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Resting-State Functional Magnetic Resonance
Imaging: Review of Neurosurgical Applications

Recent research in brain imaging has highlighted the role of different neural networks
in the resting state (ie, no task) in which the brain displays spontaneous low-frequency
neuronal oscillations. These can be indirectly measured with resting-state functional
magnetic resonance imaging, and functional connectivity can be inferred as the spa-
tiotemporal correlations of this signal. This technique has proliferated in recent years
and has allowed the noninvasive investigation of large-scale, distributed functional
networks. In this review, we give a brief overview of resting-state networks and examine
the use of resting-state functional magnetic resonance imaging in neurosurgical con-
texts, specifically with respect to neurooncology, epilepsy surgery, and deep brain
stimulation. We discuss the advantages and disadvantages compared with task-based
functional magnetic resonance imaging, the limitations of resting-state functional
magnetic resonance imaging, and the emerging directions of this relatively new tech-

nology.
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n the resting state (ie, no task), the brain

displays spontaneous, low-frequency neuronal

oscillations with spatiotemporal correlations
that define large-scale, functionally connected
networks. These resting-state networks (RSNis)
can be measured indirectly with resting-state or
task-free functional magnetic resonance imaging
(fMRI). This technology allows noninvasive
identification of the functional connectivity of
tissue before surgery and therefore has the poten-
tial to be used for preoperative planning in
neurosurgical patients. The current gold standard
for mapping functional cortex is intraoperative
direct electric stimulation. Although accurate,
this technique has the obvious limitation of being
invasive, and it does not give preoperative infor-
mation for prognostic and surgical planning. To
overcome these shortcomings, task-based fMRI
has been used, but its use is limited to patients
with the ability to participate in the experimental
paradigm. Resting-state fMRI (rs-fMRI) has

ABBREVIATIONS: BOLD, blood oxygen level-
dependent; DBS, deep brain stimulation; ICA,
independent component analysis; MTLE, medial
temporal lobe epilepsy; ROI, region of interest;
rs-fMRI, resting-state functional magnetic reso-
nance imaging; RSN, resting-state network

several advantages over task-based fMRI, the
foremost amongst these being the lack of any
patient participation and the simple standardiza-
tion of the experimental protocol. This allows the
technology to be used in patients with neurolog-
ical deficits that preclude their participation in
task-based paradigms. The objectives of this
article are to review the concept of RSNs and to
summarize recent experimental use of rs-fMRI in
the areas of neurooncology, epilepsy surgery, and
deep brain stimulation (DBS). Limitations and
future directions of rs-fMRI in neurosurgery are
also discussed.

RESTING-STATE NETWORKS

Since the discovery of functional networks
characterized by cross-correlation of spontane-
ous, low-frequency (<0.1 Hz) blood oxygen
level-dependent (BOLD) fluctuations in the
resting brain,' studies of these so-called RSN
have become widespread in the neuroimaging
literature.>” Resting-state studies are defined as
those that involve some measure of brain
function such as intraregional neuronal changes
or interregional synchrony in conditions that do
not include any explicit external stimulation.®
A range of modalities can be used to study the
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intrinsic activity of the brain, including fMRI, positron emission
tomography, electroencephalography, and magnetoencephalog-
raphy. These studies have demonstrated reliable, large-scale,
coherent networks that may improve our understanding of the
brain in health and in disease.”® RSNs reflect the functional
connectivity between the different regions as distinguished from
mere anatomo-structural connectivity.”"® The number and
specific spatial pattern of distinct RSNs vary in the literature,
but, importantly for neurosurgery, a sensorimotor network and
various language networks have been consistently replicated
(Figure). Deco et al'® have suggested a broad theoretical
framework whereby RSN generate a constant state of exploration
in which the brain generates predictions about the likely network
configuration that would be optimal for a given impending input.
This review focuses on rs-fMRI because it has been the most
common modality for resting-state studies in the context of
neurosurgical applications. Other modalities are mentioned when

relevant. A more general review of rs-fMRI is provided
17-19

elsewhere.
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FIGURE. Example resting-state networks with a high relevance for surgical
planning. From top to bottom, these are the default mode network (DMN), the
sensorimotor network, the auditory network, and the left frontoparietal network.
The last 2 networks are of high relevance to language function. Networks were
produced with MELODIC group independent component analysis'® using
temporally concatenated resting-state data from a group of 18 healthy participants
(reported by Duncan et al”). Networks were thresholded at z = 4 and displayed
on a Montreal Neurological Institute standard space brain template.

