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Abstract

Resting-state functional magnetic resonance imaging (Resting-state fMRI) is a tool for
investigating the functional networks that arise during the resting-state of the brain. Recent
advances of the resting-state fMRI analysis suggest its feasibility for evaluating language function.
The most common clinical application is for presurgical mapping of cortex for a brain tumor or for
resective epilespy surgery. In this article, we review the techniques and presurgical applications of
resting-state fMRI analysis for language evaluation, and discuss the use in the clinical setting,
focusing on planning for neurosurgery.
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Introduction

Evaluating and mapping the language function of the brain is critical for planning
neurosurgery in patients with neurological diseases, such as brain tumors and epilepsy, and
for avoiding postsurgical functional deficits. Traditionally, the intracarotid amobarbital
procedure (Wada test) has been used for determining language lateralization (1-3); however,
recent advances in functional magnetic resonance imaging (fMRI) have made it possible to
make this determination though the use of non-invasive neuroimaging techniques (4,5) and
magnetoencephalography (MEG) (6,7). Currently, the standard technique requires acquiring
functional neuroimaging data during a language task, which requires complicated paradigms
and specifically trained personnel (see chapter in this volume by Brennan et al).

Resting-state fMRI (RS-fMRI) maps functional connections in the brain by analyzing the
correlations of blood oxygenation level dependent (BOLD) signals throughout the brain,
resulting in several resting-state networks (8). It is acquired at a resting state of the subject
without requiring any tasks. Over a couple of decades, there have been increasing interests
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in the application of this method for understanding the brain networks in both healthy
subjects and patients with neuropsychiatric diseases, e.g., Alzheimer's disease, schizophrenia
and epilepsy (9,10,11). Here, we review the technique and the applications of RS-fMRI for
evaluating the language function, and discuss combining functional and structural
connectivity analyses.

Language mapping in presurgical evaluation

Seed-based

In epilepsy surgery, hemispheric language dominance, called the language lateralization, has
been a major issue especially when a unilateral temporal lobectomy is considered as a
surgical option. The Wada test, which administers a short-acting anesthetic to each
hemisphere with amobarbital through a catheter in the intracarotid arteries, is the standard
technique for determining the language lateralization; however, as an invasive technique, this
test is not without risk to the patient. (1-3). Non-invasive neuroimaging techniques,
including fMRI (4,5) and MEG (6,7), are now frequently used for language lateralization,
and have successfully reduced the need for the Wada test (12). Typically these studies
investigate the subject's neuronal responses generated by performing a language-related
tasks such as semantic word-processing (5). The advantage of these neuroimaging
techniques is the ability of localization of language function at the lobar or sublobar level in
the brain, whereas the Wada test provides only lateralization information at the hemispheric
level, i.e., the left or the right.

Classically, Wernicke and Broca areas are considered essential for representing receptive and
expressive language function, thus, previous studies investigated the activation in these areas
consisting of posterior part of superior/middle temporal gyrus, supramarginal gyrus as well
as opercular and triangular parts of inferior frontal gyrus (pars opercualris and pars
triangualris) (12,13). These anatomical regions are used as the region of interests (ROIs) for
determining the lateralization. Laterality index (LI) is calculated as a ratio of the activation
amplitude or the number of voxels of the activated cortex in the ROIs between both
hemispheres (4-7). Several researchers have reported that various other regions, such as
dorsolateral prefrontal cortex and primary motor cortex, also participate in language
processing (12). Presurgical evaluation usually requires mapping the essential language
areas, not just participating, therefore employment of optimal ROIs is critical for clinical
purposes.

One of the limitations of this approach is that it requires the subject to actively participate
and correctly perform complicated language tasks. These tasks are sometimes difficult to
perform for children or patients with cognitive deficits, distorted fine motor skills and altered
consciousness. Although there is a clinical demand, evaluating the language function by
using task-based fMRI is still challenging in these patients.

resting-state fMRI and language mapping

Resting-state fMRI measures intrinsic functional connectivity by calculating the temporal
correlations of low-frequency BOLD signals (8). Images are acquired at resting condition,
thus requiring no tasks. The intrinsic connectivity between functionally related parts of the
brain allows for the mapping of neuronal networks. (8,9). Previous studies have revealed the
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altered connectivity in patients with epilepsy (11) compared with healthy controls; however,
the relationship between focal epileptogenicity and abnormal connectivity is unclear. (14).

Resting-state fMRI has been studied for the ability to map the language network in healthy
subjects (15) and patients with temporal lobe epilepsy (16). Recently several researchers
have reported that the intrinsic connectivity of the whole brain demonstrates asymmetry
between both hemispheres (17,18). Liu et al. (17) estimated the laterality of the intrinsic
connectivity by deploying 200 seed/target regions in each hemisphere in 300 healthy
subjects. They estimated the intensitic laterality (iLI) of the whole brain by calculating the
correlation between seeds and targets throughout the cortex, and found the most lateralized
regions from the resting state fMRI volumes. Multi-factorial analysis found four major
clusters (Fig. 1), each of which represents the visual system (Factor 1), default mode
network (Factor 2), attention system (Factor 3) and language network (Factor 4). Moreover,
they found that L1 of the intrinsic connectivity in the language network was significantly
correlated with the LI obtained from the task-based language fMRI. Similarly, Wang et al.
investigated the hemispheric differences of the connectivity by estimating the within-
hemisphere and cross-hemisphere correlation (18). The laterality was measured by
comparing the number of voxels correlated to within-hemisphere and cross-hemisphere seed
ROIs distributed in both hemispheres. Again, they found that the laterality measurement of
the intrinsic connectivity was correlated with the L1 obtained from the task-based fMRI.
These results strongly suggest that resting-state fMRI could be a potential tool for
determining the language lateralization in clinical settings.

