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Abstract

Advanced, noninvasive imaging has revolutionized our understanding of language networks in the 

brain and is reshaping our approach to the presurgical evaluation of patients with epilepsy. 

Functional magnetic resonance imaging (fMRI) has had the greatest impact, unveiling the 

complexity of language organization and reorganization in patients with epilepsy both pre- and 

postoperatively, while volumetric MRI and diffusion tensor imaging have led to a greater 

appreciation of structural and microstructural correlates of language dysfunction in different 

epilepsy syndromes. In this article, we review recent literature describing how unimodal and 

multimodal imaging has advanced our knowledge of language networks and their plasticity in 

epilepsy, with a focus on the most frequently studied epilepsy syndrome in adults, temporal lobe 
epilepsy (TLE). We also describe how new analytic techniques (i.e., graph theory) are leading to a 

refined characterization of abnormal brain connectivity, and how subject-specific imaging profiles 

combined with clinical data may enhance the prediction of both seizure and language outcomes 

following surgical interventions.

1. Introduction

Temporal lobe epilepsy (TLE) is the most common type of localization-related epilepsy in 

adults, and a frequent cause of chronic, intractable seizures (Wiebe, 2000). Up to 70% of 
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patients suffering from TLE have mesial temporal sclerosis (MTS), which is characterized 

by hippocampal atrophy and increased signal on MR, with significant neuronal loss seen on 

histological examination (Malmgren & Thom, 2012). In addition, patients with TLE suffer 

frequent cognitive comorbidities that range from mild impairments in memory to more 

severe impairments across multiple cognitive domains (B. Hermann, Seidenberg, Lee, Chan, 

& Rutecki, 2007). Along with memory, language impairment is one of the most common 

and pervasive cognitive complaints in adults with TLE, and it is characterized by 

impairments in visual and auditory naming, fluency, and occasionally comprehension 

(Bartha, Benke, Bauer, & Trinka, 2005; Devinsky, Perrine, Llinas, Luciano, & Dogali, 1993; 

Hamberger, Goodman, Perrine, & Tamny, 2001; Jaimes-Bautista, Rodriguez-Camacho, 

Martinez-Juarez, & Rodriguez-Agudelo, 2015; Metternich, Buschmann, Wagner, Schulze-

Bonhage, & Kriston, 2014; Oyegbile et al., 2004; Schwartz, Resor, De La Paz, & Goodman, 

1998). When seizures arise from the language-dominant hemisphere, patients with TLE are 

also more likely to show atypical patterns of language representation in the brain that likely 

reflect reorganization of function in response to injury. Organization and re-organization of 

language has been studied extensively in patients with TLE using invasive methods, 

including the intracarotid amobarbital procedure (IAP) and electrical stimulation mapping 

(ESM). However, with the emergence of newer imaging techniques, we are now able to 

more fully appreciate the complexity of re-organization within language networks that result 

from early injury to the brain, years of chronic seizure activity, and/or surgical interventions.

In this review we highlight how functional magnetic resonance imaging (fMRI; both task-

based and resting-state), diffusion tensor imaging (DTI), and volumetric MRI have advanced 

our understanding of preoperative language networks in TLE, aided in the prediction of 

postoperative language decline, and provided insight into network re-organization following 

surgical intervention. We will also describe how newer analytic models (i.e., graph theory) 

applied to data from these techniques are reshaping our understanding of language networks 

in patients with both TLE and other epilepsy syndromes. Finally, we discuss how future 

research that integrates advanced imaging with other diagnostic methods and clinical 

information may enhance the prediction of individual patient outcomes and answer other 

fundamental questions related to network dysfunction and plasticity in epilepsy. It should be 

acknowledged there are many other important imaging methodologies that have contributed 

vastly to this literature. In particular, magnetoencephalography (MEG) and magnetic source 

imaging (MSI) have provided exquisite information on the spatiotemporal characteristics of 

language processing and reorganization in epilepsy, and these methods have generally shown 

strong concordance with the IAP (Billingsley-Marshall et al., 2007; D'Arcy et al., 2013; 

