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Abstract
Background Resting-state functional magnetic resonance im-
aging (R-fMRI) is a promising tool in clinical application,
especially in presurgical mapping for neurosurgery. This study
aimed to investigate the sensitivity and specificity of R-fMRI
in the localization of hand motor area in patients with brain
tumors validated by direct cortical stimulation (DCS).We also
compared this technique to task-based blood oxygenation
level-dependent (BOLD) fMRI (T-fMRI).
Methods R-fMRI and T-fMRI were acquired from 17 patients
with brain tumors. The cortex sites of the hand motor area were
recorded by DCS. Site-by-site comparisons between R-fMRI/T-
fMRI andDCSwere performed to calculate R-fMRI and T-fMRI
sensitivity and specificity using DCS as a “gold standard”. R-
fMRI and T-fMRI performances were compared statistically

Results A total of 609 cortex sites were tested with DCS and
compared with R-fMRI findings in 17 patients. For hand
motor area localization, R-fMRI sensitivity and specificity
were 90.91 and 89.41 %, respectively. Given that two subjects
could not comply with T-fMRI, 520 DCS sites were compared
with T-fMRI findings in 15 patients. The sensitivity and
specificity of T-fMRI were 78.57 and 84.76 %, respectively.
In the 15 patients who successfully underwent both R-fMRI
and T-fMRI, there was no statistical difference in sensitivity or
specificity between the two methods (p=0.3198 and p=
0.1431, respectively)
Conclusions R-fMRI sensitivity and specificity are high for
localizing hand motor area and even equivalent or slightly
higher compared with T-fMRI. Given its convenience for
patients, R-fMRI is a promising substitute for T-fMRI for
presurgical mapping
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BOLD fMRI . Direct cortical stimulation . Handmotor area

Introduction

The accurate preoperative localization of motor areas can help
optimize tumor resection and minimize morbidity and mortal-
ity [21, 28, 32]. Blood oxygenation level-dependent (BOLD)
functional magnetic resonance imaging (fMRI) has been suc-
cessfully adopted for noninvasively localizing eloquent areas
before neurological surgeries. However, this conventional
approach has prominent limitations. Patients suffering from
paralysis or attention disorders are unable to cooperate ade-
quately with the task-based paradigms. Head movements due
to tasks may disturb the fMRI data analysis process.
Preoperative localization and evaluation, which is time-
consuming and labor-intensive, depends much on each pa-
tient’s ability to accomplish the required tasks [19, 23].
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Resting-state fMRI (R-fMRI) requires no tasks or external
stimuli. Spontaneous BOLD fluctuations are used to present
the functional networks. Also, a strong correlation is repro-
ducibly present within sensorimotor networks [1, 6, 33]. After
a seed was placed in the motor area on one side, spontaneous
synchronous fluctuations throughout the brain, referred to as
“functional connectivity,” revealed the contralateral motor
area [8, 9].

These findingsmade it possible for R-fMRI to be applied to
identify the hand motor area. Several studies [13, 14, 24, 38]
reported the preliminary application of R-fMRI for presurgical
planning, but the sensitivity and specificity of this method
compared with direct cortical stimulation (DCS), the “gold
standard”, are still missing. Therefore, this study aimed to
determine whether R-fMRI is sufficiently sensitive or specific
for hand motor area localization with DCS validation and
investigate whether R-fMRI can be used as a substitute for
conventional task-based BOLD fMRI (T-fMRI) in patients
with brain tumors.

Methods

Subjects

Between March 2012 and January 2013, 17 patients (11 men
and six women) with suspected cerebral gliomas adjacent to
the motor area were enrolled in the study. Eligible patients
were 23–67 years of age with a diagnosis of single, unilateral,
supratentorial primary glioma. No contraindications for mag-
netic resonance imaging (MRI) were present. The exclusion
criteria were as follows: secondary or recurrent gliomas, con-
traindications for MRI, and patients for whom initial muscle
strength grade of the affected extremities was 0/5 (no contrac-
tion at all). For histopathological diagnoses, the World Health
Organization classification of tumors of the nervous system
(2007) was used. All protocols were approved by the Huashan
Committee on Human Research at Fudan University, and
written informed consent was obtained from each subject.

