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Abstract
Objective—To describe initial experience with resting state correlation mapping as a potential aid
for presurgical planning of brain tumor resections.

Methods/Technique—Resting state blood oxygenation dependent (BOLD) fMRI was acquired
in seventeen healthy young adults and four patients with brain tumors invading sensorimotor cortex.
Conventional fMRI motor mapping (finger tapping protocol) was also performed in the patients.
Intraoperatively, motor hand area was mapped using cortical stimulation.

Results—Robust and consistent delineation of sensorimotor cortex was obtained using the resting
state BOLD data. Resting state functional mapping in patients showed localization to sensorimotor
areas consistent with cortical stimulation mapping (CSM) and in all cases performed as well or better
than task-based fMRI.

Conclusions—Resting state correlation mapping is a promising tool for reliable functional
localization of eloquent cortex. This method compares well with “gold standard” CSM and offers
several advantages in comparison to conventional motor mapping fMRI.
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Introduction
Accurate localization of eloquent cortex enables optimal neurosurgical tumor resection and
minimizes post-operative neurological deficits. Functional magnetic resonance imaging
(fMRI) is a non-invasive technique for examining brain function that utilizes changes in blood
oxygenation to identify areas of increased or decreased neuronal activity (33,39). This technique
has proven to be extremely valuable in the laboratory, allowing researchers to localize the
representation of sensory, motor and cognitive processes (38). Further, fMRI research has
identified functional brain abnormalities in populations of patients with neurological and
psychiatric disease and has contributed to the investigation of drug treatment effects. Despite
its success in research, fMRI is just beginning to make the transition to the clinic as a tool for
obtaining important diagnostic or prognostic information in individual patients (35). This
transition has encountered many challenges and, while promising, the clinical utility of fMRI
has yet to be firmly established.

Perhaps the area showing the greatest promise is pre-operative functional brain mapping to
help guide neurosurgical planning (24,35,46). This is used most often to identify brain areas
used in movement and language so that these areas can be avoided during cortical tumor or
epilepsy resections, but it has also been combined with EEG to identify foci of epileptic activity
(32). Functional foci identified using fMRI have been shown to correlate well with foci
identified using more invasive techniques such as intra-operative electrophysiology (46) and
Wada testing (1,5). Further, the distance from an fMRI-identified functional region to the
surgical margin has been shown to correlate with loss of function post-operatively (24). Finally,
when made available, pre-surgical functional information from fMRI is mentioned in
approximately 75% of patient's neurosurgery notes, though the utilization of this information
for medical planning is unknown (24). Despite the evidence suggesting that fMRI can identify
functional brain regions in individual patients and its use in pre-operative planning, it is far
from optimized. Moreover, improved patient outcome has yet to be demonstrated.

One of the reasons it has been difficult to demonstrate a clear clinical benefit of pre-operative
fMRI is that there are limitations to its use and obstacles preventing fMRI from being clinically
effective (46). For example, pre-operative localization is only as good as the patient's ability
to perform the task or function one is attempting to localize. A major problem is that patient's
task performance is often impaired, rendering localization as well as comparison with normal
controls difficult or impossible (37). Since patients must be awake to perform tasks, anesthesia
cannot be used and patient movement may become a significant problem (31). In many cases,
clinical fMRI cannot be performed at all. Finally, task-related modulations in the fMRI signal
are often small relative to large background fluctuations or “fMRI noise” requiring that subjects
perform a task repeatedly so that results may be averaged and a suitable image obtained.

A recent advance that can address several of the limitations of pre-operative fMRI mapping is
the use of spontaneous blood oxygen level dependent (BOLD) fluctuations to identify
functionally related regions (17). Instead of examining changes in blood oxygenation
associated with a task, one can simply examine the spontaneous modulations in the BOLD
signal while subjects rest quietly in the scanner. Spontaneous BOLD fluctuations are not
random noise, but rather fluctuations in neuronal activity that are correlated within distinct
functional networks (17). For example, strong coherence is reproducibly present between the
left and right sensorimotor cortices (6,11,12,14,20,34,47) and between language areas (11,27) even
in the “resting state,” i.e., in the absence of imposed task performance. Thus, using spontaneous
activity one can generate resting state correlation maps that characteristically replicate the
topography of task-related fMRI (17).
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There are several advantages of using resting state activity for preoperative mapping. First,
subjects need not perform a task. Hence, mapping can proceed despite cognitive dysfunction,
physical handicap, or young age. Second, all brain systems can be studied using the same data.
This is in contrast to task activations which require dedicated data acquisitions for each function
one is attempting to localize. Because one can use the same set of data, signal to noise can be
improved and acquisition times reduced. Third, spontaneous activity continues when subjects
are asleep (21,28) or anaesthetized (30,36,44). Acquisitions under these conditions can be used
in patients unable to remain still in an MR scanner.

