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Resting-state functional MRI (rs-fMRI) is currently 
an established technique for extraction of brain net-
works.4,17 Multiple studies have demonstrated good 

overlap between the areas of fMRI activation elicited by 
motor, language, and visual tasks and the topography of 
the corresponding rs-fMRI networks.7,30,34 In comparison 
with task-based fMRI, rs-fMRI offers multiple advantag-
es, including 1) reduced image acquisition time due to the 
possibility of detecting multiple networks from 1 data set; 
2) no need for specific hardware and software for deliv-
ery of the task-related stimuli; 3) no need for dedicated 
personnel for evaluating patients’ cognitive status, select-

ing the tasks, and assessing task performance; and 4) the 
possibility of studying noncooperative populations, such 
as neurologically impaired patients and children, who may 
not be adequately compliant for task-based fMRI, as well 
as nonresponsive patients (e.g., coma or vegetative state).

These advantages make rs-fMRI a promising and cost-
effective alternative to task-based fMRI for presurgical 
mapping of patients undergoing surgery for brain tumor or 
vascular malformation in the spatial proximity of eloquent 
cortical and subcortical areas.20 Moreover, this noninva-
sive neuroimaging technique could be particularly useful 
in monitoring the functional reorganization of patients 
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OBJECTIVE Resting-state functional MRI (rs-fMRI) represents a promising and cost-effective alternative to task-based 
fMRI for presurgical mapping. However, the lack of clinically streamlined and reliable rs-fMRI analysis tools has pre-
vented wide adoption of this technique. In this work, the authors introduce an rs-fMRI processing pipeline (ReStNeuMap) 
for automatic single-patient rs-fMRI network analysis.
METHODS The authors provide a description of the rs-fMRI network analysis steps implemented in ReStNeuMap and 
report their initial experience with this tool after performing presurgical mapping in 6 patients. They verified the spatial 
agreement between rs-fMRI networks derived by ReStNeuMap and localization of activation with intraoperative direct 
electrical stimulation (DES).
RESULTS The authors automatically extracted rs-fMRI networks including eloquent cortex in spatial proximity with the 
resected lesion in all patients. The distance between DES points and corresponding rs-fMRI networks was less than 
1 cm in 78% of cases for motor, 100% of cases for visual, 87.5% of cases for language, and 100% of cases for speech 
articulation mapping.
CONCLUSIONS The authors’ initial experience with ReStNeuMap showed good spatial agreement between presurgical 
rs-fMRI predictions and DES findings during awake surgery. The availability of the rs-fMRI analysis tools for clinicians 
aiming to perform noninvasive mapping of brain functional networks may extend its application beyond surgical practice.
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with longer survival (e.g., those with low-grade gliomas 
[LGGs]) in order to evaluate possible reinterventions.38

However, the wide adoption of rs-fMRI in surgical and 
postsurgical practice is limited by the lack of clinically 
streamlined tools for quality control (QC), preprocessing, 
and rs-fMRI network analysis. Using rs-fMRI software 
freely available to the neuroimaging community (e.g., 
AFNI, SPM, and FSL), it is possible to perform preopera-
tive localization of critical cortical eloquent area for pre-
surgical planning.18,31,40 However, the setup of a clinical rs-
fMRI analysis pipeline requires considering the following 
methodological and practical issues. 1) Multiple data QC 
parameters should be provided, including a) the determina-
tion of rs-fMRI volume outliers due to head motion, physi-
ology, or hardware;16 b) the quality of the coregistration 
between functional and structural MR images;26 and c) the 
accuracy of the T1-weighted image segmentation, to help 
with a correct interpretation of the results.25 2) For rs-fMRI 
network extraction, it is preferable to use an unsupervised 
technique, such as independent component analysis (ICA), 
to take into account the anatomical variability in localiza-
tion of functional areas across patients.19 3) The entire data 
analysis process should be completely automated, includ-
ing the identification of the rs-fMRI networks of interest, to 
streamline the clinical workflow, which allows the pipeline 
to be run by an imaging technologist with no specific fMRI 
expertise and then evaluated by a clinician. Furthermore, 
it is advisable to investigate the reliability of the rs-fMRI 
analysis pipeline by comparing the spatial correspondence 
between the preoperative rs-fMRI networks and intraop-
erative localization during direct electrical stimulation 
(DES) of corresponding functions in awake surgery.