MRI data acquisition

All images were acquired on a Siemens Magnetom Verio
3.0 T MRI scanner (Siemens Medical Solutions, Erlangen,
Germany). The patients were scanned preoperatively using R-
fMRI (TR, 2,000 ms; TE, 35 ms; flip angle, 90°; slice number,
33; field of view [FOV], 240×240 mm; voxel size, 3.3×3.3×
4.0 mm3). Scans lasted for 8 min for a total of 240 time points
per subject. During the scanning, subjects remained still with
their eyes closed but did not fall asleep and were given no
tasks. Each run was preceded by 6-s dummy scans to stabilize
the magnets.

The T-fMRI data acquisition, which lasted for 3 min,
consisted of trail blocks of finger tapping with 1-Hz frequency
and rest blocks without given tasks. The task and rest blocks
were repeated three times for each patient, and each block
lasted 30 s. MRI data were acquired using a single-shot echo-
planar imaging (EPI) sequence (TR, 3,000 ms; TE, 30 ms; flip
angle, 90°; slice number, 46; FOV, 240×240 mm; voxel size,
2.5×2.5×3 mm3). Each run was preceded by 8-s dummy
scans to stabilize the magnets.

For those gliomas that could be enhanced, structural im-
ages were acquired using an axle magnetization-prepared
rapid gradient echo T1-weighted sequence with contrasts
(gadopentetate dimeglumine) (TR, 1,900 ms; TE, 2.93 ms;
flip angle, 90°; matrix size, 256×215; slice number, 176; slice
thickness, 1 mm; FOV, 250×219 mm). For gliomas without
enhancement, structural images were acquired using an axle
T2-weighted fluid-attenuated inversion recovery sequence
(TR, 9,000 ms; TE, 99 ms; TI, 2,500 ms; flip angle, 150°;
matrix size, 256×160; slice number, 66; slice thickness,
2 mm; FOV, 240×214 mm).

Preprocessing of imaging data

All imaging data were preprocessed using Statistical
Parametric Mapping 8 (SPM8; Wellcome Department of
Imaging Neuroscience, University College London, UK),
Data Processing Assistant for Resting-State fMRI advanced
edition (DPARSFA) [5] and Resting-State fMRI Data
Analysis Toolkit (REST) [26]. R-fMRI data preprocessing
was conducted at the individual level as follows. After the
first ten time points were excluded, the images were corrected
for slice timing and realigned. Each subject’s structural image
was co-registered to his/her mean EPI image to identify the
anatomic localization of the functional foci. These images
were smoothed using a Gaussian kernel with full-width at
the half maximum of 4 mm. The linear trend over each run
was removed and then a temporal band-pass filter (0.01 Hz<f
<0.08 Hz) was applied to the times. The spurious BOLD
variances that were unlikely to reflect neuronal activity were
regressed out [7, 9]: the parameters obtained by rigid body
head motion correction, the signals from white matter and
cerebrospinal fluids, as well as global mean signal.

Task activation

For the T-fMRI data, slice timing correction was not per-
formed because it was a blocked design and the time shift
was quite small compared with the block length [18]. We
corrected the volumes for head motion and co-registered the
EPI images to those structural images that have been co-
registered to his/her R-fMRI images. The images were
smoothed with a Gaussian kernel of 4 mm. These task data
were analyzed using the general linear model in SPM8 to
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identify the region of the brain that correlated with finger
tapping. The top 2 % of the highly activated voxels for each
case was extracted for visualization (Xjview8, http://www.
alivelearn.net/xjview) and statistical analysis.