Doss, Zhang, Risse, & Dickens, 2009; Findlay et al., 2012; Hirata et al., 2010; Hirata et al., 

2004; Maestu et al., 2002; McDonald et al., 2009; Papanicolaou et al., 2004; Pataraia, 

Billingsley-Marshall, et al., 2005; Pataraia, Lindinger, Deecke, Mayer, & Baumgartner, 

2005; Pataraia et al., 2004; Rezaie et al., 2014; Simos et al., 1999; Tanaka et al., 2013; Van 

Poppel et al., 2012). However, to provide sufficient depth, we choose to focus the current 

review on the most commonly used and widely available methods in use at most epilepsy 

surgical centers. A comprehensive review of all noninvasive modalities is beyond the scope 

of this article, but for excellent reviews on the use of MEG/MSI for language mapping, see 

(Breier, Billingsley-Marshall, Pataraia, Castillo, & Papanicolaou, 2006; Frye, Rezaie, & 
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Papanicolaou, 2009; Pirmoradi, Beland, Nguyen, Bacon, & Lassonde, 2010; Wheless et al., 

2004). In addition, because the nature of the language (and cognitive) deficits in pediatric 

TLE have not been well-specified and there is a paucity of imaging studies examining TLE 

during childhood, the current review is focused predominantly on adult TLE.

2. Traditional assessment of language lateralization and localization in TLE

—The “gold” standards

Much of what was first discovered about language in TLE resulted from surgical planning 

procedures in medically refractory patients preparing to undergo anterior temporal 

lobectomy (ATL), a surgical intervention with an approximately 70% success rate (Engel, 

2003). This procedure typically involves removal of the anterior portion of the hippocampus, 

parahippocampal gyrus and amygdala, along with variable resection of the adjacent temporal 

lobe white matter and lateral neocortex (Wiebe et al., 2001). Since multiple temporal lobe 

structures targeted for resection play a significant role in language, 25 to 60% of adults who 

undergo ATL will develop severe dysnomia (Sabsevitz et al., 2003). This decline can be 

severe and is most common following dominant-hemisphere ATL, but it has also been 

documented in patients after nondominant ATL (Jabbour, Hempel, Gates, Zhang, & Risse, 

2005; Loring et al., 1990).

Traditionally, two invasive procedures have been performed in most epilepsy surgical centers 

to minimize the risk of postoperative language decline. The first is the IAP, which is 

performed primarily to lateralize language functions by inducing a temporary “lesion” 

thought to mimic surgery. The second procedure, ESM, is used to more precisely localize a 

patient's language areas by applying electrical stimulation to the cortical surface while the 

patient performs a simple language task, in order to identify language-crucial areas, with the 

goal of sparing these regions during a surgical resection. These procedures are described in 

detail in Hamberger and Cole (Hamberger & Cole, 2011).

Despite the invasiveness nature of the IAP and ESM and their widespread use in clinical 

practice, there is still limited evidence that the use of either method has substantially 

improved language or memory outcomes following ATL (Binder, 2011b; Hamberger, 2007). 

Furthermore, performing these procedures with pediatric or low-functioning populations is 

considerably more difficult, due in part to diminished compliance and the resultant decrease 

in reliability of the procedures, which is concerning because the age of epilepsy surgery is 

steadily decreasing (Williams, Abbott, & Manson, 1992). These concerns are among those 

that have motivated the search for alternative, noninvasive methods that can supplant or 

complement the IAP and ESM. We introduce several of these technologies below.

3. FMRI and language networks in TLE

Functional magnetic resonance imaging (fMRI) has evolved as the most popular noninvasive 

technique for investigating the neural underpinnings of language function in patients with 

neurological disorders and healthy controls. FMRI makes use of an applied magnetic field to 

measure hemodynamic responses related to neural activity (Ogawa, Lee, Kay, & Tank, 

1990). Neuronal activation increases cerebral blood flow to the local brain region, and the 
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active region is supplied with oxygen-rich blood, resulting in an increased ratio of 

oxygenated to deoxygenated hemoglobin. Differences in the magnetic properties of 

oxygenated and deoxygenated hemoglobin lead to a change in magnetic resonance signal in 

the activated region. This blood oxygen level dependence (BOLD) functions as an 

endogenous contrast agent for MR imaging.

