsal attention and salience networks
(blue areas) with preservation of functional connectivity
of the language network (red areas) after surgical
resection of a left temporal lobe glioblastoma.
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(correlation r values or Z-statistics) that are estimated for each
individual subject is then used for group-level analysis. The dif-
ference in the overall functional connectivity between preoperative
and postoperative rest-fMRI examinations was calculated. The
paired t test was used to test the significance of the changes be-
tween rest-fMRI examinations for each subject and within the
group in each rest-fMRI examination.
A P-uncorrected <0.0025 was used to threshold connectomes

for voxel-wise paired statistical analysis to take in account the
lateralization effect (i.e., the left region is involved and the right is
not involved as it occurs for the language network). Due to the
lateralization effect, it is possible that the right region shows
essentially the same effect, but the effect is marginally weaker and,
therefore, the left side just survived statistical thresholding and the
right side did not. To address this potentially issue that can either
mean that there was no effect, or it could mean that it was just
under the standard fixed threshold P < 0.001, commonly used in
most fMRI analysis software packages including SPM, it is
necessary to adopt a P-uncorrected value to slight adjust the
threshold to take in account the lateralization effect. In detail, a P
value refers to the probability of falsely rejecting a particular null
hypothesis, i.e., the probability of making a type I error. The
uncorrected P value refers to the null hypothesis for a single voxel,
so uncorrected P values only have a useful meaning if the regional
hypothesis refers to only one voxel. More commonly, we have a
e6 www.SCIENCEDIRECT.com WORLD NE
hypothesis about a particular brain region that contains more than
one voxel. In such cases, nonparametric statistics are recom-
mended with a greater (i.e., more liberal) voxel-wise height
thresholds P-uncorrected <0.0025 that give unquantified error
control, because the actual error rate for a particular uncorrected P
value depends on the size and shape of the hypothesized region
and the smoothness of the statistic image.28 Thus, data are
presented at P-uncorrected <0.0025 and with a multiple
comparisons correction using the false discovery rate (FDR) P-
FDR <0.077. FDR correction is a more stringent technique than
P-uncorrected results as the threshold is calculated directly from
the uncorrected P values and depends on the data. Specifically,
the FDR threshold is heavily influenced by the amount and
strength of the activations that are present in the whole brain
map.29 To estimate FDR for multiple hypothesis testing, we
used the method described in the literature30 using the MatLab
function “mafdr” for P-uncorrected <0.0025 obtaining the P-
FDR <0.077.

RESULTS

Patient Characteristics and Surgical Findings
This series included 10 patients (7 male and 3 female) ranging in
age from 25 to 67 years (median 51 years) and affected by supra-
tentorial glioma. Nine patients were right-handed and one left-
UROSURGERY, https://doi.org/10.1016/j.wneu.2020.05.054
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Figure 4. Single-subject resting-state functional connectivity using a seed
region on Broca’s area (A) before and after (B) surgical resection of a left
temporal lobe glioblastoma. The tumor was resected with preservation of

the eloquent cortex as demonstrated at follow-up resting functional
magnetic resonance imaging.
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handed. The presenting symptoms were language disturbance in 5
cases, seizure in 2 cases, headache in 1 patient, and motor and
visual impartment in 2 cases, respectively. The mean tumoral
volume was 217 mL (range: 98e405 mL).
Tumor resection was performed with the patients under

general anesthesia, except for 1 patient (patient no. 4), in
whom awake surgery was performed, since almost all patients
refused such a treatment. Tumor removal was performed with
the aid of neuronavigation and 5-aminolevulinic acid fluores-
cence. Furthermore, the intraoperative monitoring neurologic
WORLD NEUROSURGERY-: e1-e13, - 2020
findings were obtained in all the cases by using motor-evoked
potentials, sensory-evoked potentials, and visual-evoked
potentials.
In each case, early postoperative MRI was obtained between

days 1 and 5 after surgery. Overall, there was no enhancement in
80% of patients with an extent of resection (EOR) estimate
ranging from 80% to 95%. Overall, the postoperative KPS and
symptoms improved in the majority of the cases, except in 2 pa-
tients (patients no. 9 and 10). Table 2 shows the main patient
characteristics.
www.journals.elsevier.com/world-neurosurgery e7
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Figure 5. Brain surface overlap of single-subject
functional connectivity comparison before and after
surgical resection of a left temporal lobe glioblastoma

demonstrating the preservation of the language inferior
frontal gyrus network.
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Rest-fMRI Features
Sensorimotor, visual, salience, language, and default mode net-
workswere correctly identified in all patients at rest-fMRI before and
after surgical resection despite some networks showing spatial de-
formations due to tumormass effect and edema and due to surgery.
In general, the functional connectivity tended to decrease in post-
operative rest-fMRI examination for the default mode, dorsal
attention, and salience networks. The most evident reduction in
functional connectivity in single-subject analysis was seen for dorsal
attention and salience networks, representing functional discon-
nection of these networks (Figure 3), whereas the language network
demonstrated functional connection after surgery either in case of
left temporal glioblastoma (Figures 4 and 5).
In the group analysis, the default mode, salience, and sensori-

motor networks showed wide variations of functional connectivity
before and after surgery (Figure 6). However, salience and language
networks, salience and default mode networks, and salience and
sensorimotor networks showed a significant correlation (P-
uncorrected <0.0025; P-FDR <0.077) in comparison before and
after surgery, confirming the connection of these networks.
Results are summarized in Table 3 and Figure 7. These results
were not correlated to a specific tumor location.
e8 www.SCIENCEDIRECT.com WORLD NE
DISCUSSION