To the best of our knowledge, only one analysis pipe-
line specifically designed for presurgical mapping with 
rs-fMRI has been proposed.14 Many processing steps are 
automated, and an option for automatic labeling of rs-
fMRI networks is available with this tool. However, the 
model that the authors used does not automatically extract 
all the raw DICOM image parameters that are needed for 
preprocessing, and the only QC parameter is head motion 
estimation. Furthermore, its results have been validated 
only for language mapping.21 In this study, we introduce 
a pipeline (resting-state neurosurgical mapping, ReStNeu-
Map) for rs-fMRI data analysis designed to meet all of the 
aforementioned surgical and nonsurgical needs. We also 
assessed the agreement between its results and those of 
DES for motor, language, visual, and speech articulation 
mapping in a series of patients.

Methods
Pipeline Implementation

ReStNeuMap runs within MATLAB (version 8.5.0, 
MathWorks) and is currently available for Mac OS X (ver-
sion 10.11.5) and Linux (Ubuntu 16.4) operating systems. 
The data analysis is based on SPM12 (fil.ion.ucl.ac.uk/spm/
software/spm12/) original packages and plugins for prepro-
cessing and MELODIC-FSL (version 3.14; fsl.fmrib.ox.ac.
uk/fsl/fslwiki/MELODIC) for rs-fMRI network extraction.5 
The chart in Fig. 1 shows the workflow of the pipeline with 
the indication of the software package used in each step.

Preprocessing
The user is asked to select only the folders in which the 

raw anatomical T1-weighted and rs-fMRI DICOM images 
are stored. From this point onward, the pipeline is automa-
tized. A series of standard preprocessing steps is automat-
ically performed, as listed in Supplementary Table 1.8,24,35

Quality Control
In clinical rs-fMRI studies, it is critical to assess (quan-

titatively when possible) and remove head motion, signal 
spikes, and image artifacts to guarantee the reliability and 
proper interpretation of the rs-fMRI mapping results. For 
this reason we included in our pipeline the ArtRepair tool-
box (version 5b; cibsr.stanford.edu/tools/human-brain-
project/ artrepair-software.html), which can automatically 
detect and remove noisy volumes in rs-fMRI data series 
(Supplementary Fig. 1).23 However, if more than 20% of 
the volumes are classified as outliers, ArtRepair may not 
succeed in removing head motion and spike artifacts.23

Since rs-fMRI networks are overlaid onto the patient’s 
anatomical images for better localization of functional ac-
tivation, it is also important to verify the quality of the 
coregistration between the rs-fMRI and T1-weighted MR 
images. To this purpose, at the end of the preprocessing, 
our pipeline visualizes the coregistered rs-fMRI and T1-
weighted images (Supplementary Fig. 1b). We also recom-
mend visually checking the segmentation quality of the 
T1-weighted images because the incorrect regression of 
the rs-fMRI signal of interest can result in inaccurate lo-
calization.25 Furthermore, for the segmentation of the T1-
weighted images, transformations to align these images to 
common Montreal Neurological Institute space are calcu-
lated. Since this information is used, as explained in the 
next section, to automatically label the rs-fMRI networks, 
good-quality segmentation is necessary to obtain reliable 
results with ReStNeuMap. In our experience, the coregis-
tration and segmentation are accurate with small lesions. 
In cases of brain tumors that greatly distort brain anatomy, 
it could be necessary to run the pipeline after segmenting 
out the lesion and finally overlaying the rs-fMRI networks 
on the original T1-weighted images.