Although traditionally viewed as a research tool, fMRI has now assumed an important role 

in the clinical evaluation of patients with epilepsy. It is not only seen as less invasive and 

more cost-effective than the IAP (Medina, Aguirre, Bernal, & Altman, 2004), but it is 

considered better able to examine intrahemispheric localization of language regions and it 

generates a continuous measure of language lateralization (Duncan, 2010). FMRI can also 

lateralize specific regions of interest for surgical consideration (Janecek et al., 2013; 

Sabsevitz et al., 2003). Further, the ability to administer and repeat multiple tasks, if 

necessary, is valuable for some patients, and the use of a panel of tasks that tap expressive 

and receptive language abilities is possible, which allows for more precise localization of a 

range of language functions (Gaillard et al., 2004; Lehericy et al., 2000).

3.1 Concordance between fMRI and the IAP

With IAP viewed as the gold standard for determining language lateralization in patients 

with TLE, the majority of fMRI studies have been designed to evaluate overall concordance 

with the IAP. For these studies, the metric most often used is an fMRI language laterality 

index (LI) (Ruff et al., 2008). The equation LI = ([Vl-Vr]/[Vl+Vr]) × 100, where V 

represents the number of activated voxels for the left or right hemispheres, is typically used 

to determine laterality (Binder et al., 1996). The resulting LI ranges from +100 (strong left 

hemisphere dominance) to -100 (strong right hemisphere dominance). While IAP results are 

typically categorical in nature (left, bilateral, or right language dominance), the fMRI LI is 

measured along a graded continuum, which can more precisely estimate the degree of left 

and right hemisphere contributions to language functioning (Seghier, Lazeyras, Pegna, 

Annoni, & Khateb, 2008).

Most fMRI studies have used either language production tasks (i.e., verb generation or 

word-stem completion) or language comprehension tasks (i.e., semantic decision or rhyme 

detection) to probe language lateralization in epilepsy and have reported relatively high 

concordance rates between fMRI and IAP, typically ranging between 80 and 90% (Bauer, 

Reitsma, Houweling, Ferrier, & Ramsey, 2014). In one of the largest studies to date (n=229), 

Janecek et al. (Janecek et al., 2013) found a concordance rate of 86% using a semantic 

decision task, which is comparable to an overall 85% concordance rate based on other 

studies (average of 22 studies weighted by sample size: (Adcock, Wise, Oxbury, Oxbury, & 

Matthews, 2003; Arora et al., 2009; M. Baciu et al., 2001; Bahn et al., 1997; Benke et al., 

2006; Binder et al., 1996; Carpentier et al., 2001; Deblaere et al., 2004; Desmond et al., 

1995; Gaillard et al., 2002; Gaillard et al., 2004; Hertz-Pannier et al., 1997; Lehericy et al., 

2000; Liegeois et al., 2002; Rutten, Ramsey, van Rijen, Alpherts, & van Veelen, 2002; 

Sabbah et al., 2003; Spreer et al., 2002; Szaflarski et al., 2008; Woermann et al., 2003; 

Worthington et al., 1997; Yetkin et al., 1998). In a recent meta-analytic review of 22 studies 

using either production or comprehension tasks, Bauer et al. (2014) found an overall 81% 
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concordance rate between fMRI and the IAP. Concordance rates in Bauer et al. were higher 

in patients with strong left hemisphere language dominance (94%), but much lower for 

patients with atypical language dominance (51%). Interestingly, neither the type of task nor 

the specific regions of interest (ROIs) used (i.e., frontal versus temporo-parietal versus 

hemispheric ROIs) affected concordance rates (Bauer et al., 2014). A second meta-analysis 

by Dym et al. reported a sensitivity for fMRI of 83.5% and a specificity of 88.1% when 

compared to the IAP (Dym, Burns, Freeman, & Lipton, 2011). Unlike Bauer et al., Dym et 

al. found higher specificity with the use of word generation tasks compared to semantic 

decision tasks (95.6% vs 69.5%) and a higher sensitivity for global evaluation with fMRI 

relative to the use of a frontal or temporo-parietal ROI approach.