Functional connectivity assessment with rest-fMRI has been
demonstrated to be useful in the preoperative localization of the
eloquent cortex aimed to reduce the risk of surgery-induced
neurologic deficits.1,2,14,19 The main advantage of rest-fMRI is
that it does not require any patient activity and thus can be used in
young children and in patients who are aphasic, paretic, or under
anesthesia. Multiple function networks can be identified with rest-
fMRI also in patients who may not be fully cooperative. An
additional advantage of rest-fMRI is that does not require addi-
tional personnel or equipment commonly used for task-based
fMRI. The main limitation for the clinical implementation of a
rest-fMRI is the lack of standardization for data processing, which
requires trained personnel and a high level of expertise.6,7

Although in the literature preliminary results of the clinical
feasibility of rest-fMRI in surgical planning of brain tumor have
been described,14,16-19,23,27 assessment of rest-fMRI functional
connectivity pre- and postsurgical resection of brain tumors has
not been fully investigated. Metwali and Samii3 reported their
preliminary results in intraoperative resting-state functional
connectivity assessment in patients with intracerebral lesions.
However, intraoperative resting-state functional connectivity
UROSURGERY, https://doi.org/10.1016/j.wneu.2020.05.054
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Figure 6. Brain surface mapping of group analysis showing wide
variations of functional connectivity (A) before and (B) after surgery

of the default mode, salience, sensorimotor, and language
networks.
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Table 3. Group Analysis Result of Significantly Connected
Resting-State Networks (P-Uncorrected < 0.0025; P-FDR
<0.077) Before and After Surgical Resection of Brain Gliomas

Analysis Unit
P-Unccorrected

<0.0025
P-FDR
<0.077

Salience.SMGeLanguage.IFG 0.0011 0.0343

Language.IFGeSalience.SMG 0.0011 0.0343

DefaultMode.LP (L) eSalience.AInsula (R) 0.0012 0.0364

Salience.AInsula (R) eDefaultMode.LP (L) 0.0012 0.0364

Salience.SMGeSensoriMotor.Lateral (R) 0.002 0.0382

Salience.SMGeSalience.RPFC (L) 0.0025 0.0382

SensoriMotor.Lateral (R) eSalience.SMG 0.002 0.0634

Salience.RPFC (L) eSalience.SMG 0.0025 0.0764

FDR, false discovery rate; SMG, supramarginal gyrus; IFG, inferior frontal gyrus; L, left;
AInsula, anterior insula; R, right; LP, lateral parietal cortex; RPFC, rostral prefrontal
cortex.
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assessment in neurosurgical practice presents some limitations
due to the limited availability of the intraoperative MRI and the
confounding effect of the and anesthesia.
In this study, we assessed alterations of specific networks

analyzed in single-subject analysis and in group analysis similarly
as reported intraoperatively at 1.5T3 using a routine clinical 3T MR
unit. Functional connectivity assessed by rest-fMRI in patients
with brain tumors in the adult and pediatric population demon-
strated the feasibility to recognize different RSNs.16-21,23,26,27,31-35

Recently, alterations of specific networks were analyzed at the
level of the single subject and in group analysis by intraoperative
rest-fMRI in the presurgical planning of brain lesions.3 The
literature reports34 that several key functional networks could be
identified in patients with brain tumors using rest-fMRI. Zhang
et al.36 demonstrated the feasibility of sensorimotor cortex
mapping in patients with brain tumors using rest-fMRI, and its
localization showed good correspondence with cortical stimula-
tion mapping. The language-associated cortex also can be iden-
tified using rest-fMRI in patients with brain tumors.37

