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SYNOPSIS

Resting state functional MRI (rsfMRI) measures spontaneous fluctuations in the BOLD signal and 

can be used to elucidate the brain’s functional organization. It can be used to simultaneously 

assess multiple distributed resting state networks. Unlike task fMRI, rsfMRI does not require task 

performance and thus can be performed in any subject that can obtain an MRI scan. In this article 

we present a brief introduction of rsfMRI processing methods followed by a detailed discussion on 

the use of rsfMRI in pre-surgical planning. Example cases are provided to highlight the strengths 

and limitations of the technique.
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1. Introduction

1.1. Background

Functional MRI (fMRI) detects changes in the blood oxygen level dependent (BOLD) signal 

that reflect the neurovascular response to neural activity. Traditionally, fMRI has been used 
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to localize function within the brain by presenting a stimulus or imposing a task (such as 

presenting a flashing checker board pattern or generating verbs from nouns) to elicit 

neuronal responses [1], [2]. This type of experiment has been very effective at localizing 

functionality within the brain, as evidenced by the many thousands of publications utilizing 

task based fMRI.

The human brain consumes a disproportionate amount of energy relative to its weight. The 

brain constitutes approximately 2% of the body’s weight, but consumes 20% of the body’s 

energy utilization [3]. Performance of a task only minimally increases energy expenditure 

[4]. Thus, task based experiments ignore the majority of the brain’s activity, which is largely 

devoted to signaling [4]–[8].

Biswal and colleagues were the first to demonstrate that spontaneous fluctuations in the 

BOLD signal in the resting state correlated within the somatomotor system [9]. Prior to this 

observation, spontaneous fluctuations in the BOLD signal in the resting state were regarded 

as noise and generally averaged out over many trials or task blocks [10], [11]. More recent 

studies have shown that these spontaneous fluctuations reflect the brain’s functional 

organization [12]. Correlated intrinsic activity currently is referred to as functional 

connectivity MRI or resting state fMRI (rsfMRI). The development of these methods has 

opened up many exciting possibilities for future neurocognitive research as well as clinical 

applications. This review focuses on the application of rsfMRI to presurgical planning. 

Table 1 summarizes key features of both task fMRI and rsfMRI. A historical review is given 

in [12].

1.2. Resting State Networks

Correlated intrinsic activity defines functional connectivity. Functionally connected regions 

are known as resting state networks (RSNs; equivalently, intrinsic connectivity networks 

[13]. The resting state fMRI scans generally are acquired while the subject is in a state of 

quiet wakefulness [14]. The importance of RSNs lies in the fact that their topography closely 

corresponds to the topography of responses elicited by a wide variety of sensory, motor, and 

cognitive tasks [15]. Intrinsic activity persists, albeit in somewhat modified form, during 

sleep [16], [17] or even under sedation [18]. The persistence of the spontaneous fluctuations 

during states of reduced awareness suggests that intrinsic neuronal activity plays an 

important role in the maintenance of the brain’s functional integrity [19]. Spontaneous 

BOLD activity has been detected in all mammalian species investigated thus far [20]–[22], 

which reinforces the notion that this phenomenon is important from a physiological and 

evolutionary point of view. However, the precise physiological functions of intrinsic activity 

remain unknown. Examples of important RSNs follow and are summarized in Table 2.

1.2.1 Default Mode Network (DMN)—Perhaps the most fundamental RSN is the Default 

Mode Network (DMN) (Figure 1A), first identified by a meta-analysis of task-based 

functional neuroimaging experiments performed with positron emission tomography (PET) 

[23], [24]. The defining property of the DMN is that it is more active at rest than during 

performance of goal-directed tasks. The DMN was first identified using rsfMRI by Greicius 

et al. [25] a finding that has since been replicated many time over using a variety of analysis 
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methods [15], [26]–[32]. Some investigators have hypothesized that there are two large anti-

correlated systems in the brain [33], [34], one anchored by the DMN and the other 

comprised of systems controlling executive and attentional mechanisms. This dichotomy has 

been variously referred to as “task-positive” vs. “task-negative [28], [32], [33], [35], [36] 

and “intrinsic” vs. “extrinsic” [34], [37]. Although the nomenclature associated with the 

DMN remains controversial [38], [39], the topography of the DMN is remarkably consistent 

across diverse analysis strategies.