However, before the clinical utility of resting state correlation mapping can be demonstrated,
one must first establish that this method is capable of generating consistent maps within single
individuals. In this study we will assess reliability by means of repeated acquisitions within
the same individual. Then we will demonstrate the utility of resting state mapping in a
neurosurgical setting with comparison to task-based fMRI and intra-operative stimulation
mapping.

Methods
Subjects and fMRI Data Acquisition

A total of 21 subjects participated in this study (17 normal controls and 4 patients with brain
tumors). All clinical and experimental protocols were approved by the Human Research
Protection Office at Washington University School of Medicine.

To demonstrate the normal pattern of neuroanatomical networks observed with resting state
correlation mapping, imaging data previously acquired (19) in 17 healthy young adults were
analyzed at the individual and group level. All subjects were scanned using BOLD sensitized
fMRI (4 × 4 × 4 mm voxels, TE 25 msec, TR 2.16 sec) on a 3T Siemens (Erlangen, Germany)
Allegra MR scanner and included four 7 minute runs of 194 frames (28 minutes total) per
subject during which subjects visually fixated on a cross-hair. No task was imposed except to
remain still and not fall asleep.

Four patients with brain tumors invading motor and sensory cortices were scanned prior to
surgical resection using a resting state protocol nearly identical to above (visual fixation to
crosshairs, 4 × 4 × 4 mm voxels, TE 27 msec, TR 2.2 sec, 820 frames for a total of 30 min on
a 3T Siemens Trio MR scanner). Both healthy and patient populations completed structural
imaging that was used for atlas transformation including a T1-weighted MP-RAGE and a T2
weighted (T2W) fast spin echo scan.

In addition, the patient population was also scanned while performing a motor task using a
standard clinical fMRI protocol (block design bilateral finger-tapping, alternating each finger
with the thumb, 30 seconds rest, 30 seconds task, repeated 4 times for a total of 4 minutes, 4
× 4 mm in-plane resolution, 3 mm slice thickness, TE 25 msec, TR 3 sec) on a 3T Siemens
Trio MR scanner.

Preprocessing of Imaging Data
Resting state and task-evoked BOLD fMRI data were preprocessed according to previously
published methods standard to all of our BOLD fMRI data (50). Voxels corresponding to mass
lesions were excluded (by masking) from the computations during registration of the T1-
weighted structural images to the atlas representative template. Additional preprocessing steps
described below only applied to the resting state data. Low-pass filtering was employed to
retain frequencies below 0.1Hz (12). No high-pass filter was used. Spurious variance due to
head motion was removed by first calculating the six parameters resulting from rigid body
correction and then regressing these time courses along with their first derivatives.
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Seed-based Correlation Mapping
Seed-based correlation maps were generated by extracting the BOLD fMRI time course from
spherical seed regions of interest (6mm radius). The Pearson product-moment correlation
coefficient then was computed between regional time courses and every voxel in the brain.
Resting state correlation mapping in patients was performed by placing seeds in
morphologically normal cortical tissue in the hemisphere contralateral to the tumor.
Anatomical coordinates for seed-based mapping were derived as follows. The left sensorimotor
cortex Talairach coordinate (-39, -26, 51) was used as the standardized seed region in all healthy
controls and in all clinical cases except Case 3 (Figures 1,2B,3A,4B,6B). This coordinate was
calculated as the center of mass from a group of 14 subjects performing button press responses
(20, 48). The right intraparietal sulcus (IPS) coordinate (25,-58,52) (Figure 5E) was derived as
a peak foci from a group of 10 subjects during the investigation of anticorrelations in resting
state neuronal activity (18). This region of the brain exhibits increases in activity during
externally cued attention and working memory tasks (9). In Case 3, the coordinate of the seed
in right sensorimotor cortex was determined empirically by shifting placement of the seed from
the standardized coordinate until the normal spatial pattern of the sensorimotor network was
seen. This coordinate (34.5,-6,54) (Figure 5C) was determined to be approximately 20mm
anterior to the peak foci of the right sensorimotor cortex in the same group of 14 healthy young
adults discussed above (coordinates 38,-26,48) (20).