Seed-based functional connectivity

The seed region localized to the motor area was selected at the
hand-knob area [4] of the healthy hemisphere. This area is
easily distinguished on high-resolution structural MRI films
and has been confirmed to be a reliable landmark for identi-
fying the precentral gyrus under normal or even pathological
conditions [35]. After identifying the hand-knob area, a spher-
ical region of interest (ROI) with a radius of 3 mmwas seeded
there for functional connectivity analysis. The mean time
course in the ROI was then extracted and its correlation with
every other voxel in the brain was calculated. After all voxels
were sorted by correlation coefficient, the top 2 % of the
highly correlated voxels for each case was extracted for visu-
alization and statistical analysis.

Direct cortical stimulation

The fMRI was validated by DCS in 17 patients. Using a
Multifunctional Neurological Workstation (Epoch XP;
AXON, NY, USA), a biphasic square-wave pulse at 60 Hz
was delivered through a 5-mm-wide bipolar electrode per
square centimeter. The current amplitude was progressively
increased by 1 mA (range, 2–6 mA). The after-discharge
activity was recorded using a six-contact strip subdural elec-
trode during the progress of DCS. If after-discharge activity
was captured, indicating that the stimulation current was too
high, the current amplitude was decreased by 0.5–1 mA.
Compound muscle action potentials (cMAPs) at abductor
pollicis brevis, brachioradialis, triceps brachii, biceps brachii,
tibial muscle, gastrocnemius, and orbicularis oris were record-
ed during DCS. The cortical motor sites were identified when
the cMAPs (abductor pollicis brevis, brachioradialis, triceps
brachii, or biceps brachii for the hand; tibial muscle or gas-
trocnemius for the leg; orbicularis oris for the mouth) were
recorded when passive movements of the target muscle were
found. Sterile tags were then used to mark the cortical sites on
the surface of the cortex. Positive sites were then recorded by
snapshot photography using a neuronavigation system (TRIA
i7; Medtronic Navigation, Minneapolis, MN, USA).

Statistical analysis

Site-by-site comparisons between R-fMRI/T-fMRI and DCS
were performed as follows. DCS results and fMRI data were
considered to match if they were within the same 1-cm range.

We recorded the anatomical position of each recorded
DCS positive site on the three-dimensional functional
MR image and overlaid a sphere with a 1-cm radius
on each tag. For each case, the numbers of true-positive
(TP), true-negative (TN), false-positive (FP), and false-
negative (FN) tags were calculated. Each cortical site on
the DCS map was considered independent. A similar
method was used for the statistical analysis in earlier
studies [2, 22]. A method for analyzing clustered binary
data was used to calculate the sensitivity and specificity
for R-fMRI/T-fMRI [10]. The Z test was used to com-
pare the differences in sensitivity and specificity be-
tween these two methods.

Results

The patient characteristics are shown in Table 1. All patients
had gliomas, including five with high grade and 12 with low
grade. R-fMRI data were acquired for all 17 patients, while T-
fMRI data were acquired for 15 since two could not cooperate
well with the given task. DCS was performed for each of the
17 patients (Table 2). The interval between fMRI acquisition
and DCS was <3 days.

A total of 609 DCS sites were tested and evaluated with the
findings of the R-fMRI in 17 patients. For hand motor func-
tion, the overall sensitivity and specificity values of R-fMRI