Resting-State fMRI Network Calculations
In ReStNeuMap, we use ICA for rs-fMRI network ex-

traction. This technique decomposes the rs-fMRI signal in 
n time series statistically independent of each other (com-
ponents). Then, each voxel time series is expressed as the 
linear combination of these n components. The coefficient 
of each component is assigned statistical significance, and 
the set of voxels with statistical significance below a de-
fined threshold (e.g., p < 0.001) compose the component-
associated network. To automatically identify the rs-fMRI 
networks, we provide a matching template procedure. 
Specifically, we measure the amount of spatial overlap be-
tween each network determined by ICA with the network 
provided by an atlas representing the functional system 
that needs to be mapped.33,39 We quantify this overlap in 
patient space by measuring the goodness of fit (GOF).37 
The optimal number of components in which the rs-fMRI 
signal is to be split to identify the networks can vary across 
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patients.1 Therefore, we run ICA 4 times with the number 
of components set to 10, 20, 30, and a value determined 
by probabilistic ICA implemented in MELODIC-FSL. For 
each network that needs to be identified, we select the one 
with the highest GOF with the corresponding atlas net-
work across all ICA settings. The tool provides 3 predeter-
mined values (z = 2.5, 3.0, and 3.5) with voxel cluster size 
> 10 to threshold the rs-fMRI networks and also gives the 
user the possibility to apply any threshold.

Case Series Demonstration
We performed presurgical mapping using ReStNeu-

Map in 6 patients who underwent asleep-awake-asleep 
resection of LGGs (n = 4) and cavernous angiomas (n = 2) 
with DES (7-mm bipolar probe; 60 Hz, 1 msec; 2- to 4-mA 
intensity range) to extract the rs-fMRI networks of interest 
for preoperative planning. Written informed consent was 
obtained from all patients included in this series. Table 1 
lists the clinical information for each case. Each patient 
underwent presurgical MRI on a clinical 1.5-T scanner 

(GE Healthcare); 3D T1-weighted anatomical images and 
2D blood oxygen level–dependent echo planar functional 
images were acquired with the patient lying in the scanner 
at rest, keeping his or her eyes open. In Supplementary 

FIG. 1. Flowchart of the rs-fMRI data analysis pipeline implemented in ReStNeuMap. Avg = average; BW = bandwidth; CSF = 
cerebrospinal fluid; DCM = DICOM format; NII = nifti format; WM = white matter. Figure is available in color online only.

TABLE 1. Clinical and demographic data of the patients in whom 
presurgical mapping was performed

Case No. Age (yrs), Sex Tumor Location Histology

1 18, M Rt occipital Grade I glioma
2 45, M Rt supplementary 

motor area
Grade II oligodendro-

glioma
3 37, M Rt frontal Grade III anaplastic 

astrocytoma
4 39, F Lt frontal Cavernoma
5 37, F Lt frontal Cavernoma
6 36, M Lt temporal Grade II astrocytoma

All patients were right-handed.
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Table 2 we report the main image acquisition parameters 
for these 2 sequences.

Comparison of rs-fMRI and DES
A total of 27 positive (8 motor, 8 language, 5 visual, 

and 6 speech articulation) cortical sites were collected 
during cortical DES. The cortical sites demonstrated by 
DES were recorded after surgery on the preoperative T1-
weighted 3D MR images by the same neurosurgeon (S.S.). 
We did not mark the activation sites within the naviga-
tion platform because of the well-known issues regarding 
errors due to brain shift during tumor resection that can 
significantly impact the accuracy of neuronavigation.27,29 
Instead, after the resection, we matched the topographical 
information of the picture with the axial, sagittal, and cor-
onal brain extracted T1-weighted 3D reconstructions, as 
previously reported.32,36 For each patient, the shortest dis-
tance of each stimulation point from the rs-fMRI network 
representing the corresponding functional system (e.g., 
anomia vs language network) was measured. We calcu-

lated the sensitivity of motor, language, visual, and speech 
articulation rs-fMRI networks as the percentage of cor-
responding DES points with distance less than 1 cm.6,28,30