Seed-based correlation maps were further processed as follows. Correlation coefficients were
converted to an approximately normal distribution using Fisher's r-to-z transform. Bartlett
correction was applied before z-transformed correlation values were converted to Z scores
(50). Population level maps (Figure 1A) were generated using random effects analysis (two
tailed, equal variance) across all subjects. For display purposes, voxel boundaries were
smoothed using fourfold interpolation and then displayed using in-house software written on
the MATLAB platform (The MathWorks; Natick, MA). Thresholding was determined by
neuroradiologist JSS based on qualitative evaluation to best demonstrate functional neuronal
activity while minimizing spatially non-specific noise that is likely of non-neuronal origin.

Partial correlation, which was used for separation of sensory and motor activity, was
implemented according to the methods of referenced work (50). Spherical 6mm radius ROIs
were manually defined to include voxels only in either motor or sensory cortex (Talairach
coordinates: -45, -9, 51; -48, -25, 51, respectively).

Independent Component Analysis
Blind source separation using independent component analysis (ICA) was performed on resting
state data preprocessed up to and including the bandpass stage (see above). ICA decomposition
was performed using Multivariate Exploratory Linear Optimized Decomposition into
Independent Components (MELODIC v3.0) as part of the Oxford Centre for Functional
Magnetic Resonance Imaging of the Brain Software Library package (FMRIB, Oxford U.K.;
FSL v4.1)(3,42). Registration and bandpassing were not performed in MELODIC. Automatic
dimensionality estimate was performed before running single-session ICA analysis.

Mapping of Task-Based fMRI Activity
Processing steps standard to generation of task-evoked activation maps were used in the present
analysis. The waveform corresponding to task performance was convolved with a
hemodynamic function of the gamma type (8) and then entered into a general linear model to
identify on a voxelwise basis regions of the brain correlated with task performance. To maintain
consistency of preprocessing procedures between task-based and resting state mapping,
additional processing steps were employed though they do not affect the interpretation of the

Zhang et al. Page 4

Neurosurgery. Author manuscript; available in PMC 2010 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



results. These steps include Fisher's r-to-z transform and conversion to Z scores after correcting
for the number of independent frames according to Bartlett's theory (see above).

Intra-operative Cortical Stimulation Mapping
Cortical stimulation was performed using a 60Hz biphasic square wave Ojemann stimulator
(Integra Radionics, Burlington MA) with a 1.25ms peak pulse duration. Injected current started
at 2mA and increased in steps of 2mA until a minimal twitching of the contralateral hand was
observed. Electrical current threshold never exceeded 16mA peak-to-peak and typically were
less than 10mA. Cortical stimulation mapping (CSM) data were available in 3 of the 4 cases.
Stereotactic coordinates were recorded on a neuronavigation system (StealthStation TREON
plus, Medtronic, Louisville, KY) for Cases 3,4 and intraoperative photos of labeled cortical
stimulation points were available for Case 1. Based on the anatomic location of sulci and gyri
relative to the site of cortical stimulation, we estimated the cortical stimulation points for
presentation in Figures 2A, 5A, and 6A.

Results
Resting state fMRI scans acquired in a group of 17 healthy young adults show the distribution
of the sensorimotor system in normal individuals. By placing a seed in the hand region of the
left sensorimotor cortex, the correlation of resting state activity between this reference point
and every other area of the brain was mapped (Figure 1A). Correlations were seen locally
around the seed as well as in homotopic contralateral hemisphere, but were spatially specific
to the sensorimotor system and do not spread to neighboring areas of the brain. Next the
consistency of this method was tested at the individual subject level by comparing maps
generated for each of four repeat scans (7 minutes each). Using the same seed region as above,
robust and consistent patterns of correlated activity were seen in each of the repeated trials,
shown in Figure 1B for two of the seventeen individuals. A grouping of our results into two
categories, within subject and across subject comparisons, revealed a greater similarity of
resting state maps generated within an individual than across individuals (p<8.4×10-56

Wilcoxon rank-sum test on the z-transformed spatial correlation coefficient between two
maps).

Patients with brain tumors invading the somatosensory cortex (Table 1) were imaged using
resting state fMRI as well as task-based fMRI (see Methods). The seed region used above in
the controls served as a standardized seed for generation of sensorimotor correlation maps in
all of cases presented below except Case 3. All patients subsequently underwent tumor
resection.