1.2.2 Sensory and Motor RSN—The somatomotor (SMN) network, first identified by 

Biswal and colleagues [9], encompasses primary and higher order motor and sensory areas 

(Figure 1B). The visual (VIS) network spans much of the occipital cortex (Figure 1C) [15], 

[26]–[29]. The auditory network (AUD) includes Heschl’s gyrus, the superior temporal 

gyrus, and the posterior insula [15]. The language network (LAN) includes Broca’s and 

Wernicke’s areas but also extends to prefrontal, temporal, parietal, and subcortical regions 

(Figure 1D) [40]–[42].

1.2.3 Attention and Cognitive Control RSN—RSNs involved in attentional and 

cognitive control include the dorsal attention network (DAN) and the ventral attention 

network (VAN) [13], [28], [29], [43], [44]. The DAN (Figure 1E) includes the intraparietal 

sulcus and the frontal eye fields and is recruited by tasks requiring control of spatial 

attention. The ventral attention network (Figure 1F), which includes the temporal-parietal 

junction and ventral frontal cortex, is involved in the detection of environmentally salient 

events [43]–[45]. The frontoparietal control network (FPC) (Figure 1G), which includes the 

lateral prefrontal cortex and the inferior parietal lobule, is associated with working memory 

and control of goal-directed behavior [46], [47]. Finally, the cingulo-opercular network 

(CON), also known as the salience network [13] or the core control network [48] includes 

the medial superior frontal cortex, anterior insula, and anterior prefrontal cortex. The CON 

is thought to enable the performance of tasks requiring executive control [28], [47], [48].

2. Application to Pre-surgical Planning

2.1. Review of the Literature

Multiple studies have demonstrated that maximal resection of a brain tumor while sparing 

nearby eloquent cortex leads to improved outcomes with reduced morbidity [49]–[53]. 

Similar considerations apply to surgical resections for intractable epilepsy. Historically, 

neurosurgeons have been concerned with localization of the motor and language system 

since these parts of the brain instantiate critical functionality (“eloquent” cortex). However, 

a broader understanding of brain function suggests that all parts of the brain contribute to 

important functionality [29], [32], [34], [42]. Thus, improved functional mapping of 

multiple RSNs beyond motor and language systens could lead to further improvements in 

patient outcomes.

Several prior publications have explored the use of rsfMRI for use in pre-surgical planning. 

An early case report described use of rsfMRI to localize the motor cortex in a patient with a 

brain tumor [54]. Kokkonen et al. [55] similarly compared motor task fMRI data to resting 

state data and showed that the motor functional network could be localized on the basis of 
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resting state data in 8 tumor patients, as well as 10 healthy control subjects. In surgery for 

epilepsy, the higher spatial resolution afforded by rsfMRI over electroencephalography 

could provide a distinct advantage in mapping epileptic foci or networks. Seed-based 

methods were used by Liu et al. [56] to successfully locate sensorimotor areas by using 

rsfMRI in patients with tumors or epileptic foci close to sensorimotor areas. They found 

agreement between rsfMRI, task-based fMRI, as well as intraoperative cortical stimulation 

data. In another study from the same laboratory, Stufflebeam and colleagues [57] were able 

to localize areas of increased functional connectivity in 5 of 6 patients that overlapped with 

epileptogenic areas identified by invasive encephalography. Zhang et al. [58] used graph 

methods and a pattern classifier applied to rsfMRI data to identify subjects as either having 

medial temporal lobe epilepsy or as normal controls. Using data from 16 patients with 

intractable medial temporal lobe epilepsy and 52 normal controls, they achieved an average 

classification sensitivity of 77.2% and a specificity of 83.86%. Bettus et al. [59] reported 