Results
The pipeline execution time on a Macintosh comput-

er (version 10.11.5, processor Intel icore 7.4 GHz, 16 GB 
RAM at 1687 MHz) to process one patient’s data set (0.25-
mm3 voxels, 5 minutes for acquisition of structural imag-
es, 64 mm3 × 275 brain scans, 10 minutes for acquisition 
of rs-fMR images) was between 25 and 30 minutes. For 
all patients, the rs-fMRI data were not affected by exces-
sive outliers (i.e., < 20% of the volumes), and the quality 
of the segmentation and coregistration was deemed ad-
equate. Supplementary Table 3 lists the following for each 
case and each network: 1) the number of components into 
which the signal was decomposed to provide the highest 
GOF; 2) the selected component with its corresponding 
GOF value; and 3) the threshold applied to each rs-fMRI 
network. Below, we report the results obtained for visual, 

FIG. 2. Visual mapping. Axial rs-fMRI visual networks derived using ReStNeuMap for each of the 6 cases analyzed for this study. 
The statistical threshold (z-score) applied on the automatically chosen component representing the visual network is reported. For 
case 1, in which intraoperative mapping of the inferior left visual quadrant was performed, the intraoperative visual activation sites 
(green circles) detected with DES are shown. Figure is available in color online only.
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motor, and language presurgical rs-fMRI networks and, 
when available, the corresponding intraoperative DES 
positive sites.

Visual Mapping
For all 6 cases, ReStNeuMap identified a network in-

cluding expected areas of the visual cortex (Fig. 2). The 
patient in case 1 underwent intraoperative mapping of the 
inferior left visual quadrant because of the spatial proxim-
ity of the lesion to this area, and 100% of the DES positive 
sites were identified with a distance within 1 cm from the 
rs-fMRI maps.

Motor Mapping
Intraoperative motor mapping was performed for le-

sions located in the supplementary motor or frontal areas 
(cases 2, 3, and 5; Fig. 3). In 78% of the recorded positive 
sites, there was spatial overlap (< 1 cm) with the preopera-
tive motor rs-fMRI network. In all 6 cases, ReStNeuMap 
provided motor maps with expected topography.

Language Mapping
Intraoperative language mapping was performed in 

cases 4, 5, and 6, who were right-handed and had a lesion 
located in the frontal or temporal lobe of the left hemi-

sphere (Fig. 4). All but one (87.5%) DES recorded site for 
language activation were located less than 1 cm from the 
corresponding rs-fMRI language network. In all 6 (right-
handed) patients, rs-fMRI language networks were mostly 
localized in the left hemisphere and included areas known 
to be involved in language (superior temporal, inferior 
frontal, dorsolateral prefrontal, and supplementary premo-
tor cortex).

Speech Articulation Mapping
Speech arrest was recorded in the ipsilateral hemi-

sphere (3 right and 3 left) as the first DES point in all 6 
cases, and there was 100% overlap between these sites and 
preoperative determined speech articulation networks (see 
Supplementary Fig. 2).

Discussion
We have described a pipeline for processing single-pa-

tient rs-fMRI data for surgical and clinical mapping, and 
we reported our initial experience with 6 patients referred 
for resection of 2 different brain lesions.

With respect to similar pipelines that have been pro-
posed,14 our system represents a significant advancement 
for the following reasons. 1) The analysis settings depend-

FIG. 3. Motor mapping. Axial rs-fMRI motor networks derived using ReStNeuMap for each of the 6 cases analyzed for this study. 
The statistical threshold (z-score) applied on the automatically chosen component representing the motor network is reported. For 
cases 2, 3, and 5, in which intraoperative motor mapping was performed, the intraoperative motor activation sites (green circles) 
detected with DES are shown. Figure is available in color online only.
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ing on DICOM image parameters are automatically read 
from the raw data, minimizing manual user intervention. 
2) The pipeline includes the evaluation of QC parameters 
beyond head motion estimation, such as spikes in the raw 
blood oxygen level–dependent signal, image coregistra-
tion, and segmentation. 3) The application of the pipeline 
in 6 patients demonstrated a good degree of spatial con-
cordance between the localization of multiple rs-fMRI 
networks (motor, language, visual, and speech articula-
tion) and the cortical sites that, when stimulated by intra-
operative DES, impaired the corresponding function.9,21,30