Case 1
A 57-year-old male presented with unsteadiness of left upper and lower extremities as well as
progressive sensory loss in his left lower extremity. Structural MRI showed an intracranial
mass in the right parietal cortex extending anteriorly near the central sulcus (Figure 2A).

Subsequent to structural MR, resting state fMRI scans were performed to functionally identify
the sensorimotor cortex near the tumor mass. Since neuronal activity within neuroanatomical
networks are correlated even in the resting state (7), seeding the sensorimotor cortex of the left
hemisphere generated correlations that localized to the contralateral sensorimotor cortex.
Figure 2B shows the correlation map using a seed in the morphologically normal left
sensorimotor cortex (blue circle). Spatial asymmetry of functional activity is evident. The left
hemisphere showed localization very similar to healthy individuals, while activity ipsilateral
to the tumor was shifted antero-laterally suggesting displacement of cortical tissue involved in
sensorimotor function. Intraoperative somatosensory evoked potential mapping identified a
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central sulcus displaced anteriorly to the tumor, while CSM identified the hand region to be
anterior to the displaced central sulcus (Figure 2, green circle), consistent with resting state
observations of brain shift due to intracranial mass compression.

An important feature of resting state correlation mapping in healthy subjects is the consistency
of functional maps generated with this technique, as presented earlier. To test the consistency
in this tumor patient, we divided the fMRI data into halves, comparing the functional map
generated from the first 15 minutes and the last 15 minutes. Figure 3A shows evident similarity
of these two maps.

In addition, two trials of task-based fMRI were collected using the standard task-based fMRI
protocol in which the patient performed finger-tapping movements to identify hand area of the
primary motor cortex (see Methods). The results of these two scans are shown in Figure 3B.
In contrast to the consistency of the resting state maps in Figure 3A, the task-based maps
showed much more variability in functional localization, primarily within the lesion-distorted
cortex. A band of activation within the tumor was present in trial 2 (Figure 3B, right panel,
blue arrows), but absent in trial 1 (Figure 3B, left panel). This band of activation, in fact,
encompassed a region larger in volume than the activation anterior-lateral to the tumor, which
likely represents the true location of the sensorimotor system in the right hemisphere.
Intraoperatively, a complete resection was performed with the aid of CSM which included
removal of the tumor tissue that showed activation with task-based fMRI. Postoperatively, the
patient exhibited only mild left-sided weakness, suggesting that the activation within the tumor
was likely artifactual. Histological exam revealed the mass to be a glioblastoma multiforme
(GBM).

Case 2
A 54-year-old female was admitted for treatment of metastatic melanoma. One year earlier she
underwent Gamma Knife therapy for a right parietal metastatic lesion. Tumor progression
manifested as weakness of the left leg. Structural MRI showed enlargement of a right parietal
lesion (Figure 4A). Task-based fMRI using the finger-tapping paradigm failed for unknown
reasons (Figure 4B). Resting state functional localization revealed anterior and lateral shift of
the sensorimotor network in the ipsilateral hemisphere (Figure 4C). No CSM data were
available from this case.

Case 3
A 64-year-old male presented with a several-week history of focal motor seizures involving
his right lower extremity. Structural MR demonstrated a 3cm rim-enhancing heterogeneous
mass in the left frontoparietal area adjacent to the postcentral gyrus (Figure 5A). Finger-tapping
fMRI revealed a pattern of activity around the central sulcus in both hemispheres, shifted
slightly anteriorly but otherwise resembling the sensorimotor network. However, a large band
of activity also was present in the right parietal cortex, not consistent with the typical
sensorimotor localization topography (Figure 5B). Resting state mapping dissociated the
activations into two networks. Seeding the hemisphere contralateral to the tumor produced
correlations with motor cortex in the ipsilateral hemisphere (Figure 5C). The resting-state
sensorimotor correlations were anteriorly shifted bilaterally in a manner similar to the task-
evoked activations. Blind source separation of the resting state data using independent
component analysis (ICA) separately confirmed the presence of this anteriorly shifted network
(Figure 5D). A second and separable resting state network was identified matching the
topography of the parietal pattern of activation from the task-evoked scan (Figure 5E). This
parietal pattern is similar in spatial organization and localization to the dorsal attention network
(10, 16). Cortical stimulation elicited hand movement near the lateral anterior border of the
tumor (Figure 5A, green circle). This area on the cortical surface was adjacent to activity in
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both the resting state and task-based maps, although sensorimotor specificity was greater in
the resting state map. Post resection pathology indicated a GBM.