In addition to the language network, several different networks are robustly found by the
resting-fMRI analysis using a variety of methods. Yeo et a/. (19), for example, analyzed
resting-fMRI data obtained from 1000 healthy subjects by using a clustering algorithm, and
demonstrated the parcellation of these networks, including dorsal attention, ventral attention,
frontoparietal control, and default networks, which are derived from the intrinsic functional
connectivity. The population-based parcellation provides a robust atlas of the functional
networks. Liu et al. (unpublished) have developed a procedure for parcellating the functional
network of the individual brain by iterative application of templates generated from the
population-based network atlas. This method successfully provides a stable atlas of
individual functional networks obtained from the resting-fMRI data scanned on different
days in the same subjects, i.e., showing the intra-subject stability as well as emphasizing the
inter-subject differences of the intrinsic functional networks (Fig. 2). These results would be
useful for establishing the reliability of resting-sate fMRI as a clinical testing.

Alternative approach: Independent component analysis

Previous studies analyzed the resting-state fMRI data by using a seed-based approach based
on a priori knowledge of the language network (15,16) or distributed in the whole brain (17).
The seed-based approach is highly interactive to determine the optimal placement of the
seeds, however, employment of seeds may require significant experience to extract the
language network from the whole brain connections. Independent component analysis (ICA)
is an alternative approach, which decomposes the BOLD time series into a number of
spatially independent components (20). These components provide identical maps, which
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may represent different networks. Several studies have reported successful extraction of
neural networks compared to seed-based approaches, including the sensorimotor and visual
networks (21,22).

Application of ICA for demonstrating the language network was first reported by analyzing
the task-based fMRI data (23), and later in resting-state fMRI (24), demonstrating lateralized
connectivity in the language network determined by ICA. ICA is a model-free approach and
does not require any a priori information of estimation for decomposition. On the other
hand, it needs an optimized template to identify language-related components from other
components. Fig. 3 represents an example of ICA-based mapping of the language network,
showing the Wernicke and Broca areas which correlate well with the results of seed-based
approach. A semi-automated protocols of the language networks and others, have suggested
clinical value of ICA for determining the language lateralization in presurgical evaluation
(22).

Future directions - Interactions with structural connectivity

The analysis of resting-state fMRI generally focus on the temporal correlation of the BOLD
signals acquired at each voxel for calculating the functional connectivity networks. It does
not incorporate the structural connections in the brain therefore lacks the structural basis. On
the other hand, the structural connectivity networks have been investigated by using MR
tractography derived from diffusion tensor imaging (DTI) or diffusion spectrum imaging
(DSI) (25,26). The altered structural networks have been reported by analyzing the whole
brain structural connectivity with graph theory in patients with temporal lobe epilepsy (27).

Structural connectivity has also been investigated in the context of understanding the
language network. The arcuate fasciculus plays a critical role in this network by connecting
Wenicke and Broca areas, and several researchers have reported the hemispheric asymmetry
of arcuate fasciculus, showing that the white matter volume of the parietal-frontal pathway is
larger in the right hemisphere, while that of the temporal-frontal pathway is larger in the left
hemisphere in human subjects (28). Takaya et al. evaluated the tractography and its cortical
projections by using surface-based analysis in healthy subjects (Fig. 4), and showed the
asymmetric distribution of the arcuate fasciculus projections in the inferior parietal and
lateral temporal cortices, extended more in the left than the right hemisphere (29).

Recently the association between the functional and structural connectivity networks has
been of interest in both healthy subjects and patients with neurological diseases. Previous
studies have demonstrated that the structural connectivity networks are associated with or
predictive of the functional connectivity networks in healthy subjects (26) and patients with
temporal lobe epilepsy (30). Takaya et al. compared the structural, functional connectivity
and regional BOLD activation, derived from DTI tractography, resting-state fMRI and task-
based fMRI, respectively, and demonstrated the asymmetry overlaps in the left posterior
temporal and parietal region in the right-handed healthy subjects (29). Integrated estimation
incorporating both structural and functional aspects of the language network may provide
reliable lateralization information in presurgical evaluation of epileptic patients.
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Conclusions

Resting-state fMRI appears to provide useful information of the language network in both

he

althy population and patients with neuropsychiatric disease. Language lateralization and

language mapping using the whole brain connectivity analysis or ICA may be useful in
planning of surgery, particularly when operating on the language dominant hemisphere.
Resting-state functional connectivity has now been established to have clinical relevance in
the mapping of language function, especially in patient populations that might have
difficulty performing task-based fMRI.
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Fig. 1.

Factor analysis derived from the resting-fMRI intrinsic connectivity shows four significant
clusters, each of which represents the visual system (Factor 1), default mode network (Factor
2), attention system (Factor 3) and language network (Factor 4). Used with permission (17)
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Fig. 2.

The parcellation atlas of individuals show the intra-subject reliability and inter-subject

variability of the functional networks. (Courtesy of Hesheng Liu, Ph. D)
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ICA-based mapping of the language network, showing the Wernicke and Broca areas
consistently with the results of seed-based approach. (Courtesy of Brad Buchbinder, M.D)
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A. Tractography represents the arcuate fasciculus. B. Cortical projection of tractography

calculated by the surface-based analysis. Used with permission (29).
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