rs-fMRI VS TASK-BASED fMRI

Classically, the application of fMRI in neurosurgery has
depended on the subject’s ability to perform a specific task. This
so-called task-based fMRI has been used preoperatively to locate
regions of eloquent cortex such as primary motor cortex,””*'
supplementary motor cortex,”” and language regions.”*> There
are several obstacles to the widespread implementation of task-
based fMRI in presurgical planning. Subjects must be able to
perform the task appropriately, which can be difficult in patients
with neurological deficits. In addition, many trials of the task may
be necessary to achieve the desired activation maps, and this can
result in long scanning times. Another limitation with task-based
fMRI is that different tasks need to be used to assess for different
functions (ie, motor and language). rs-fMRI can overcome these
limitations by having no requirements for the subject during
scanning. Subjects are often instructed to lie quietly in the
scanner with their eyes closed, and the scanning period can be as
short as 5 minutes. Importantly, different functional networks
can be assessed in the same data set by the use of different
analytical techniques. Resting-state neuroimaging thus offers
several advantages to classic task-based approaches when consid-
ering its application to neurosurgical contexts (Table 1).

PROCESSING OF rs-fMRI DATA

Functional MRI uses changes in the BOLD signal to construct
a 4-dimensional time series of the brain that reflects changing
neuronal activity. Initially, the raw data are subjected to a series of
preprocessing steps that typically include slice-time correction,
regression of head motion, spatial smoothing, and band-pass
filtering. Regression of the signal time course for regions of interest
(ROIs) located in the white matter and ventricles is done because

TABLE 1. Advantages and Disadvantages of Resting-State vs Task-
Based Functional Magnetic Resonance Imaging in Neurosurgery”

Advantages of
r-fMRI

Can be used in patients with neurological
deficits that preclude participation in task-
based fMRI

Multiple functional networks can be derived
from the same data set

Easy experimental design with minimal
demands on clinician and patient

Less time required for scanning
Test-retest reliability may be lower in the
identification of RSNs

Disadvantages of
rs-fMRI

Functional significance of resting-state
measures is unclear

ROI analysis may be confounded by
pathology

“fMRI, functional magnetic resonance imaging; ROI, region of interest; rs-fMRI,
resting-state functional magnetic resonance imaging; RSN, resting state networks.
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these areas are thought to contain noise pertaining to respiratory
and cardiac fluctuations.”®*” When comparing across subjects,
normalization to a standard brain space is performed. Some of
these steps, particularly head motion correction and global signal
regression, are controversial.”*>° There are many ways of
statistically analyzing the data, and a full discussion is beyond
the scope of this review.”"?> The main approaches can be
categorized into those that target connections between regions
and those that target connections within a region. Two popular
methods of targeting connections between regions include
hypothesis-driven seed-based analysis and data-driven indepen-
dent component analysis (ICA). The seed-based approach uses an
extracted BOLD time course from an ROI (defined a priori) and
determines the temporal correlation between this signal and the
time course from all other brain voxels."**** In this way,
a whole-brain voxel-wise functional connectivity map of covari-
ance with the seed region is created. When it is not feasible to
define a region to correlate a priori, data-driven methods can be
used. The most widely used is ICA, which is a mathematical
technique that decomposes the fMRI data set into independent
components, each of which represents a distinct spatial map that
is associated with the time course of the source signal.>> ICA also
can separate noise into distinct components, which obviates the
need for regressing out these signals during preprocessing. Other
methods for determining or analyzing RSNs include graph
theory,”® multivariate pattern analysis,”” and clustering analy-
sis.”® As mentioned, some analytic techniques are measures of
local connectivity. These include the amplitude of low-frequency
fluctuations, defined as the total power within a specific
frequency range (0.01-0.1 Hz),?” fractional amplitude of low-
frequency fluctuations,”” and regional homogeneity, which is
a measure of functional coherence of a given voxel with its nearest
neighbors.41

NEUROSURGICAL APPLICATIONS OF rs-fMRI

rs-fMRI and Neurooncology

Clinical applications of fIMRI in neurooncology have focused on
localizing areas of critical function before surgery using task-based
methodologies.*? Although this approach has proven useful and
has shown good correspondence with intraoperative electrophys-
iology for motor areas®** and Wada testing for language
lateralization,”™*  several disadvantages limit its application.
The first reported evidence that functional networks can be
mapped with rs-fMRI (Table 2) in patients with brain lesions
came from Quigley et al.”” Using seed regions based on activation
maps from a task-based experiment, they reported that patterns of
functional connectivity remain intact in patients with focal
cerebral lesions. This finding was repeated in 2009, when
Shimony et al’> reported that several key functional networks
could be identified in patients with brain tumors using rs-fMRI.
They followed this study with another that provided evidence
that sensorimotor cortex could be reliably delineated with
1s-fMRI and that this localization showed good correspondence