Case 4
A 57-year-old female with a history of Graves' disease presented with weakness of the left arm.
Structural MRI showed a heterogeneous, ring-enhancing lesion located just anterior to the
medial right precentral gyrus with surrounding edema (Figure 6A). Postoperative
histopathology showed GBM. Task-evoked fMRI mapping showed activation around the
central sulcus in both hemispheres, as well as multiple foci in left hemisphere extending
posteriorly to parts of parietal cortex (Figure 6B). The tumor did not appear to have extensively
disrupted the sensorimotor network in this patient, although a slight shift in cortical tissue
posterior to the tumor may have been present. Resting state mapping revealed correlated
activity around the central sulcus in both hemispheres in a distribution typical of the
sensorimotor system (Figure 6C). Intraoperative cortical mapping showed evoked hand
responses with stimulation postero-lateral to the tumor (Figure 6A, green circle), consistent
with task-evoked and resting state activity.

Separation of Sensory and Motor Activity
So far, the results presented have delineated a single network that includes both motor and
sensory components. This finding is consistent with previous resting state studies showing high
coherence within the sensorimotor network using a variety of methodologies (3,7,18). In a
neurosurgical setting, segregation of these two cortices is desirable when this information can
help minimize the degree of neurological deficits post-resection. Therefore, we pursued a
method to separate motor and sensory activity. Even though these two cortices show a high
degree of correlated activity, they are not perfectly synchronous. This observation led us to ask
whether the activity unique to either cortex would generate a more precise map localized to
either the precentral sulcus or the postcentral sulcus. To answer this question, we created
representative ROIs restricted to either the motor or sensory cortex and used partial correlation
to eliminate the shared variance between the two ROIs prior to generating correlation maps.
Results are shown in Figure 7 for two representative patients (Cases 2 and 4). Motor/sensory
separation is seen near the seed regions, as expected. More importantly, in the contralateral
hemisphere motor and sensory activity also segregated along the central sulcus even when the
tumor distorted local morphology (Figure 7, blue box).

Discussion
The purpose of this study was to demonstrate an initial experience with resting state correlation
mapping for functional localization in patients with brain tumors. In our case series we found
that the spatial localization of sensorimotor cortex using resting state correlation mapping
compared well with localization using “gold standard” intraoperative cortical stimulation
mapping. Resting state correlation proved to be a reliable method that produced consistent
maps over multiple scans. Our preliminary observations suggest that this method may be less
variable than maps obtained with a standard task-based fMRI protocol. Resting state analysis
revealed specificity of correlations within the sensorimotor network even when task-based
fMRI showed multiple cortical systems correlated with the task. Finally, functional localization
can be achieved even when the task-based method fails (as in Case 2) or when the patient is
unable to perform the task. These findings demonstrate the utility of resting state correlation
mapping as a potential tool for preoperative functional localization though this limited case
series needs to be expanded before definitive conclusions can be drawn.
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Reproducibility of Resting State Maps
Previously published work have shown the consistency of the sensorimotor network at a group
level which is supports our current findings but we extend this analysis to the individual level
(13). Figure 1B shows that correlated activity reproducibly appears within the sensorimotor
system in single individuals scanned multiple times, thereby demonstrating the reliability of
this method for individual patient use. Furthermore, correlation maps within an individual are
more similar than across individuals, suggesting that resting state mapping is sensitive enough
to capture a portion of the individual variability seen in a group of subjects. In Case 1 Figure
3, task-based fMRI mapping with a standard protocol used in the clinic showed more variability
than the resting state maps, but acquisition times varied between the two maps (4 minutes for
task vs. 15 minutes for resting state). A definitive comparison of the two methods will need to
include equal acquisition times performed within a larger patient population for statistical
testing. Our results in a large population of healthy adults show that consistent resting state
maps can be generated in 7 minutes or less with a 3T scanner. Optimal scanning time remains
to be determined especially in a patient population where head motion may be a greater
contributing factor than in healthy adults. Acquisition times for task-based fMRI may need to
be increased from the present typical 4 minutes to generate meaningful activation maps given
the variability seen in the two Case 1 trials (Figure 3A).

Versatility of Resting State Mapping
Perhaps more importantly, there are many patient factors such as mental status change,
immaturity, dementia, delirium, aphasia, and deafness that preclude the use of task-based
fMRI, denying its potential benefits to a wide range of patients. Resting state correlation
mapping offers a definitive advantage in these instances, as illustrated in Case 2. Though task-
based mapping was unsuccessful in this patient, resting state analysis showed clear localization
to the sensorimotor cortex. Previously reported results have shown that resting state
localization is achievable even during sleep and under the effects of general anesthesia (29,
30,36,44). Patients with uncontrollable head motion and young children, who are often more
prone to restlessness, stand to benefit from resting state scans under anesthesia.