Table 1 Patient characteristics

No. Age Sex Location Pathology WHO glioma
gradea

1 M 41 Left frontal Astrocytoma II

2 M 23 Left frontal Astrocytoma II

3 M 38 Left frontal Astrocytoma II

4 M 27 Left parietal Oligoastrocytoma II

5 F 51 Left frontal Astrocytoma II

6 F 36 Left frontal Astrocytoma II

7 F 67 Left frontal Glioblastoma multiforme IV

8 M 49 right parietal Oligoastrocytoma II

9 M 39 Left frontal Astrocytoma II

10 M 40 Left frontal Glioblastoma multiforme IV

11 M 49 Left frontal Anaplastic astrocytoma III

12 F 45 right frontal Oligoastrocytoma II

13 M 32 Left frontal Astrocytoma II

14 F 39 right frontal Astrocytoma II

15 M 50 Left frontal Anaplastic astrocytoma III

16 M 23 Left frontal Astrocytoma II

17 F 34 Left frontal Astrocytoma II

F female, M male, WHO World Health Organization
a According to the 2007 WHO classification of tumors of the central
nervous system
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were 90.91 and 89.41 %, respectively. A total of 520 DCS
sites were evaluated with the findings of the T-fMRI in
the 15 patients. The sensitivity and specificity values for
the hand motor area were 78.57 and 84.76 %, respec-
tively. For these 15 patients who underwent both R-
fMRI and T-fMRI, there was no statistical difference
in sensitivity or specificity between these two methods
(p=0.3198 and p=0.1431, respectively).

Illustrative cases

Patient 1

A 23-year-old man presented with a 1-month history of
repeated headache. Preoperative MRI revealed a lesion
located in the left frontal lobe, with proximity to rolandic
area. He was scanned preoperatively using both T-fMRI
and R-fMRI. T-fMRI revealed a pattern of activity in both
hemispheres. A functional connectivity map was generated
to localize the left hand area after seeding the hand-knob
area on the contralateral hemisphere (Fig. 1a and b ). One
cortical site of the hand motor area was identified by DCS
(Fig. 1c). Comparison of T-fMRI with DCS resulted in
one TP, 36 TN and nine FP tags (Fig. 1e). Comparison of
R-fMRI with DCS resulted in one TP, 37 TN and eight
FP tags (Fig. 1f).

Patient 2

A 32-year-old man with a 1-month history of repeated seizure
attacks was diagnosed with low-grade glioma in the left
frontal lobe. Since he was unable to cooperate well with the
task due to a mental disorder and could not undergo T-fMRI,
he was scanned preoperatively with R-fMRI only. After an
ROI in the normal right hand-knob area was seeded (Fig. 2a
and b), a functional connectivity map was generated. Four
cortical sites of the hand motor area were identified by DCS
(Fig. 2c). Comparison of R-fMRI with DCS resulted in four
TP, 48 TN and two FP tags (Fig. 2d).

Discussion

For patients with brain tumors, both brain anatomy and local-
ization of the brain functional areas was distorted due to the
lesions. It is of great importance to investigate the individual
relationship between motor area and tumors. Hand function is
most important in all motor functions, which largely affects
patient quality of life after surgery. Most presurgical T-fMRI
focused on showing hand motor areas [11, 32]. Thus, this
study discussed hand motor localization using presurgical T-
fMRI and R-fMRI. Although DCS is the current clinical gold
standard for motor mapping [12, 16], it requires abundant

Table 2 Correlation between functional MRI and DCS

T-fMRI R-fMRI

No. No. of TPs No. of TNs No. of FPs No. of FNs No. of TPs No. of TNs No. of FPs No. of FNs

1 2 24 4 0 2 26 2 0

2 2 37 2 0 2 36 3 0

3 2 33 4 0 3 33 3 0

4 1 39 8 0 1 41 6 0

5 2 8 4 0 2 8 4 0

6 1 25 8 0 1 26 7 0

7 2 6 4 0 0 9 1 2

8a / / / / 1 32 2 0

9 1 33 6 0 1 38 1 0

10 2 34 2 1 3 34 2 0

11 1 40 3 2 2 36 7 1

12 0 35 7 1 1 36 6 0

13a / / / / 4 48 2 0

14 2 28 2 0 2 24 6 0

15 2 18 9 0 2 26 1 0

16 1 36 9 0 1 37 8 0

17 1 23 2 1 2 25 0 0

TPs true positives, TNs true negatives, FPs false positives, FNs false negatives, T-fMRI task-based functional magnetic resonance imaging, R-fMRI
resting-state functional magnetic resonance imaging
a Patients failed to undergo the task-based paradigm
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experience of surgeons and additional time. As an invasive
and intraoperative approach, it may also carry the risk of after-
discharges which can induce seizures during operation [3, 30].
Preoperative evaluation by fMRI showed its clinical advan-
tage over DCS.