Several issues may limit concordance rates between fMRI and the IAP in assessing language 

dominance. The variety of tasks used in fMRI and lack of standardized protocols has 

restricted uniformity in assessing language functioning. As noted above, some studies have 

also found differences in concordance rates based on whether global versus regional ROIs 

are used (Benke et al., 2006; Deblaere et al., 2004). At a more intrinsic level, IAP is a 

‘negative’ or lesion-type paradigm, while fMRI is a ‘positive’ or activation-based technique 

that may implicate regions that are participatory but not essential for language. As noted, the 

presence of atypical or bilateral language dominance can also affect concordance rates 

(Arora et al., 2009; Benke et al., 2006) in that fMRI is more likely than IAP to conclude 

bilateral language dominance in cases where disparity arises (Gaillard et al., 2004). This has 

led some to the conclusion that fMRI is a reliable method for determining language 

lateralization in patients with typical (left) language function, but that further workup is 

warranted in patients who show atypical language dominance on fMRI. However, as noted 

by Bauer et al., (2014) the IAP may be best considered a “silver standard” and determining 

which technique provides the most accurate prediction of postoperative language outcome 

should be the definitive test (Bauer et al., 2014).

3.2 Patterns of language organization revealed by fMRI

IAP studies have demonstrated that patients with left-handedness, left hemisphere seizure 

onset and an early left hemisphere lesion or MTS are more likely to demonstrate atypical 

language dominance. It has been proposed that chronic epilepsy activity affects brain 

structure and function gradually, and these disturbances can shift or re-route language 

pathways during development to the nondominant hemisphere (Duchowny et al., 1996; 

Janszky, Mertens, Janszky, Ebner, & Woermann, 2006). Because language is comprised of a 

number of discrete functions that have the potential to reorganize differently, there are a 

variety of ways in which this insidious process may shift language, and recent fMRI studies 

have evinced a myriad of different language patterns that may emerge as the result of an 

early lesion and/or years of chronic seizures.

Atypical language organization in epilepsy patients has traditionally been conceived of as 

following three general and overarching patterns. The first is a right hemisphere dominance, 

with core language expression and comprehension networks in the typically-dominant left 

hemisphere shifting to the right hemisphere, most often to homologous regions (Gaillard et 

al., 2002; Gaillard et al., 2004; Gaillard et al., 2007; Thivard et al., 2005). A second pattern 
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of atypical organization is crossed or bilateral dominance, meaning that only some language 

functions have moved to the right hemisphere, with some language representation preserved 

in the left hemisphere (M. V. Baciu et al., 2003; Lee et al., 2008; Thivard et al., 2005). For 

example, a frontal language region subserving production may be right-lateralized, but a 

temporal language region subserving comprehension may be left-lateralized. Indeed, 

Thivard et al., (2005) used both a language production and a language comprehension task 

in fMRI to show that epilepsy-related language reorganization can affect frontal and 

temporal language areas differently, with 4/7 TLE patients (3 left and 1 right) exhibiting 

right lateralization in temporal lobe regions subserving comprehension but symmetric or 

left-sided activation in prefrontal regions subserving language production (Thivard et al., 

2005). When language functions are represented in both hemispheres there may also be 

symmetric representation for some or all language regions. The third pattern of atypical 

organization is intrahemispheric reorganization, with language regions shifting within the 

same hemisphere that contains the seizure onset zone, most often to regions adjacent to 

typical perisylvian cortex within the frontal or temporal lobe (Bell et al., 2002; Brazdil, 

Zakopcan, Kuba, Fanfrdlova, & Rektor, 2003; Mbwana et al., 2009).