NEUROSURGERY

NEUROSURGERY AND rs-fMRI

with cortical stimulation mapping.*’ In 6 patients with brain
tumors or epileptic foci near the motor cortex, Liu et al’!
demonstrated that rs-fMRI can differentiate between hand and
tongue motor regions. In the 1 patient they tested, results from
rs-fMRI functional connectivity analysis were consistent with
those from intraoperative cortical stimulation. Usin§ functional
connectivity analysis of rs-fMRI data, Otten et al*® provided
evidence that this technique has potential to be used as
a prognostic indicator in patients with intra-axial lesions close
to eloquent cortex. Specifically, they found differences in
functional connectivity in motor networks between patients
who had motor weakness and those who did not, suggesting that
gross motor function is related to the level of functional
connectivity in the sensorimotor network, as revealed by rs-fMRI.
They also found that motor performance, measured by perfor-
mance on the grooved pegboard, was related to functional
connectivity in this network. Functional connectivity analysis of
magnetoencephalography resting-state data also showed the
potential for resting-state neuroimaging to be used in surgical
planning and as a prognostic indicator for patients with lesions in
or close to eloquent cortex.”*>> Although the majority of studies
looking at RSN in patients with brain lesions used some form of
ROT analysis, Kokkonen et al’® also showed that using ICA may
be feasible for locating sensorimotor networks in neurosurgical
populations. There is also early evidence that resting-state neuro-
imaging can be used to localize language networks in individual
subjects and that there is potential to have this process
automated.’® The significance of using rs-fMRI for neuro-
oncological applications is not completely clear. However, it is
reasonable to suggest that functional connectivity analysis of rs-
fMRI may be used preoperatively to localize areas of eloquent
cortex, to provide prognostic information by suggesting the degree
of morbidity resulting from removal of specific areas of brain tissue,
and to inform the surgeon of safe maximal resection boundaries.

rs-fMRI and Epilepsy Surgery

Multiple studies have shown abnormalities in RSN in patients
with epileptic disorders, including medial temporal lobe epilepsy
(MTLE),>”-¢° idiopathic generalized epileg)sy,m‘G2 and absence
epilepsy.®*** For example, Doucet et al> found that patients
with MTLE may have impaired functional connectivity in
a bilateral extratemporal network and that this may be linked
to the performance and brain organization of the episodic
memory network. Given the evidence linking epileptic disorders
to RSNs, it is not surprising that rs-fMRI analysis has the
potential to aid in both presurgical planning and prognostication
(Table 3). Building on previous work showing abnormalities in
basal functional connectivity in epileptogenic networks,”® Bettus
et al®® have suggested that the presence of basal functional
connectivity increases in the nonepileptogenic side could be used
as a marker for epileptogenic zone localization in the presurgical
assessment of MTLE. Specifically, they showed that this measure
had a sensitivity of 64% and a specificity of 91% for localizing the
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TABLE 2. Review of Studies Using Resting State Functional Magnetic Resonance Imaging for Neurooncological Applications”

Reference Subjects Method Analysis Finding Clinical Relevance
Otten et al*®* 22 adult, right-handed rs-fMRI Seed approach with hand-motor  Control subjects: motor network Motor networks in patients with
patients with intra-axial knobs in primary motor cortex functional connectivity was brain tumors are demonstrable
lesions, 22 sex- and observed in PMC, SMA, PMA, and  using rs-fMRI and show
handedness-matched SPL lateralizing to the left. differences in functional
control subjects from 1000 Patients without weakness were connectivity between patients
Functional Connectomes similar to control subjects. with and without motor
database Patients with motor weakness weakness. These networks
showed diminished functional predict motor performance
connectivity of interhemispheric
connections in the motor
network. Performance on
a grooved pegboard was
correlated with connectivity
Zhang et al*® 17 healthy control subjects,  rs-fMRI, task-based ~Seed-based approach using an Sensorimotor cortex networks in Functional localization of eloquent
4 patients with brain fMRI (block ROI in the hand region of healthy subjects were consistent cortex in patients with brain
tumors design finger sensorimotor cortex. (One on an individual basis. tumors can be assessed
tapping), patient had to have this ROI Displacement and disruption of noninvasively by rs-fMRI
intraoperative adjusted by shifting it until the sensorimotor network were seen measures
cortical normal spatial pattern of the in patients with brain tumors.
stimulation sensorimotor network was The resting-state functional
seen.) ICA also used mapping in patients showed
localization to sensorimotor
networks consistent with cortical
stimulation mapping. Resting-
state measures performed as well
as or better than task-based fMRI
Kokkonen 8 patients with brain tumors, Task-based and ICA The spatial correlation between the ICA has potential to localize
et al®® 10 healthy subjects rs-fMRI task-based- and resting-state- sensorimotor networks in

derived sensorimotor networks
was 0.27 in the cases, and 0.33 in
the controls. This was not
significantly different. A main
difference was that the task
recruited the SMA and
cerebellum into the sensorimotor
network, whereas the resting
state did not

patients with brain tumors. This
may provide a complementary
method for patients who have
difficulty performing motor tasks.
In addition, the effect of high-
grade gliomas may be more
extensive than that of benign
lesions