that increases in basal functional connectivity were a specific marker of the location of the 

epileptogenic zone in 22 patients with mesial temporal lobe epilepsy. Weaver et al. [60] 

studied four non-lesion, focal epileptic patients along with 16 control subjects to determine 

whether the seizure focus could be found using the functional patterns near the epileptogenic 

zone. By averaging voxel homogeneity across regions of interest and comparing that with 

other regions, they were able to accurately identify the epileptic focus. Tie et al. [61] used 

spatial Independent Component Analysis (sICA) on a training group of 14 healthy subjects 

to identify the language network on the basis of rsfMRI. The result of that analysis was then 

used to identify the language network in a second group of 18 healthy subjects at the 

individual level. They further propose an automated system for localizing the language 

network in individual patients using sICA. A more detailed presentation of our experience 

using rsfMRI for pre-surgical mapping with both seed based and MLP approaches follows in 

the next sections.

2.2. Overview of Processing Methods

rsfMRI methodology currently is dominated by two complementary strategies, spatial 

Independent Components Analysis (sICA) [26] and seed-based correlation mapping [9]. 

Both strategies depend on the fact that spontaneous neural activity is correlated (phase 

coherent) within widely distributed regions of the brain. Both strategies yield highly 

reproducible results at the group level [30], [62]. sICA decomposes resting state fMRI data 

into a sum of components, each component corresponding to a spatial topography and a time 

course. In contrast, seed-based correlation mapping is computed by voxel-wise evaluation of 

the Pearson correlation between the time courses in a targeted region of interest (ROI) and 

all other voxels in the brain [63].

The principal advantage of sICA is that it provides a direct means of separating artifact from 

BOLD signals of neural origin, although this separation typically requires observer 

expertise. The results obtained using sICA may vary substantially depending on processing 

parameters (e.g., number of requested components). Thus, sICA can be difficult to use in the 

investigation of targeted RSNs, especially in single subjects. In contrast, targeting of 

selected RSNs is built-in to seed-based correlation mapping. However, the principal 
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difficulty in using seed-based correlation mapping is exclusion of non-neural artifact, which 

typically is accomplished using regression techniques [63]–[65].

sICA and seed-based correlation mapping both represent strategies for assigning RSN 

identities to brain voxels. Since sICA makes no a priori assumptions regarding the 

topography of the obtained components, this method exemplifies unsupervised 

classification. In contrast, seed-based correlation mapping depends on prior knowledge, and 

so exemplifies supervised classification. For additional discussion of the distinction between 

supervised vs. unsupervised methodologies see [42].

We recently described a technique for mapping the topography of known RSNs in 

individuals using a multilayer perceptron (MLP) [42]. Perceptrons are machine learning 

algorithms that can be trained to associate arbitrary input patterns with discrete output labels 

[66]. An MLP was trained to associate seed-based correlation maps with particular RSNs. 

Running the trained MLP on correlation maps corresponding to all voxels in the brain 

generates voxel-wise RSN membership estimates. Thus, RSN mapping using a trained MLP 

exemplifies supervised classification. An example of the RSN produced by the MLP 

algorithm in three subjects is presented in Figure 2.

In [42] it was demonstrated that the MLP accurately generates RSN topography estimates in 

individuals consistent with previous studies, even in brain regions not represented in the 

training data. These findings are important to future applications because they demonstrate 

that this approach can reliably and effectively map multiple RSNs in individual subjects.

2.3 Preoperative Sensorimotor Mapping in Brain Tumor Patients using seed based 
approach

Zhang et al. [67] describe our initial experience in using rsfMRI brain mapping for 

presurgical planning of tumor resections in four tumor patients. The tumors in all four 

patients were adjacent to the motor and sensory cortices, thus necessitating accurate 

localization prior to surgery to minimize post-operative deficits. Each of the patients was 

scanned using rsfMRI and again using task-based fMRI while performing a block design 

finger-tapping task. fMRI in each patient included four 7-minute runs (28 minutes total). 

rsfMRI data previously acquired from a group of normal controls (N=17) was also used for 

comparison.