Recent work by Berl et al. (2014), however, indicates that this classic three-pattern 

classification is oversimplified (Berl et al., 2014). These investigators expanded the 

classification of language organization profiles, hypothesizing 15 possible patterns of 

language representation (See Figure 1). Using a data-driven clustering method in 220 

epilepsy patients performing an auditory semantic decision task, they identified nine unique 

fMRI language patterns. Consistent with previous studies, they showed that right 

lateralization is more common in patients with a left-sided seizure focus; however, they also 

reported on three patients with complete right-sided language dominance who had a right-
sided seizure focus. This finding supports the idea that, while infrequent, patients with a 

right hemisphere seizure focus may also have atypical language dominance. Among the nine 

patterns identified, Berl and colleagues described two patterns of crossed dominance: 

activation of left inferior frontal gyrus (IFG; Broca's area) with right Wernicke's Area (WA), 

and vice versa. It was more common in this study for patients to have bilateral IFG 

activation than bilateral WA activation: there was only one cluster of patients with bilateral 

WA lateralization, and the patients in this cluster were also more likely to show bilateral IFG 

activation. Notably, in terms of clinical correlates, patients who were left-handed were more 

likely than right-handers to show right lateralized IFG, while patients with an early age of 

seizure onset were more likely to show bilateral WA, and patients with a left-sided seizure 

focus were more likely to show a unilateral right (IFG and WA) pattern of language 

dominance. Although the reason for these associations has not been well-studied, Berl et al. 

hypothesized that the association between left-handedness and IFG laterality could reflect 

the proximity of the IFG to motor cortex. These results support and expand upon previous 

fMRI studies that have shown a higher rate of atypical language dominance, specifically 

interhemispheric shift, among TLE patients with an earlier age of seizure onset, left or 

mixed handedness, and left-sided seizure focus (Berl et al., 2005; Gaillard et al., 2007; 

Szaflarski et al., 2002). Conversely, patients with space-occupying lesions may be more 

likely to show intrahemispheric reorganization of language within the temporal lobe 

(Hamberger, McClelland, McKhann, Williams, & Goodman, 2007).
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Berl et al.'s description of the many different patterns of language reorganization and crossed 

dominance demonstrates the need for assessment of language function on a regional and 

function-specific level, rather than on a more global, hemispheric one, as some aspects of 

language may reorganize while others do not (Berl et al., 2014; Hamberger et al., 2007). It is 

of note that much of the literature in fMRI and epilepsy continues to treat language as a 

monolithic construct in which all aspects of language either shift to the right hemisphere or 

remain left-lateralized. Conversely, Berl et al.'s work overcomes this limitation by presenting 

language as a multivariate construct made up of different components and discrete 

functionalities that may reorganize together or independently.

3.3 Utility of FMRI versus IAP for predicting language outcome after ATL

As noted above, the most common language deficits reported in patients with TLE include 

impairments in visual and auditory naming, auditory comprehension, and fluency. Of these, 

naming is at highest risk for additional postsurgical decline, with 25 to 60% of patients who 

undergo dominant hemisphere ATL developing some degree of dysnomia (Baxendale, 2002; 

B. P. Hermann et al., 1999; Langfitt & Rausch, 1996; Sabsevitz et al., 2003; Seidenberg et 

al., 1998; Stafiniak et al., 1990). Despite the well-established literature describing language 

decline following left ATL and a wealth of research on concordance rate between fMRI and 

IAP, surprisingly few studies have examined the ability of fMRI versus the IAP to predict 

postoperative naming decline (Bonelli et al., 2012; Doucet, Rider, et al., 2015; Sabsevitz et 

al., 2003). This is particularly important given that the many different patterns of atypical 

language organization described above would differentially alter risk for language decline 

after epilepsy surgery. In the only study comparing fMRI and the IAP, Sabsevitz et al. (2003) 

found both fMRI and IAP laterality to predict naming decline following ATL (Sabsevitz et 

al., 2003). Furthermore, both modalities explained more variance in naming decline than age 

of seizure onset or preoperative naming performance. FMRI results accounted for 41% of 

the variance in naming decline, where LI toward the left hemisphere was associated with 

greater decline and LI toward the right hemisphere was associated with little to no decline. 