Signal spikes can affect the detection of the rs-fMRI 
connectivity pattern in the brain. Head motion is one, but 
not the only, cause of signal spikes.16 Therefore, it is criti-
cal to check for these spikes separately from head motion. 
Indeed, by integrating the ArtRepair in the pipeline, we 
are able to detect and repair volume outliers due to head 
motion and spikes. With regard to the comparison between 
rs-fMRI and DES results, to the best of our knowledge, 
this is the first study that validates the results of rs-fMRI 
for mapping speech articulation. This result is relevant be-

cause, for intraoperative mapping with DES, speech arrest, 
the deficit used to map speech articulation, is routinely 
adopted as the first negative control task to define the cur-
rent amplitude threshold for the entire cortical-subcortical 
mapping.13,22

More generally, the noninvasive neuroimaging brain 
mapping tool described in this work has the potential to 1) 
be used not as an alternative but as a complementary tool 
to DES in awake surgery to reduce the time and number 
of cortical DES attempts for intraoperative localization of 
critical functions (in particular, speech arrest or motor); 
and 2) track the functional reorganization of rs-fMRI net-
works during follow-up at the whole-brain level, such as in 
LGG patients.10

We acknowledge that despite the advantages of the 
described toolbox, some limitations exist in its current 
implementation. First, the spatial template–matching pro-
cedure allows identifying the networks most commonly 
needed for presurgical mapping. However, it could be of 
clinical interest also to assess the connectivity of other net-
works, such as the default mode, which has been shown to 

FIG. 4. Language mapping. Axial rs-fMRI language networks derived using ReStNeuMap for each of the 6 cases analyzed for 
this study. The statistical threshold (z-score) applied on the automatically chosen component representing the motor network is 
reported. For cases 4, 5, and 6, in which intraoperative language mapping was performed, the intraoperative language activation 
sites (green circles) detected with DES are shown. Figure is available in color online only.
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be affected by brain tumor regardless of its localization.12 
Second, in patients with focal brain lesions, the altered 
coupling between neuronal activity and blood hemody-
namics (neurovascular uncoupling) can result in false-neg-
ative findings on rs-fMRI activation maps.3 A QC metric 
to assess neurovascular uncoupling is not yet available, 
although the regional homogeneity of the rs-fMRI signal 
could be used for this purpose.2 Third, we did not include 
in the preprocessing a step for correction of geometric dis-
tortion on the echo planar images, which could affect the 
localization of functional activation, especially at ultra-
high magnetic fields (≥ 3 T). We plan to add this feature in 
future versions of the pipeline.15 Finally, we did not check 
the consistency of the rs-fMRI networks identified in our 
pipeline with the activation of the same network obtained 
with task-based fMRI data or with different established 
methods for rs-fMRI data analysis (e.g., seed based). How-
ever, we found good concordance between rs-fMRI net-
work localization and the results of DES,11 the gold stand-
ard for safe resections in critical areas. Nevertheless, due 
to the small number of cases in which the pipeline was 
tested, ReStNeuMap requires further validation in a large, 
multisite study.

Conclusions
We present a software tool aimed at facilitating the der-

ivation of rs-fMRI brain networks for surgical and clinical 
purposes. We expect that the availability of an automated 
and reliable pipeline for rs-fMRI data analysis will expand 
its use to specialties beyond neurosurgical practice (e.g., 
neurology, physical medicine, and radiation therapy) and 
outside academic centers. To this aim we make ReStNeu-
Map freely available for download (https://github.com/
CIMeC-MRI-Lab/ReStNeuMap).
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