(Continues)
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Analysis
the hand and tongue regions

Anatomic based-seed regions in
of healthy motor cortex

Method
Task-based and
resting-state

fMRI, with 1
undergoing

patient also

Subjects

6 epileptic patients with
tumors or epileptic foci

near the motor cortex

TABLE 2. Continued

Reference
Liu et al>'

differentiate between hand and

intraoperative

cortical

tongue motor regions. Results

from rs-fMRI functional

stimulation

connectivity analysis were

consistent with intraoperative

cortical stimulation
On average, there was a 40%

rs-fMRI has potential to identify

Seed-based analysis with the ROI

Task-based and

Quigley et al®? 12 patients with focal

a variety of functional networks

concurrence between functional

selected on the basis of

rs-fMRI

cerebral lesions

in patients with a variety of brain

lesions

networks identified with the task-

activated voxels in the task

paradigm

based paradigm and with rs-fMRI

NEUROSURGERY

“fMRI, functional magnetic resonance imaging; ICA, independent component analysis; PMA, Pre-motor area; PMC, primary motor cortex; ROI, region of interest; rs-fMRI, resting-state functional magnetic

resonance imaging; SMA, supplementary motor area; SPL, superior parietal lobe.

NEUROSURGERY AND rs-fMRI

epileptogenic zone. Using a different evaluation of local and
remote functional connectivity, Stufflebeam et al®® suggested that
rs-fMRI may provide a noninvasive method of localizing epileptic
discharges in patients with refractory epilepsy. Interestingly, they
found that the loci of disrupted functional connectivity fell
within a 5-mm radius of the intraoperative electroencephalog-
raphy electrodes. Morgan et al®® used rs-fMRI to identify a region
in the ventral lateral nucleus of the thalamus in which
connectivity to the hippocampus separated left from right
temporal lobe epilepsy patients. Recently, Weaver et al’® used
regional homogeneity analysis of rs-fMRI data in 4 patients with
nonlesional focal epilepsy to test the hypothesis that this measure
of local connectivity may be used to differentiate epileptogenic
zones from normal brain tissue. They showed that local
connectivity in the epileptogenic zone was significantly reduced
in 3 of the 4 nonlesional focal patients. These early data suggest
that regional homogeneity may be used to aid in delimiting the
seizure onset zone, which may be particularly important for
patients who otherwise have no macroscopic structural abnor-
malities that can be used to guide surgical planning.

In addition to providing a tool for the localization of epilepto-
genic zones, resting-state measures have been shown to have the
potential to provide an indicator of surgical morbidity in epilepsy
surgery. Negishi etal®” took 18 patients with a wide range of seizure
types and epileptogenic locations and found that a specific measure
of functional connectivity could differentiate patients who had
recurrent seizures postoperatively. Specifically, they found that the
laterality indexes (normalized difference between functional
connectivity in ipsilateral hemisphere and that of contralateral
hemisphere) of the seizure recurrence group were lower than in the
seizure-free group using a spike-correlated seed-based approach.
This suggests that the laterality of functional connectivity has
potential to be used as a predictor of surgical outcome, along with
more traditional measures such as febrile seizures, mesial temporal
lobe sclerosis, tumors, abnormal MRI, and electroencephalogra-
phy/MRI correspondence.”’ Another study showed that connec-
tivity in the default mode network may also predict the degree of
cognitive impairment after surgery in patients with MTLE.®® In
patients with left MTLE, higher presurgical connectivity between
the posterior cingulate cortex and left hippocampus was correlated
with greater verbal memory decline after resection of the left
temporal lobe, whereas higher connectivity between the posterior
cingulate cortex and contralateral hippocampus was associated with
less or no postsurgical decline. This same pattern was seen in
patients with right MTLE with respect to nonverbal memory.

rs-fMRI and DBS

Resting-state techniques will likely have a large impact on the
area of functional neurosurgery, both as a research tool and as a way
to optimize surgical outcomes in DBS. One of the biggest
challenges that has limited the amount of research done with
resting-state fMRI in the investigation of DBS is the safety issue
regarding the use of MRI in patients with chronically implanted
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TABLE 3. Studies Using Resting-State Functional Magnetic Resonance Imaging in Epilepsy Surgery”