Comparison with CSM
Having established the consistency and potential utility of this method in a broad patient
population, the accuracy of resting state mapping was tested against CSM, the “gold standard”
for intraoperative functional identification. In all three cases where CSM data were available,
the two methods agreed allowing for technical imprecision: CSM current is applied to the pial
surface whereas the hemodynamic response is measured in gray matter extending over gyri
and sulci. Resting state correlation mapping may prove useful not only for preoperative
planning and assessment of risk but also intraoperatively when integrated into neuronavigation
tools during tumor and epilepsy resections.

Integration and Segregation of Sensory and Motor Activity
Strong correlated activity between motor and sensory cortex is not a finding unique to resting
state mapping but generalize to other modalities such as traditional task-evoked fMRI. Even a
simple finger-tapping exercise generates activation that spans across the central sulcus,
presumably through sensory feedback during voluntary movement (see Figures 3A, 6B for
examples). This coherence is expected, though, given the indispensible need for functional
interaction between input and output and the co-evolution of the two adjacent systems to
produce strong anatomical interconnections. Nevertheless, our partial correlation results
demonstrate that motor and sensory cortices possess measurable signatures of neuronal activity
that are unique and separable. Activity unique to each system is correlated across hemispheres
and can be exploited for presurgical localization in tumor-lesioned tissue.
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Other Resting State Networks
We confined our report to the sensorimotor network to achieve a homogeneous case series and
to exploit comparison with CSM. However, with the same resting state dataset it is possible to
functionally characterize the spatial organization of other functional networks that may be of
importance. Previous studies have described various networks that can be seen in the resting
state, including the language network, hippocampal-parietal memory network, default
network, dorsal and ventral attention network, control network, and the thalamocortical
network, all of which may be applicable for expanded presurgical planning (16,22,27,43,45,49).
The utility of characterizing multiple networks was demonstrated in Case 3. Task-based fMRI
revealed a spatial pattern uncharacteristic of the normal sensorimotor network (Figure 5B) in
the right intraparietal sulcus, which is typically a component of the dorsal attention system
(10,16). By placing a seed in the sensorimotor network and the intraparietal sulcus (IPS), resting
state mapping was able to tease these two networks apart (Figure 5C,E). Thus, resting state
correlation mapping is capable of improved specificity as compared to task-based fMRI. As a
general principle, this case revealed that the operational differences between analytic
techniques based on task performance and those based on the intrinsic activity of the brain can
generate two very different results. If the goal is to specifically localize one neuroanatomical
system, then resting state mapping may offer an advantage over task-based fMRI.

Seed-based Mapping and ICA
Case 3 represents a unique example of functional reorganization in both the tumor-lesioned
and the morphologically normal hemisphere. Seed placement was shifted anteriorly to capture
the displaced sensorimotor network, which was similarly displaced in task activation map. In
cases where functional reorganization occurs and task activation cannot serve as a guide for
seed placement, resting state mapping approaches using ICA would be beneficial in localizing
a sensorimotor network with altered topography. Blind source separation using ICA does not
rely on a priori seeding thus eliminating operator variability when a standardized seed in
sensorimotor network cannot be used. With ICA, the spatial-temporal fMRI signal is separated
into independent components (ICs) by optimizing for maximally independent spatial sources
(3). The result of such an analysis features multiple ICs, each separated into a spatially distinct
grouping of voxels, some of which represent resting state networks such as the sensorimotor
system, and some of which represent spurious variance such as vascular artifacts, movement
artifacts, and machine noise.

In the majority of cases, seed-based mapping efficiently maps the sensorimotor system without
the need, as with ICA, to manually sift through numerous ICs for each case (126 ICs for Case
3) which would be suboptimal in a neurosurgical setting. In this sense, seed-based mapping
and ICA can be seen as complementary tools for resting state mapping, each with a set of
advantages depending on the specific clinical case.

Limitations
While the current work demonstrates great promise, there are existing limitations to overcome.
Automatic quality control steps should be performed to check registration precision of the
patient's structural MRI with standard anatomical space. In cases of severe anatomic distortions
due to tumor effects, non-linear transformations may be preferable to linear.