In the tumor patients, the seed was placed in the hemisphere contralateral to the tumor at 

coordinates taken from an independent group of subjects that performed a button-press task 

[68], [69]. Electro-Cortical Stimulation Mapping (ECS) was performed on three of the four 

tumor patients, and these data, in additional to task based fMRI, was used for comparison 

with the resting state data. Compared with the task-based fMRI, the results of rsfMRI 

analysis were more consistent with the intraoperative ECS findings. Given that rsfMRI does 

not depend on task performance by the patient this outcome suggests that rsfMRI may be 

more reliable for purposes of presurgical planning.

We discuss two of the four patients from this manuscript:
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Case 1: A glioblastoma was diagnosed in the right hemisphere of a 45 year old man. 

ECS during the surgery found that motor cortex was shifted anteriorly. Figure 3A shows 

the results of the task based fMRI, which confirmed the anterior displacement of motor 

cortex. However, the task-based result was unreliable, as one of the runs showed likely 

artifactual activation in the posterior part of the tumor (magenta arrow in Task 2). 

rsfMRI (Figure 3B) was more consistent and also demonstrated anterior shifting of 

motor cortex ipsilateral to the tumor.

Case 2: A 64-year-old man developed focal motor seizures secondary to mass in the left 

hemisphere (Figure 4A). Finger-tapping fMRI showed atypical response topography 

including activation in right parietal cortex in addition to the expected activation of the 

somatomotor area (Figure 4B). Seed-based (Figure 4C) correlation mapping rsfMRI 

showed the somatomotor RSN without parietal involvement. Correlation mapping with 

a seed in right parietal cortex matched the topography of the DAN (Figure 4D). Our 

interpretation of this result is that, during the task fMRI, the patient had to strongly 

focus his attention in order to complete the task, which accounts for the activation in the 

attentional network. This case illustrates the potential increased specificity of the 

rsfMRI method. The findings of the rsfMRI were consistent with the intraoperative 

ECS.

2.4 Preoperative Mapping of Functional Cortex using the Multi Layered Perception (MLP)

Mitchell and colleagues reported application of MLP-based RSN mapping to pre-surgical 

planning in 6 patients with intractable epilepsy and 7 patients with brain tumors [70]. 

Epilepsy patients underwent electrocorticographic monitoring to localize the epileptogenic 

zone of seizure onset and to perform functional mapping with ECS. Patients with tumors 

underwent intra-operative ECS mapping prior to resection of the tumor mass. In this review 

we focus only on the results in the epilepsy patients.

Pre-operative rsfMRI analysis—MLP analysis was performed in all patients as 

previously described. To determine the probability that an electrode covers a portion of a 

RSN, electrode MRI co-registration was used with the results of the MLP analysis, and gray 

matter voxels located within 30 mm of the electrode were averaged with a weight inversely 

proportional to the square of their distance from the electrode.

Electrode MRI co-registration in seizure monitoring patients—Electrodes were 

segmented on the basis of a CT image co-registered to the patient’s MRI using methodology 

similar to that previously described [71], [72]. Electrodes imaged in the post-grid 

implantation CT typically are displaced inward relative to the cortical surface imaged on 

pre-operative MRI because of traction from dural over-sewing and post-surgical edema. 

This inward displacement was corrected by projecting electrode coordinates outwards to the 

brain surface along a path normal to the plane of the grid.

Electrocortical Stimulation Mapping—Electrodes were classified as over eloquent 

cortex using ECS mapping. Motor regions were defined by the presence of induced 

involuntary motor movements. Language sites were defined by speech arrest during 

stimulation.
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Comparison of MLP-based RSN mapping to ECS mapping—An electrode was 

classified as positive or negative in the MLP results according the probability of its 

belonging to the appropriate RSN (motor or language). These probabilities were then plotted 

against the ECS results to generate receiver-operator characteristic (ROC) curves. These 

ROC curves were averaged and the area under the averaged curve (AUC) was used as a 

measure of the agreement between the MLP vs. ECS methods.