Traditional T-fMRI has several limitations, and the ability
of R-fMRI to overcome such limitations shows promise. In
recent studies of motor area localization using R-fMRI, dif-
ferent methods were adopted on discrete cases. Zhang et al.
[38] used functional connectivity to map the sensorimotor
area. They confirmed the reproducibility of resting-state maps.
In two cases, they found that R-fMRI maps were consistent
with DCS maps. Resting-state independent component anal-
yses can also be utilized to localize the sensorimotor area
individually [13]. Liu et al. [14] found that presurgical motor
mapping using R-fMRI showed similar results to those of T-

fMRI in six cases. They also validated the functional mapping
based on R-fMRI using DCS in one case. However, among all
of these studies, R-fMRI was validated with DCS in only three
cases. No papers provided the statistical results of the sensi-
tivity and specificity of R-fMRI in presurgical motor mapping
or whether it is equivalent to or better than T-fMRI. Thus, the
purpose of this study is to determine whether R-fMRI is
reliable compared with the gold standard of DCS in hand
motor area localization and to investigate whether this method
is comparable to conventional T-fMRI in patients with brain
tumors.

In our study, the sensitivity and specificity for mapping
hand motor area using R-fMRI was each around 90 %, which
were both higher than those obtained with T-fMRI. However,
there is no statistical difference in sensitivity or specificity
between these two methods. R-fMRI proved to be reliable in

Fig. 1 Functional MRI and direct cortical stimulation mapping for case
16. PreoperativeMRI revealed a lesion located in the left frontal lobe with
proximity to the rolandic area. The yellow arrows show the right-side
hand-knob area (a) where a region of interest (blue circle) (b) was seeded
to generate a functional connectivity map. Of all of the 1-cm2 sites within
the bone window, one positive site for the hand motor area (tag H) was
found by direct cortical stimulation (c) and then a snapshot taken via the
neuronavigation system (d). Comparison of task-based blood

oxygenation level-dependent with direct cortical stimulation resulted in
1 true-positive tag (green), 36 true-negative tags (red) and 9 false-positive
tags (pink) within the bone window (white) (e). Comparison of resting-
state fMRI with direct cortical stimulation resulted in 1 true-positive tag
(green), 37 true-negative tags (red) and 8 false-positive tags (pink) within
the bone window (white) (f). The green arrow shows the supplementary
motor area on the R-fMRI map
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hand motor area localization even when the patient failed to
accomplish the task-based paradigm. These findings demon-
strate the utility and validity of R-fMRI as a tool for preoper-
ative hand motor localization. To some extent, the conven-
tional T-fMRI can be substituted by R-fMRI.

R-fMRI was usually analyzed on the group level because
these data should be processed by statistical methods. Most of
the utilities were clinically focused on those brain diseases
without obvious structural changes such as mental disorder
[31, 36], metabolic encephalopathy [27, 39], primary epilepsy
[17, 37], or neurodegeneration [29]. Although functional con-
nectivity can be used to map the sensorimotor area on indi-
vidual level, it is still difficult to unify the processing method
for each case and, furthermore, evaluate its validity. One
problem with seed-based functional connectivity analysis is
where to put the seed region. The hand motor area can be
easily identified as the knob-like structure in the precentral
gyrus [4, 35], so we set the seed region on the hand-knob in
the healthy hemisphere. Seed regions were set individually;
therefore, normalization was unnecessary when preprocessing
the data, which can be difficult when the tumor-induced

distortion is present. Thus, its clinical use was more conve-
nient. Tumors may induce plastic changes in the localization
of motor areas [15, 34], and even lead to similar variations in
the contralateral side [25]. In those cases in which R-fMRI
didn’t show satisfactory results, plasticity of motor areas
might happen and lead to inaccuracies of seeding. For most
cases in this study, the whole sensorimotor areas including
supplementary motor area (Figs. 1f and 2d) were shown after
putting seed region at contralateral hand-knob area, and the
results were validated by DCS. The second problem is how to
set the number of the correlated voxels after functional con-
nectivity and unify all of the cases. In earlier studies, different
p values were set as the threshold when viewing the result
after functional connectivity in different cases. It was impos-
sible to calculate the sensitivity and specificity for the case
series or give any reliable information for data processing in
another case. We extracted the top 2% of the highly correlated
voxels for R-fMRI and the top 2 % of the highly activated
voxels for T-fMRI. All of the statistical analyses included the
unified processed data. The third problem is how to calculate
the sensitivity and specificity. We stimulated all sites in the