A goodness of fit criterion should be used to specify whether a standardized seed region
adequately captures the sensorimotor network. A potential implementation of such a criterion
would be the creation of a template map of the sensorimotor system. Testing should ideally be
conducted in a large group of patients to generate the appropriate statistical thresholds for
goodness of fit.
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Future Directions
Future studies will focus on a larger patient population with more complete intraoperative
functional localization of the cortex. The scope of functional localization can also be expanded
in future studies from the present application in sensorimotor cortex to other cortical networks
such as the language network where resting state correlation mapping may offer a distinct
advantage over intraoperative cortical mapping for localizing intrasulcal language areas
inaccessible with cortical stimulation. We recognize that localization of the language network
is more anatomically variable than sensorimotor localization (40). In such pursuits, ICA may
be the preferred method of resting state network delineation. Previous studies hint that
lateralization may be present in the language network at rest (27). This phenomenon, obviously
important in a neurosurgical setting, remains to be investigated. Definitive verification of the
topography of resting state networks devoted to higher cortical function will likely come from
the combination of diverse measurements such as neuroanatomical tracing/imaging of
structural connections, resting state imaging, and task-evoked imaging during engagement and
performance of these higher cognitive functions (44).

An important avenue for future work will be determining how best to combine task-based and
resting state mapping for optimal pre-operative functional localization. Ideally, one would like
to perform both task-based and resting state runs to take advantage of the strengths of each
method. However, in clinical practice with constraints on scanner time and patient tolerance
this may prove difficult. One useful solution may be to use apply both processing techniques
to the same data. Recent work has suggested an approximately linear superposition between
spontaneous fluctuations and task related modulations in fMRI data (2,20). Given this finding,
it may be possible to remove task-related modulation from task data to obtain results similar
to resting state correlation mapping (15). Applying these principals to pre-operative mapping,
one could acquire task data with minimal acquisition time then process the data in two ways:
once to obtain task-activation maps and seed regions and a second time to obtain resting state
correlation maps. The two maps could then be combined using a flexible weighting scheme
based on the robustness of the two maps in each particular patient. Such an approach could
optimize pre-operative functional localization across a wide range of patients with no additional
investment in scanner time.