Reference Subjects Method Analysis Finding Clinical Relevance
McCormick et al®> 20 patients with right MTLE, 20  rs-fMRI Seed-based approach using Connectivity between PCC and  Connectivity in the DMN may
with left MTLE, 19 healthy PCC and 19 other ROIs based rHC correlated with nonverbal  reflect behavioral capacities
control subjects; 9 with left on the DMN and graph memory, and PCC-IHC and has potential to be
MTLE and 8 with right MTLE analytic analysis correlated with verbal a biomarker for surgical
underwent epilepsy surgery memory. Connectivity outcomes in MTLE
and were evaluated between PCC and
preoperatively and epileptogenic HC in MTLE
postoperatively patients correlated with
functional decline
postoperatively, and PCC-
contralateral HC connectivity
correlated with less or no
postsurgical decline
Bettus et al®® 22 patients with MTLE, 36 rs-fMRI 10 ROIs (Amy, EC, Ant Hip, Post BFC was defined as the The presence of basal functional
healthy sex-matched control Hip, temporal pole bilaterally) normalized correlation connectivity increases in the
subjects usually involved in coefficients between pairs of nonepileptogenic side could
epileptogenic networks of ROI signal time courses. BFC be used as a marker for
MTLE were analyzed decreases were found epileptogenic zone
bilaterally, although the localization in the presurgical
number of decreased links was ~ assessment of MTLE
higher on the epileptogenic
side in patients. BFC increases
were found almost exclusively
in the contralateral lobe,
showing a strong test effect
for locating the
nonepileptogenic lobe
Negishi et al®” 18 epilepsy patients with a wide Resting EEG and  Seed-based approach using Laterality indexes (normalized Laterality of functional

Stufflebeam et al®®

range of seizure types and fMRI
epileptogenic locations, 14

healthy sex-matched control

subjects

rs-fMRI and iEEG
monitoring

6 patients with epilepsy, 300
healthy control subjects from
an existing functional
connectivity database

spike-correlated fMRI and
seeds derived from the
difference in postsurgical and
presurgical anatomic MRIs

Voxel-wise whole-brain
correlation analysis in which
the time course of each voxel
was correlated with every
other voxel at the local (in
a 3-mm sphere) and remote
(outside of a 25-mm sphere)
levels

difference between functional
connectivity in ipsilateral
hemisphere and that of
contralateral hemisphere) of
the seizure recurrence group
were lower than for the
seizure-free group using the
spike-correlated seed-based
approach

Statistically significant
differences in functional
connectivity maps of 5 of the
6 patients were found. These
differences fell within a 5-mm
radius of the iEEG electrodes.
No significant abnormality was
seen in 1 patient, despite ictal
activity identified by iEEG

connectivity has potential to
be used as a predictor of
surgical outcome

rs-fMRI data and the specific
method of determining local
and remote functional
connectivity on a whole-brain
level may provide
a noninvasive method of
localizing epileptic discharges
in patients with refractory
epilepsy

(Continues)
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TABLE 3. Continued

7 with left TLE and 7 with right
TLE; seizure-recurrence group:
5 with left TLE and 2 with right
TLE), 15 healthy control
subjects

Weaver et al”®

4 nonlesional focal epilepsy rs-fMRI
patients who had unknown
pathology, 4 sex- and age-
matched control subjects
selected in specific reference
to each of the subjects from
the 1000 Connectomes

database

ReHo analysis comparing ROIs
containing seizure focus with
control ROIs

ventral lateral nucleus of the
right thalamus and the rHC
was significantly greater in
seizure patients with left TLE
than in patients with right TLE.
Connectivity values of the
seizure recurrence group in
this network were more
variable, although small
subject numbers precluded
formal statistics

The ROI containing the seizure

focus for % of the epileptic
patients showed low levels of
local connectivity as measured
by ReHo

Reference Subjects Method Analysis Finding Clinical Relevance
Morgan et al®® 21 patients with temporal lobe  rs-fMRI Seed-based using rHC and The degree of functional The quantification of rs-fMRI
epilepsy (seizure-free group: IHC ROI connectivity between the connectivity in the network

identified may be used as

a noninvasive indicator of
lateralization of TLE and can
complement other presurgical
MRI assessments

ReHo may be used to localize

epileptogenic zones in
patients with focal epilepsy.
This may be particularly
important for patients with
focal epilepsy who have
otherwise no macroscopic
structural abnormalities that
can be used to guide surgical
planning

“Amy, amygdala; Ant Hip, anterior hippocampus; BFC, basal functional connectivity; DMN, default mode network; EC, entorhinal cortex; EEG, electroencephalogram; iEEG, intraoperative electroencephalogram;
fMRI, functional magnetic resonance imaging; IHC, left hippocampus; MTLE, medial temporal lobe epilepsy; PCC, posterior cingulate cortex; ReHo, regional homogeneity; rHC, right hippocampus; ROI, region of

interest; rs-fMRI, resting-state functional magnetic resonance imaging; TLE, temporal lobe epilepsy.
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TABLE 4. Studies Using Resting-State Functional Magnetic Resonance Imaging With Applications Relevant to Deep Brain Stimulation”

plus an additional
healthy adult scanned
for a total of 3 h

bilateral superior
cerebellum (from atlas
and finger tapping task)

a cylindrical volume corresponding to the
expected location of the VIM, within a 5-mm
distance from the coordinates used for
thalamic DBS based on anatomic landmarks.
Nearly identical results were obtained in the
single subject after a minimum of 3 h of
scanning time