Results in epilepsy patients—Figure 5 demonstrates a high degree of qualitative 

overlap between the location of the motor and language networks as compared to the ECS 

results in the epilepsy patients. The positive motor ECS electrodes were centered in the pre-

central gyrus. The MLP-mapped motor areas encompassed both the pre- and post-central 

gyri. The positive language ECS electrodes were centered in the pars opercularis of the 

inferior frontal gyrus (IFG), approximately in Brodmann area (BA) 44. The MLP language 

positive regions were in pars triangularis of the IFG, which corresponds to BA 45. The 

anteriorly shifted MLP-based localization of language cortex (BA 45 vs. 44) demonstrates 

expected differences between the two methods related to methodology and suggests the 

possibility that the definition of eloquent cortex should be expanded. Quantitative 

comparisons were performed with an ROC analysis which yielded an average area under the 

curve (AUC) of 0.89 for the motor network and an average AUC of 0.76 for the language 

network. These findings demonstrate that MLP-based mapping can identify RSNs in the 

presence of distorted anatomy.

Minimization of false negatives—Loci in MLP maps outside the appropriate RSN but 

eloquent as determined by ECS are defined as MLP false negatives. Minimization of MLP 

false negatives is critical to reduce surgical morbidity, since resection of a false negative 

area could lead to a clinical deficit. Figure 6 illustrates the results of an analysis undertaken 

to minimize MLP motor false negatives. This analysis showed that the probability of a MLP 

false negative could by reduced to less than 2% by expanding the “no-cut” zone by 15mm 

around the contour corresponding to 85% likelihood of belonging to the motor RSN.

In summary, MLP-based RSN mapping robustly identified all networks in all patients, 

including those with distorted anatomy attributable to mass effect. When the ECS positive 

sites were analyzed, rsfMRI had AUCs of 0.89 and 0.76 for motor and language 

identification, respectively. MLP false negatives were minimized by including a 15 mm 

safety margin around the edge of the motor RSN. These findings demonstrate that the MLP-

defined RSNs are able to identify eloquent cortex.

A summary of key points in regard to the application of rsfMRI in pre-surgical planning is 

presented in Table 3. Herein, we present example cases that illustrate the integration of 

resting state functional MR imaging in neurosurgical planning for patients with brain 

tumors, particularly when the application of ECS may be limited.

2.5 Illustrative cases

2.5.1 Case example 1—A 57 year-old-man with distant history of rectal adenocarcinoma 

presented with persistent headache and blurred vision. Brain MRI examination demonstrated 
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an enhancing left frontoparietal mass, initially favored to represent a high grade primary 

glial neoplasm.

Preoperative resting state fMR imaging showed the left motor activation center was located 

anterior superior to the tumor, abutting the peri-tumor edema with minimal displacement 

(Figure 7A). Broca’s area was located anterior to the peri tumor edema, while Wernicke’s 

area abutted the inferior portion of left frontoparietal junction mass (Figure 7B). Given the 

close proximity of the mass to the motor and language centers it was decided that an awake-

craniotomy would be performed with ECS.

In the operating room, following administration of the circumferential field block the patient 

was noted to have significant aspiration, with the gastric contents appearing at the patient’s 

nose and mouth. Proceeding with an awake-craniotomy and brain mapping were felt to be of 

considerable risk given the aspiration. Surgical options at this stage included: (a) to perform 

a biopsy alone or (b) proceed with surgical resection based on the preoperative fMRI that 

would offer therapeutic benefit, however at an increased risk of permanent speech or motor 

deficits. After consultation with the family it was decided to continue with surgical resection 

given the preoperative resting state fMR imaging findings that helped characterize the 

spatial relationship between the motor and language centers and the frontoparietal mass, 

suggesting a potential corridor through the parietal lobe for tumor resection.