Both fMRI temporal lobe LI and IAP LI demonstrated 100% sensitivity in predicting 

naming deficit, and fMRI showed a higher specificity than IAP (57% versus 43%). In 

addition, recent data from the same group has shown that that fMRI language lateralization 

is a better predictor of verbal memory decline than memory results from IAP (Binder et al., 

2008). Although the reason for this is unclear, Binder et al. suggest that the verbal episodic 

memory encoding system is likely to be co-lateralized with language (i.e., the type of 

material encoded by the left or right MTL depends on the type of information it receives 

from the ipsilateral neocortex). Thus, language lateralization should be a reliable indicator of 

verbal memory lateralization and therefore, a reliable predictor of verbal memory decline. 

These data suggest that fMRI language lateralization may have clinical utility beyond the 

prediction of language outcome, and a prospective study is currently evaluating this potential 

application.

3.4 FMRI and postoperative language reorganization

Although preoperative reorganization of language has received considerable attention in the 

epilepsy literature, an emerging area of interest involves the potential for postoperative 

reorganization of language networks after ATL. There are even some data to suggest a 
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reversal of atypical language dominance after successful seizure control has been achieved, 

indicating that atypical dominance due to epileptic activity may represent a temporary, 

adaptive response in some patients. Helmstaedter et al. (2006) reviewed three patients with 

left TLE who were right language dominant based on an fMRI semantic decision task and 

underwent left selective amygdalohippocampectomy. Of these patients, the one with the 

youngest age of onset demonstrated a postoperative shift of language dominance to the left 

hemisphere in both temporal (receptive) and frontal (expressive) perisylvian regions 

(Helmstaedter, Fritz, Gonzalez Perez, Elger, & Weber, 2006).

Other studies have used fMRI to examine reorganization of language following left versus 
right ATL. Backes et al. (2005) reported greater bilateral representation in patients after left 

ATL when compared to right ATL and controls (Backes et al., 2005). However, no 

preoperative neuroimaging was available for comparison. Wong et al. (2009) examined 

fMRI language activations in 19 patients with TLE before and after ATL during a covert 

verb generation task (Wong et al., 2009). Prior to ATL, patients with right and left TLE 

showed more bilateral language responses relative to controls. Following ATL, patients with 

left TLE only showed reduced activity in the left middle frontal gyrus and right IFG, 

whereas no difference was observed in the patients with right TLE. However, in the right 

TLE patients, the relationship between language performances and language activations 

shifted away from typical language regions to the anterior cingulate cortex (ACC). Although 

unexpected, the investigators propose that this shift to regions not specific for language, i.e., 

the ACC, may indicate an increased reliance on a more general cognitive control and 

response selection network needed for verb generation. These findings suggest that the 

language networks in left versus right TLE exhibit different reorganization after ATL, and 

this reorganization affects naming performance.

In a second longitudinal study, Bonelli et al. (2012) examined the association between 

preoperative functional lateralization and postoperative reorganization (n=44) and found that 

patients with left TLE who did not show evidence of significant postoperative naming 

decline recruited the residual left posterior hippocampus for word retrieval, while those with 

postoperative decline relied on contralateral frontal regions. They also observed greater 

postoperative bilateral middle and inferior frontal fMRI activation in left TLE patients, 

which was not observed in right TLE patients. Their findings suggest that interhemispheric 

reorganization of naming to contralateral frontal regions does occur in some patients, but 

that this strategy may be less effective than intrahemispheric utilization of the (ipsilateral) 

posterior hippocampus (Bonelli et al., 2012). The findings of Bonelli et al. also support 

Binder's evidence for a close correspondence between language and verbal memory 

outcomes following ATL, which are likely subserved by a single semantic network (Binder, 