Fig. 2 Functional MRI and direct
cortical stimulation mapping for
case 13. Preoperative MRI
revealed a lesion located in the
left frontal lobe. Yellow arrows
show the right-side hand-knob
area (a) where a region of interest
was seeded to generate a
functional connectivity map (blue
circle) (b). Of all of the 1-cm2

sites within the bone window,
four positive sites for the hand
motor area (tagH), one site for the
mouth area (tag M), two sites for
the leg area (tag L), and five sites
for the language area (tags 1, 2, 3,
5, and 6) were found by direct
cortical stimulation (c) and then a
snapshot taken via the
neuronavigation system.
Comparison of resting-state fMRI
with direct cortical stimulation
resulted in 4 true-positive tags
(green), 48 true-negative tags
(red), and 2 false-positive tags
(pink) within the bone window
(white) (d). The green arrow
shows the supplementary motor
area on the R-fMRI map
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bone window and marked positive DCS sites on the navigated
MRI images, then obtained the TP, TN, FP, and FN sites. The
sensitivity and specificity of both R-fMRI and T-fMRI can be
calculated and compared statistically.

Even though the validity of R-fMRI in preoperative motor
mapping was confirmed in this study, there are still some
limitations of R-fMRI in presurgical planning and further
clinical use. First, R-fMRI data processing requires time and
experience. The seed region must be set manually, which
makes data processing difficult to automate. Seeding the
hand-knob area makes it possible to process the data in the
individual space; therefore, we expedited the process by omit-
ting the normalization steps to the standard space and masking
out the tumor. For process speed and efficiency, therefore,
more automated analysis software and image creation will be
required. Second, this method is not fully suitable for lan-
guage mapping using R-fMRI due to the difficulty in seeding
the language network, which is known to be unilateral and
more variable across patients. In our earlier study, we tried to
place a priori a seed region on the mirror site opposite
Broca’s area to obtain the language map, but the sensi-
tivity of R-fMRI in revealing language area was only
47.8 % [20]. As such, this method can play only an
ancillary role in the localization of the language area.
However, we recently successfully created a Chinese
language template using DCS in another study (submit-
ted), which may help seed the language network. Third,
R-fMRI data must be converted to a NIFTI file when
processed, which is unacceptable in most current navi-
gation systems. Therefore, these images cannot be used
in a neuronavigation system. Recently, some software
that enables the conversion of NIFTI files back to
DICOM files is available online (http://www.bio.dist.
unige.it/), which may make it possible to navigate
using R-fMRI in surgeries. However, these results from
processed R-fMRI data can provide presurgical informa-
tion but not a real-time evaluation due to brain shifting
after the tumor removal. In the future, intraoperative
MRI scan can be very important for neurosurgeons
making intraoperative decisions. Combined structural
and functional images may be obtained from high-field
intraoperative MRI scans, which can help neurosurgeons
evaluate the relationship between a shifted eloquent area
and residual tumor during surgery and decide whether
further resection is safe. Further studies would focus on
the benefit of the use of R-fMRI for motor outcomes as
well as overall survival after brain tumor surgery.

DCS is still the gold standard of cortical or subcortical
motor mapping, and it cannot be substituted by fMRI. R-
fMRI is a supplementary, but compromising tool in localizing
motor cortex, especially beneficial for those cases in which
DCS is not reliable or for patients who do not cooperate well
with T-fMRI.

Conclusion

In the current study, we evaluated the validity of R-fMRI for
localizing the hand motor area during presurgical planning. R-
fMRI features high sensitivity and specificity and is a prom-
ising substitute for T-fMRI.
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