In this study, we present our experience with routine clinical
rest-fMRI acquired before and after surgical resection of
supratentorial gliomas to assess functional connectivity in pa-
tients with brain tumors. The results of this study add evidence
that rest-fMRI is capable of identifying the functional network
distribution and connection or disconnection in patients with
brain tumors even when task-based fMRI is not feasible. In
clinical practice, rest-fMRI may be successfully performed in
addition to regular anatomic imaging and intraoperative map-
ping, replacing the preoperative task-driven fMRI that is not
feasible in patients without appropriate collaboration. The
postoperative evaluation may be useful to evaluate potential
alterations in functional connectivity due to surgical resection.
Particularly, in our study, single-subject functional connectivity
analysis showed functional disconnection for dorsal attention
and salience networks. Group analysis showed wide variations
e10 www.SCIENCEDIRECT.com WORLD NE
of functional connectivity before and after surgery in the default
mode, salience, sensorimotor, and language networks; however,
salience and language networks, salience and default mode
networks, and salience and sensorimotor networks showed
significant connection when we compared the results before and
after surgery (Figure 7).
Although surgical resection was achieved in all the cases with a

satisfactory EOR and without substantial clinical worsening, as
shown by results from neurologic and neuropsychologic evalua-
tions and KPS score assessment, the rest-fMRI showed impair-
ment of selected functional connectivity. Taken collectively, our
data suggest that rest-fMRI can provide information on func-
tional networks that are difficult to disclose clinically, at least in
the early follow-up. The exact influence of these networks in
damaging quality of life is a demanding issue, considering its
scarce identification by neuropsychological tests. From clinical
practice, it is known that patients who experience cognitive
complaints do not necessarily show lower scores on neuro-
psychologic tests. In addition, on the contrary, if patients show a
lower test performance, they do not always experience cognitive
problems in their daily life. However, during the subsequent
clinical follow-up a progressive impairment in the executive
functions was observed (data not shown). Executive functions
include several higher-order cognitive processes that allow peo-
ple to control and regulate their own behavior.38 Key executive
functions are inhibition, cognitive flexibility, and working
memory which, all together, comprise self-decision-making.38

Accordingly, rest-fMRI can anticipate information about
impairment in executive functions following surgery and is
useful as outcome measure. Also, it can be of help in identifying
behavioral changes and guiding services for the patient and
family. The need for neural-network preservation should be
considered when facing with the concept of EOR.39-41 In this
scenario, the information gained by rest-fMRI will contribute in
tailoring a personalized glioma surgery augmenting the sur-
geon’s ability to increase the EOR and simultaneously minimize
the risk to damage eloquent brain structures and critical
neuronal networks responsible for executive function integrity.
Our results confirm that the presence of a tumor can affect

the connectivity of diverse networks, particularly the dorsal
attention, salience, and DMNs. Reduction in DMN connectivity
in patients with gliomas compared with a control group was
demonstrated in the literature31; our study confirms this report
in the single-subject analysis and in the group analysis in pa-
tients with gliomas. Disconnections of the DMN, salience, and
dorsal attention networks have been also observed in the pedi-
atric population.23

Limitations
This study presents some limitations. First, the sample size is
small, second further rest-fMRIs in the subsequent follow-ups
would have been of help in providing additional information on
neural network changes and plasticity over time. However, the
lack of information in this field and the prospective design of the
study make the current study a necessary first step in an area
deserving much more work. Another drawback of this study lies in
the fact that we did not correlate the postoperative rest-fMRI
changes in neural network with EOR and patients’ long-term
UROSURGERY, https://doi.org/10.1016/j.wneu.2020.05.054
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Figure 7. Functional connectome representing group analysis result before
and after surgical resection of brain gliomas. The circular connectome
shows the significant correlation of the salience and language networks,
salience and default mode networks, and salience and sensorimotor

networks, confirming the connection of these networks (P-uncorrected <0.
0025; P-false discovery rate <0.077). SMG, supramarginal gyrus; RPFC,
rostral prefrontal cortex; LP, lateral parietal cortex; IFG, inferior frontal gyrus.
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prognosis after surgery. Future studies with a larger population are
needed to validate the clinical relevance of the rest-fMRI for long-
term risk stratification of neurologic deficits and prognosis. In
addition, a comparison of results for single-subject and group
analysis between patients and healthy volunteers would be useful
WORLD NEUROSURGERY-: e1-e13, - 2020
to better define the role of rest-fMRI in surgical planning of brain
gliomas.
Although rest-fMRI has been validated in neurologic and psy-

chiatric settings, in patients presenting with brain tumors, the
ROI placement can be affected by possible mass effect of the
www.journals.elsevier.com/world-neurosurgery e11
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tumor, which can cause a structural shift and mismatch between
the atlas and the local cortical topography and between functional
and structural images that can lead to false results. Furthermore,
the tumor has a metabolic effect that can affect the BOLD signals,
thus causing the phenomenon of neurovascular uncoupling,
which leads to false-negative results.3

CONCLUSIONS

Although task-based fMRI is commonly used in presurgical
planning,3 rest-fMRI has proven to be reliable in providing useful
information about different networks of the brain, which could be
used for preoperative brain mapping. In this initial experience
with 10 patients affected by brain gliomas, rest-fMRI was able to
provide valuable information for the detection of glioma-related
functional brain network alterations. In the future, rest-fMRI
could be used in the routine clinical preoperative setting not
e12 www.SCIENCEDIRECT.com WORLD NE
only to map eloquent areas but also to assess changes in neuronal
networks related to the tumor and surgery, providing an assess-
ment for diagnosis, prognosis, and personalized treatment.
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