Reference Subjects Method Analysis Finding Clinical Relevance
Brunenberg 12 healthy adults rs-fMRlI  Seed-based approach Significant functional connectivity between Provides evidence that the connectivity of the
et al”® using the STN STN and subcortical structures (thalamus, STN can be assessed noninvasively. Analysis
caudate, putamen, midbrain), as well as showed functional segregation between
cortical structures (PMA, SMA, MFG, different areas of the STN, suggesting that
cingulated gyrus, STG, PHG, FFG). Functional ~ the optimal therapeutic target can be
connectivity was related to measures of assessed preoperatively. Hyperdirect
structural connectivity. Structural and pathway could be used in
functional connectivity to motor areas in the  electrophysiological studies to target STN
STN showed a mediolateral gradient. This motor parts during DBS surgery
study also found evidence of the
hyperdirect pathway
Anderson 58 healthy adult and rs-fMRI  Seed-based approach with Group correlation results between the Functional connectivity measurements have
et al’® adolescent subjects ROIs including PMC and thalamus and the 2 ROIs showed the potential to be used for individualized

targeting of DBS electrode placement in
essential tremor. This technique may be
more suited to taking into account
individual variations in thalamic nuclei
locations over standard anatomic landmarks

“DBS, deep brain stimulation; FFG, fusiform gyrus; MFG, medial frontal gyrus; PHG, para-hippocampal gyrus; PMA, primary motor area; PMC, primary motor cortex; ROI, region of interest; rs-fMRI, resting-state
functional magnetic resonance imaging; SMA, supplementary motor area; STG, superior temporal gyrus; STN, subthalamic nucleus; VIM, ventro-intermediate nucleus.
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electrodes. However, a recent large case series suggests that the use
of MRI in patients with chronically implanted electrodes can be
safe with strict safety measures.”> Many neurological and
neuropsychiatric diseases are being characterized by dysfunction
of large-scale networks,®”*”> and DBS can be used as a tool for
probing and modulating specific circuits.”® rs-fIMRI can be used
in this context to investigate dysfunctional circuits, thus pro-
viding information for novel DBS targets. Functional connec-
tivity analysis may have a role in following treatment response,””
as demonstrated by positron emission tomography, and in
individualizing electrode placement.”® Brunenberg and col-
leagues79 (Table 4) used rs-fMRI, in combination with diffusion
tensor imaging, to noninvasively map out the structural and
functional connectivity of the subthalamic nucleus, providing
evidence of the hyperdirect pathways and confirming the
functional segregation of the subthalamic nucleus in humans.
Functional segregation of the human cingulate cortex has been
confirmed with rs-fMRIL®® and the structural and functional
connectivity of human thalamocortical circuits has been inves-
tigated with the combination of diffusion tensor imaging and
rs-fMRL®" These provide excellent examples of how resting-state
neuroimaging can be used to map out functional connectivity of
important brain areas targeted by neurosurgeons for DBS. An
early example of using resting-state neuroimaging to track the
neural and clinical response to DBS comes from a recent study of
5 patients with electrodes implanted in the fornix for Alzheimer
disease.”” Using serial ['8F]-2-deoxy-2-fluoro-D-glucose positron
emission tomography scans, the authors showed increased
functional connectivity in networks associated with memory
and cognition after 1 year of DBS treatment. It is interesting to
note that 1 of the ROIs used in this analysis was the precuneus,
which is commonly associated with the default mode network.
A case study of 1 patient undergoing chronic pedunculopontine
nucleus stimulation for gait dysfunction in the context of
Parkinson disease showed a normalization of pathological
connectivity between the pedunculopontine nucleus and cere-
bellum.®* Structural connectivity was assessed with a diffusion
tensor imaging analysis technique known as probabilistic
tractography, which calculates the likelihood of white matter
connectivity between selected voxels.®> This result suggests that
changes in functional connectivity may also be expected with
long-term stimulation of pathological circuits. Further research
into the long-term effects of DBS on dysfunctional circuitry with
rs-fMRI will likely yield important insight into the pathophys-
iology of many neuropsychiatric disorders and into the mech-
anism through which DBS exerts its efficacious effects.