More generally, the utility of preoperative functional mapping to neurosurgical planning will
need to be evaluated in terms of benefits for post-operative functional outcome and survival.
Power in preoperative assessment potentially may be increased with the combination of
functional imaging with structural imaging methods such as diffusion weighted imaging. Much
progress has been made in the quality of fiber tract reconstruction using probabilistic methods
of estimating the diffusion tensor model and in model free reconstructions with diffusion
spectrum imaging (4,26). Such integrative studies would be best suited to answering questions
of functional relationships and anatomical pathways contributing to functional synchrony.
Other methods such as intrinsic optical imaging represent a promising technique for rapid high
resolution intraoperative localization of neuronal activity on the cortical surface (23,25,41). To
improve registration of preoperative images with intraoperative neuronavigation systems, laser
scanning and intraoperative structural MRI can be performed to correct for non-linear effects
caused by brain shift after skull removal. Other interesting avenues of investigation include
the impact of neuronal migrational disorders and cortical dysplasia on mosaicism and atypical
functional localization of eloquence, as confirmed with gold standard CSM and validated by
resting stage correlation mapping; as well as the utility of resting stage correlation mapping on
preoperative planning for cortical epilepsy surgery.
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Conclusions
In this report there are several findings critical for evaluation of resting state correlation
mapping as a potential aid in the neurosurgical planning of brain tumor resections. Consistency
of the method was demonstrated both within a group of healthy individuals and a case series
of patients with brain tumors. We provide evidence supporting accurate localization of the
sensorimotor system by comparison with intraoperative cortical stimulation mapping. A clear
advantage of the method over task-based fMRI is that it can be performed in a wide range of
patients that are not candidates for task-based fMRI because of sedation or young age. Another
advantage is that a single scan offers the ability to image functional relationships among all
brain areas, producing maps of various neuronal networks. Lastly, resting state scans can be
easily appended to standard pre-operative structural MR protocols with minimal increase in
total acquisition time, thereby making implementation feasible in most clinical settings.
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Figure 1.
Resting state correlation maps showing the distribution of the sensorimotor network in normal
subjects. A: The average correlation map in a group of 17 healthy young adults. The bilateral
pattern represents correlated neuronal activity between left and right sensorimotor cortices.
Seed placement is shown by the blue circle. B: The consistency of resting state correlation
mapping is demonstrated by repeated scans in single subjects. Four 7 minute scans were
performed in each of the 17 subjects. Two subjects are displayed here showing the correlation
map from each of the four scans (transverse slices, z=51). Correlations contralateral to the seed
are consistently seen in the same region within the sensorimotor network in each of the repeated
scans. All images are displayed left-on-left (neurologic convention).
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Figure 2.
Case 1. A: Structural MRI showing the location of the tumor which primarily disrupts right
parietal, somatosensory and motor cortices (neurologic convention). The green circle
represents the location of ipsilateral hand response to cortical stimulation. B: Resting state
correlation map showing the distribution of the sensorimotor network in this patient. A seed
was placed in the sensorimotor cortex of the contralateral hemisphere (blue circle). Correlations
in the ipsilateral hemisphere were predominantly localized to a region anterior and lateral to
the tumor, displaced by the intracranial mass. All images are displayed left-on-left (neurologic
convention).
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Figure 3.
Comparison of resting state and task-related fMRI mapping in Case 1. A: Finger-tapping fMRI
× 2. Activity within the tumor (blue arrows) was seen in trial 2 but not in trial 1. B: Resting
state correlation mapping × 2 shows a similar distribution of correlated activity, resembling
the activation from trial 1 but not trial 2 of the task. All images are displayed left-on-left
(neurologic convention).
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Figure 4.
Case 2. A: Structural MRI revealed a tumor in right parietal cortex extending anteriorly into
motor and somatosensory areas (neurologic convention). B: Task-related fMRI failed to reveal
activity within the sensorimotor cortex. A deliberately low threshold reveals noise outside of
the brain without responses within the sensorimotor network. C: Resting state correlation
mapping using a seed in contralateral hemisphere (same seed as in Figure 2B, blue circle)
showed that ipsilateral sensorimotor cortex near the tumor was displaced anteriorly and
laterally. All images are displayed left-on-left (neurologic convention).
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Figure 5.
Case 3. A: Structural MRI revealed a tumor in left parietal cortex that invades territory near
the central sulcus (neurologic convention). The green circle represents the location of ipsilateral
hand response to cortical stimulation. B: Task-related activity was seen bilaterally in frontal
lobe. In addition, a large band of activity appeared in right parietal cortex, not consistent with
the pattern of activity from the sensorimotor network. C: Resting state correlation mapping
using a seed in the right (unaffected) hemisphere (blue circle) showed ipsilateral correlations
anterior to the tumor as well as a region of activity in midline parietal cortex. Note absence in
the correlation mapping results of parietal activity seen in the task-related map. D: ICA
decomposition is an alternative method that does not rely on a priori seed placement. Results
from ICA verify the anterior shift of the sensorimotor network. E. Parietal activation seen
during task-evoked scan is revealed to be a separate resting state network that is normally
dissociated from the sensorimotor network (seed: blue circle). All images are displayed left-
on-left (neurologic convention).
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Figure 6.
Case 4. A: Structural MRI showed a mass in right frontal cortex (neurologic convention). The
green circle represents the location of ipsilateral hand response to cortical stimulation. B: Task-
related mapping shows activity within the sensorimotor network but also small responses in
parietal cortex that are seemingly unrelated to motor function or sensation. C: Resting state
correlation mapping showed that the sensorimotor network was largely unaffected by the tumor
anterior to the central sulcus. The seed region is marked by the blue circle. All images are
displayed left-on-left (neurologic convention).
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Figure 7.
Separation of Sensory and Motor Activity. Motor and sensory cortices exhibit highly correlated
neuronal activity. Separation of activity unique to each area can be achieved using partial
correlation. Two seeds are defined, representing motor and sensory cortex (blue circles). Partial
correlation eliminates activity that is shared between the two ROIs before correlation maps are
computed. Shown for two representative cases, correlations contralateral to the seeds (blue
box) can be seen to segregate along the central sulcus. The location and angle of the central
sulcus is approximated by the blue diagonal. All images are displayed left-on-left (neurologic
convention).
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Table 1

Case Number Age/Sex
Presurgical

Neurological
Exam Status

Tumor Location Histopathology

1 57/M normal R parietal, motor,
somatosensory Glioblastoma multiforme

2 54/F L LE weakness R parietal, motor,
somatosensory Metastatic melanoma

3 64/M mild R UE and
LE weakness L posterofrontal/parietal cortex Glioblastoma multiforme

4 57/F normal R frontal cortex anterior to
precentral gyrus Glioblastoma multiforme
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