A standard craniotomy was then performed. Continued stereotactic navigation was used to 

visualize the optimal gyrus for surgical approach. This surgical corridor was posterior and 

oblique relative to the tumor and non-intuitive on the basis of anatomy landmarks alone. 

Along this deeper track the tumor was gross totally resected. This resection of the tumor was 

confirmed with intraoperative MR imaging.

The patient’s post-operative course was unremarkable with no new speech or motor deficits. 

Surgical pathology results were consistent with glioblastoma multiforme, WHO grade 4. 

Following the frontoparietal tumor resection, the patient experienced complete resolution of 

headache and blurred vision.

2.5.2 Case example 2—A 47 year-old man with left frontal lobe anaplastic 

oligodendroglioma undergoing chemotherapy treatment, status post partial surgical resection 

and post fractionated radiation treatment, was noted to have a new mass-like nodular area of 

enhancement at the tumor resection site on the one-year follow up brain MRI examination. 

These imaging findings were concerning for tumor recurrence. The patient had profound 

expressive aphasia at the time of presentation and thus could not perform task fMRI.

Resting state fMRI demonstrated regions related to motor (Figure 7C) and Wernicke’s area 

were not in close proximity to the recurrent tumor and were therefore of less concern from a 

neurosurgical standpoint. However, Broca’s area was less than 1 cm from the edge of the 

previous resection cavity and abutting the edematous parenchyma surrounding the new foci 

of enhancement (Figure 7D).

Consensus decision on the basis of the clinical picture and the imaging findings was to 

perform a repeat awake-craniotomy with surgical resection of the recurrent tumor. This was 
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discussed with the patient. A standard awake craniotomy was performed; however, once the 

brain was exposed and the patient was roused, the patient was combative and could not 

adequately follow the commands despite repeated attempts of mild sedation using narcotics 

to reduce the patient’s pain and discomfort. Given the patient’s condition, mapping could 

not be accomplished. A 2 × 2 cm block of tissue corresponding to the enhancing mass noted 

on the prior MRI examination was resected, furthest away from the speech and motor areas 

identified on preoperative rsfMRI.

Postoperatively, there was no worsening of patient’s speech or motor function. Biopsy 

results for the resected tissue were consistent with radiation necrosis with no evidence of 

tumor recurrence.

2.5.3 Case example 3—A 41-year-old man with a history of grade III anaplastic 

astrocytoma, status post awake-craniotomy, was noted to have a new enhancing lesion in the 

superior temporal gyrus on routine follow up brain MRI examination, three years after the 

initial surgery.

Pre-operative rsfMRI demonstrated a distinct gap between the site of recurrence and the 

language network. Wernicke’s area localized 2 cm posterior to the recurrent tumor. Given 

concern for recurrence, the patient was considered for minimally invasive laser ablation 

treatment. The alternative of a standard awake craniotomy with brain mapping and surgical 

resection was discussed. However the patient chose the less invasive laser ablation 

treatment, which was believed to be optimal given the confidence in the preoperative resting 

state fMRI findings. The laser interstitial thermal ablation involves the stereotactic 

placement of a laser probe into the tumor for MRI guided heating of the lesion.

Preoperatively, the planned trajectory took into account the resting state networks for 

language thus allowing successful penetration of the tumor, without disrupting language 

associated sites.

The patient’s postoperative course was unremarkable and he was discharged from the 

hospital two days following the minimally invasive laser ablation treatment without 

complications.

2.5.4 Case example 4—A 29-year-old multilingual man developed grade IV 

Glioblastoma Multiforme, status post biopsy and chemo-radiation treatment. On the most 

recent one-year follow-up MR examination, a new focus of enhancement was identified in 

the white matter of the left frontal lobe.

The preoperative rsfMRI showed close proximity between the suspected tumor recurrence 

and the language network, with the tumor located deep to the activation corresponding to 

Broca’s area. The new focus of enhancement was located several centimeters anterior to the 

motor strip, and less than a centimeter distant from the supplementary motor area. Given 

these findings, awake-craniotomy and resection of tumor was planned.