LIMITATIONS AND CHALLENGES OF
RESTING-STATE NEUROIMAGING
IN NEUROSURGERY

Despite the promise offered by the increasing use of resting-state
neuroimaging for neurosurgical applications, there are significant

NEUROSURGERY

NEUROSURGERY AND rs-fMRI

limitations that must be taken into consideration. The largest issue
thus far has been the small sample sizes and the lack of
standardization used in the above-mentioned studies. With
respect to fMRI technology, one of the biggest limitations is the
current lack of understanding of how changes in baseline
physiological parameters, pharmacological interventions, or
disease-related vascular changes affect the BOLD signal (for
areview, sce the work by Lindauer et al**). Of particular relevance
to neurooncology, it is known that increased intracranial pressure
has a strong influence on cerebrovascular dynamics,®” and the
influence of increased intracranial pressure on the BOLD signal
has not yet been directly studied. Fuchtemeier et al*® found that
increased intracranial pressure in a rat model led to decoupling of
the neurovascular response, specifically with a decrease and
eventual reverse in the normal stimulus-induced deoxyhemoglo-
bin response in somatosensory cortex. Schreiber et al*” found that
a glial tumor reduced the ipsilateral BOLD activity, whereas
a nonglial tumor did not cause a significant change. Changes in
baseline blood flow® and blood oxygenation®” have also been
implicated in decoupling of the neurovascular response. It is
possible that impaired vascular reactivity resulting from aging,
vascular dementia, and Alzheimer disease may change cerebral
blood flow responses and alter blood oxygenation changes
without affecting neuronal activation. Interestingly, Leithner
et al’® found that cyclooxygenase-2 inhibitors had an effect on
cerebral blood flow response during functional activation. Other
common pharmacological agents that can act as confounding
variables during rs-fMRI are caffeine,”’® nicotine,”**> and
propofol.”® For an overview of other potential procedural and
participant related confounds for neuroimaging of the resting
state, see the work by Duncan and Northoff.® Another
potentially significant issue with using rs-fMRI for neurosurgical
applications arises from the current methods used to analyze the
data. Seed-based approaches have the significant limitation of
being based on an a priori ROIL. Some patients will have mass-
distorting lesions that make the use of atlas-derived ROIs
difficult. Other patients may have undergone lesion-induced
functional reorganization of cortical architecture, which will also
affect proper ROI identification.”””® To overcome this limita-
tion, some authors have suggested using data-driven approaches
such as ICA.>>*® Although this approach has yielded some
promising data, ICA has its own limitations. Foremost among
these is that visual identification is often used to determine
specific functional networks of interest, which may introduce
variability and uncertainty with respect to which network is
actually being chosen. De Martino et al”” have proposed an
automatic determination of component content based on
expected spatial activation or by filtering the components based
on expected frequency characteristics (ie, between 0.1 and 0.01
Hz), which may prove useful for clinical translation. Another
issue relevant to resting-state neuroimaging in neurosurgery is the
test-retest reliability of rs-fMRI in identifying functional net-
works on an individual level. Kristo et al'®® provide evidence that
rs-fMRI may be less reliable that task-based fMRI with respect to
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reproducing functional connectivity maps of the motor network.
However, using a different approach, Mannfolk et al'! found
that resting-state measures and task-based measures had compa-
rable test-retest reliability with respect to mapping the sensori-
motor network of healthy individual subjects. Because the ability
to identify RSNs accurately and reliably in individual subjects will
be crucial to the translation of rs-fMRI to clinical practice, this is
an area that demands further investigation.

FUTURE DIRECTIONS

As mentioned, it will be imperative to more fully understand
how the diseased brain affects the BOLD signal and how this may
affect our ability to study RSNs with fMRI. Validation of rs-fMRI
with electrophysiological techniques such as intraoperative elec-
troencephalography and local field potentials will strengthen the
evidence toward using resting-state measures as a clinical tool in
neurosurgery. Standardization of methodology will greatly help
our ability to compare studies, and the development of simple,
casily adoptable tools for analyzing RSNs will be essential for
translation into clinical practice. An early step in this direction has
been taken by Bottger et al,'”* who developed an interactive
software tool for the exploration of functional connectivity. Tie
et al’® have also made a step in this direction by proposing
a semiautomated language component identification procedure.
A recent study by Mitchell et al'®® demonstrated that a novel
neural network approach to rs-fMRI analysis could indepen-
dently identify cortical networks in patients undergoing surgery
cither for epilepsy or for resection of a brain tumor. This study is
interesting for not only overcoming an important limitation of
ICA but also showing that rs-fMRI may be able to identify RSNs
in patents with distorted anatomy and that the identified
language and somatomotor networks show strong concordance
with electrocortical stimulation. Combining measures of struc-
tural connectivity with functional connectivity,”” integrating
multiple measures of the resting state, and correlating these values
with clinical variables such as pre-existing neurological deficits
and postoperative outcomes may prove valuable for neurosurgical
applications. Resting-state studies using methodologies such as
magnetoencephalography, which is more suited to directly
measuring neuronal activity, will likely also have an important
impact on clinical neurosurgery.