During the awake-craniotomy, once the brain was exposed, stereotactic navigation was used 

to localize the site of the recurrent tumor. Electro-cortical stimulation mapping was 
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performed at the tumor site and adjacent regions with multiple iterations using various 

speech paradigms, with no speech arrest. Of note these negative sites included regions 

identified with task and resting state fMRI as belonging to the language network. 

Subsequently, sub-pial dissection and resection of the inferior fontal gyrus affected by the 

tumor was performed, while the patient was maintained in conversation without any 

difficulty.

During the post-operative hospital stay and at the time of discharge, the patient’s sensory 

and motor components of speech did not demonstrate any worsening. Contrary to illustrative 

case numbers 1–3, this example illustrates that the resting state functional MR imaging, 

though useful for operative planning should be used in conjunction with ECS when possible, 

since it remains the gold standard technique for functional mapping of the brain during 

neurosurgy.

4. Conclusion

This article provides a brief overview of rsfMRI and its applications in neurosurgical 

practice. We briefly discussed the RSN imaging methods and the common analysis 

techniques with limited literature review. Finally, we presented several cases from our 

experience using the MLP-based technique in patients with brain tumors. This experience 

suggests how MLP-based RSN mapping can be applied to assist in pre-surgical planning.

As these results demonstrate, rsfMRI is a promising technique for pre- surgical planning 

with the objective of decreasing morbidity while maximizing complete resection of 

pathological tissue. However, the methodology is still in early stages of development. 

Further research is necessary to make these tools more accurate and available in the 

operating room. Additional research is needed to explore the differences between rsfMRI 

and ECS mapping, and to better understand the consequences of disrupted RSNs outside the 

motor and language systems. Related engineering development should incorporate the pre-

surgical MRI results into intra-operative neuro-navigation systems, including the rsfMRI 

results in conjunction with white matter fiber bundle anatomy derived from diffusion tensor 

imaging.
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• rsfMRI is a promising technique for pre-surgical planning with the objective of 

decreasing morbidity while maximizing complete resection of pathological 

tissue. However, the methodology is still in early stages of development.

• Further research is necessary to make these tools more accurate and available in 

the operating room.

• Additional research is needed to explore the differences between rsfMRI and 

ECS mapping, and to better understand the consequences of disrupted RSNs 

outside the motor and language systems.

• Related engineering development should incorporate the pre-surgical MRI 

results into intra-operative neuro-navigation systems, including the rsfMRI 

results in conjunction with white matter fiber bundle anatomy derived from 

diffusion tensor imaging.
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Figure 1. 
Surface plots of RSNs as derived from fuzzy c-means algorithm [32]. A: Default mode 

network. B: Somatomotor network. C: Visual network. D: Language network. E: Dorsal 

attention network. F: ventral attention network. G: Frontoparietal control network. Image 

from [32] used with permission.
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Figure 2. 
Single subject, voxel estimation of RSNs using the trained MLP in three subjects. The 

results are from the best, median, and worst performers as determined by root mean square 

classification error. MLP output was converted to a percentile scale and sampled onto each 

subject’s cortical surface. Image from [42] used with permission.
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Figure 3. 
Comparison of resting state and task-related fMRI mapping in a 45 year old with a diagnosis 

of Glioblastoma (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. Image from [67] used with permission.

Kamran et al. Page 18

Neuroimaging Clin N Am. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4. 
MRI of a 64-year-old man who presented with focal motor seizures (Case 2). 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: 