CONCLUSION

It is our opinion that resting-state neuroimaging will comple-
ment current presurgical investigations and will likely provide
important information on surgical planning and prognosis.
Specifically, in neurooncology, rs-fMRI may be especially useful
for patients with neurological deficits that preclude participation
in task-based fMRI. In epilepsy surgery, rs-fMRI has shown
promise as a tool for diagnosis and surgical planning and as
a prognostic indicator. Finally, rs-fMRI has significant potential in
the area of DBS. With the ability to noninvasively map out
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functional circuits and therefore gain insight into dysfunctional
circuits, this technique can be useful in the search for appropriate
surgical targets. rs-fMRI may also have a role in individualized
target selection, providing a marker of treatment response, and
giving insight into the mechanisms of DBS.
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COMMENT

he present article reviews technical and practical aspects of the

application of resting functional magnetic resonance imaging
(r-fMRI) to neurosurgery. The authors are to be commended for the
detailed way they have described the advantages and limitations of this
technique. Neurosurgeons will likely wonder, Can this help me in the
operating room? Will it help distinguish eloquent from noneloquent
brain? r-fMRI has shown some promise in a number of preclinical
settings, including distinguishing frontotemporal dementia from
Alzheimer disease’ and prediction of the outcome of coma after
cardiac arrest.” These findings are preliminary, and there have been
few attempts to use r-fMRI to guide surgical decision making. It
should be emphasized that the short acquisition time (usually
<10 minutes) and lack of complex task design are the features most
attractive to clinicians; however, there is little agreement in the
neuroimaging community about what the best approach to the
acquired data is. Independent component analysis, amplitude of low-
frequency fluctuations, seed-based, and graph techniques are all
mentioned in the article as options, but it is not clear which would be
best for neurosurgical applications. Mass lesions present a special
problem for resting fMRI because it is usually dependent on regis-
tration to a standard brain. However, some recent attempts have been
made to use both independent component analysis® and seed-based
techniques® in anatomically abnormal brains.

Once a technique has been identified for identification of functional
tissue with r-fMRI, a suitably designed clinical trial will need to be per-
formed. Ideally, this trial would combine multiple techniques for map-
ping, including task-based fMRI, cortical stimulation mapping and “high
gamma” mapping.’ Some concordance has been previously described
between cortical stimulation mapping and resting connectivity, as the
authors point out. A recent publication in Newurosurgery describes an
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exciting candidate technique for data-driven r-fMRI analysis that should
be tested in a larger trial.®

Neurosurgeons have always been at the cutting edge of technical de-
velopments in neuroscience research, and the authors are to be com-
mended for bringing these advances to the readers of Neurosurgery. It is
our hope that in the future r-fMRI can be used to maximize patient
safety during tumor surgery.

Charles Mikell

Guy McKhann
New York, New York

1. Zhou J, Greicius MD, Gennatas ED, et al. Divergent network connectivity changes
in behavioural variant frontotemporal dementia and Alzheimer’s disease. Brain.
2010;133(pt 5):1352-1367.

2. Norton L, Hutchison RM, Young GB, Lee DH, Sharpe MD, Mirsattari SM.
Disruptions of functional connectivity in the default mode network of comatose

patients. Neurology. 2012;78(3):175-181.

3. Soddu A, Vanhaudenhuyse A, Bahri MA, et al. Identifying the default-mode
component in spatial IC analyses of patients with disorders of consciousness. Hum
Brain Mapp. 2012;33(4):778-796.

4. Otten ML, Mikell CB, Youngerman BE, et al. Motor deficits correlate with resting
state motor network connectivity in patients with brain tumours. Brain. 2012;135
(pt 4):1017-1026.

5. Sinai A, Bowers CW, Crainiceanu CM, et al. Electrocorticographic high gamma
activity versus electrical cortical stimulation mapping of naming. Brain. 2005;128
(pt 7):1556-1570.

6. Mitchell TJ, Hacker CD, Breshears JD, et al. A novel data-driven approach to
preoperative mapping of functional cortex using resting-state functional magnetic

resonance imaging. Neurosurgery. 2013;73(6):969-983.

NEUROSURGERY

NEUROSURGERY AND rs-fMRI

CME Questions:
1. What is the main advantage of resting-state fMRI (rs-fMRI)

over the traditional task-based fMRI?

A. Rs-fMRI can be used in patients with neurological deficits
that preclude participation in task-based fMRI.

B. Region of interest in rs-fMRI is not confounded by
pathology.

C. Only a single functional network can be derived from the
same data set.

D. Institutional rs-fMRI protocols are well standardized.

. Which MRI sequence is used to non-invasively assess the

structural connectivity of the brain?
A. FIESTA

B. DTI

C. FLAIR

D. DWI

E. T2

. In the assessment of mesial temporal lobe epilepsy, what is the

sensitivity of identifying increases in basal functional connec-
tivity as a marker for epileptogenic zone localization?

A. 50-60%

B. 60-70%

C. 70-80%

D. 80-90%

E. 90-100%
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