Parietal activation seen during task-evoked scan is revealed to be a separate resting state 

network, the dorsal attention network that is normally dissociated from the sensorimotor 

network (seed: blue circle). Image from [67] used with permission.
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Figure 5. 
Comparison of ECS and MLP result for the motor and language cortex in six epilepsy 

patients. Colored triangles are ECS positive and Black circles are ECS negative. In the left 

column, the high ECS sensitivity method was employed to classify motor electrodes as ECS 

positive (red triangles) and compared to the MLP results (light blue). In the middle column, 

the high ECS specificity method was employed to classify motor electrodes. In the right 

column, the high ECS sensitive method was used to classify language electrodes as ECS 

positive (green triangles), with the MLP results displayed in orange. Image from [70] used 

with permission.
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Figure 6. 
The method employed to define a “no-cut” area in epilepsy patients, in which the probability 

of damage to motor cortex is substantial. A: To define the area, several multilayer 

perceptron (MLP) thresholds (70, 75, 80, 85 percentiles) were used to classify electrodes as 

covering motor cortex, and the “no-cut” zone was expanded around each of the motor 

electrodes. The probability of a missed motor electrode, which could result in motor deficits, 

was plotted against the radius of expansion. B: A visualization of the method performed at 

the 85% and at a radius of expansion of 15 mm. Red triangles mark motor cortex as 

determined by ECS that were missed by the MLP method. Image from [70] used with 

permission.
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Figure 7. 
Examples of RSN (in red) superposed on T1-weighted images in two case examples. The 

somatomotor (A) and language (B) RSNs are shown for case example 1 (2.5.1). Similarly, 

the somatomotor (C) and language (D) RSNs are shown for case example 2 (2.5.2). See text 

for more detail.
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Table 1

Task based fMRI Resting state fMRI

a. Neuronal activity is studied while performing a well-
defined task, e.g., finger tapping or object naming.

b. Task based fMRI maps a single functional system at a 
time.

c. Task related changes in the blood oxygen level dependent 
(BOLD) signal are measured. Regions in the brain 
associated with a given task are localized.

d. Task based fMRI is immune to spurious variance in the 
BOLD signal (e.g. pCO2 levels, Head Motion).

a. Neuronal activity is studied in the absence of a task, i.e. 
when the subject in the scanner is in a state of quite 
wakefulness.

b. rsfMRI maps all functional systems simultaneously.

c. Spontaneous fluctuations in the BOLD signal are 
measured. Correlated intrinsic activity defines functional 
connectivity.

d. rsfMRI is vulnerable to contamination and requires 
denoising to remove sources of spurious variance.
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Table 2

Resting state fMRI networks

1. Default Mode Network (DMN) Most robust resting state network
More active at rest than during performance of goal-directed tasks

2. Somatomotor Network (SMN) Includes primary and higher order motor and sensory areas

3. Auditory Network Includes Heschl’s gyrus, superior temporal gyrus, and posterior insula

4. Visual Network Includes most of the occipital cortex

5. Language Network Includes Broca’s, Wernicke’s and multiple other language related areas
Extends to prefrontal, temporal, parietal, and subcortical regions

6. Dorsal Attention Network (DAN) Tasks requiring spatial attention
Includes intraparietal sulcus and frontal eye field

7. Ventral Attention Network (VAN) Involved in detection of environmentally salient events
Includes temporal-parietal junction

8. Frontoparietal Control Network Associated with working memory and control of goal-directed behavior
Includes lateral prefrontal cortex and inferior parietal lobule

9. Cingulo-opercular Network (CON) Associated with performance of tasks requiring executive control
Medial superior frontal and anterior prefrontal cortices, anterior insula

Neuroimaging Clin N Am. Author manuscript; available in PMC 2015 November 01.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Kamran et al. Page 25

Table 3

Resting state fMRI and pre-surgical planning

1 rsfMRI can be performed in patients who may not be able to complete task-based paradigms e.g. young children, uncooperative 
patients, and patients who are sedated, paretic, or aphasic. Provides a map of resting state architecture including multiple RSNs of 
the brain prior to surgery. In patients with brain tumors this is particularly valuable when intraoperative electro-cortical stimulation 
cannot be performed.

2 Identifies multiple networks simultaneously, saving time when information on multiple networks may be required.

3 The topography of RSNs closely corresponds to the topography elicited by task fMRI.

4 RSNs are generally symmetric, thus determining language lateralization is more challenging than in task based fMRI and is an area 
of active research.
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