2011b). While Bonelli et al. (2012) point to greater benefit from intra- versus 

interhemispheric reorganization in the context of naming, Kim et al. (2010) demonstrated 

greater benefits to interhemispheric reorganization and the recruitment of right hemisphere 

regions post-surgery for preserving word generation. Thus, the circumstances under which 

inter- versus intrahemispheric reorganization occurs postoperatively are still unclear, as is 

the relative benefit of each of these patterns to different components of language outcome 

(Kim et al., 2010).
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3.5 Resting-state fMRI (rs-fMRI) and language

Although task-based fMRI is intuitively appealing, and there is accumulating evidence for 

the predictive value of semantic decision and comprehension tasks for mapping temporal 

lobe language functions in epilepsy (Binder, 2011a, 2011b), the demand of a task may affect 

results, as patient cooperation and performance may fluctuate. Therefore, functional 

connectivity (FC) as measured by rs-fMRI is being explored as an alternative strategy for 

probing language networks. Unlike task-based fMRI, which shows the activation of brain 

areas in response to specific language tasks, rs-fMRI purports to measure intrinsic activity, 

or the neural and metabolic activity of the brain at rest (when no task is performed). FC 

measures are then derived by measuring BOLD coherence among cortical regions, from 

which network “cooperation” or connectivity is assumed (Friston, Frith, Liddle, & 

Frackowiak, 1993; Pereira et al., 2010). Although there is some concern that rs-fMRI maps 

may, in part, reflect neural artifact (Birn, Diamond, Smith, & Bandettini, 2006; Cordes et al., 

2001; Shmueli et al., 2007) other data suggests that these synchronous fluctuations in BOLD 

signal do in fact represent the functional connectedness of cortical areas and are observed 

across the whole cortex and in different cognitive networks (i.e., for attention, language, or 

episodic memory) (see (Biswal, Van Kylen, & Hyde, 1997; Bressler, 1995) for a review).

Given the appeal of rs-fMRI in terms of both the ease and efficiency with which it can be 

collected, many studies are currently underway to determine the clinical utility of rs-fMRI 

measures and to explore its potential to better delineate language networks in TLE. 

However, the value of rs-fMRI as compared to task-based fMRI in TLE is still debated. 

Waites et al (2006) examined language networks in 17 patients with left TLE using both 

task-based (i.e., word fluency) and rs-fMRI. Four seed regions were derived from the task-

based data in 30 healthy controls [left IFG, left middle frontal gyrus (MFG), dorsal ACC, 

and posterior cingulate cortex (PCC)] and used in the rs-fMRI analysis. On task-based 

fMRI, patients and controls showed similar patterns of activation; however, the rs-FC of 

patients differed from that of controls, with left TLE patients showing reduced FC among 
language regions compared to controls. While the controls showed significant connectivity 

between the seed regions and the majority of typical language regions, the patients only 

showed connectivity of each seed region with voxels near the seed, and in some cases with a 

seed in the contralateral homologous region (Figure 2). This study suggests that rs-FC can 

be effective in revealing altered patterns of connectivity that may not be obvious in many 

patients on task-based fMRI (Waites, Briellmann, Saling, Abbott, & Jackson, 2006). Doucet 

et al. (2015) studied 55 patients with TLE and reached a similar conclusion, i.e., that rs-FC 

data is perhaps more sensitive than task-based fMRI for detecting altered language network 

connectivity. Similar to Waites et al. (2006), the LI drawn from task-based fMRI did not 

show significant differences between the patients and controls. However, the strength of left 

hemisphere dominance was associated with the following rs-FC patterns, as depicted in 

Figure 3: (1) higher left intrahemispheric rs-FC (panel A: red line) and lower 
interhemispheric rs-FC (panel A: blue line) emerging from the left seed region, as well as (2) 

lower right intrahemispheric rs-FC (panel B: blue line) and higher interhemispheric FC 

(panel B: red line) emerging from the right seed region. These associations were observed in 

both patients with right and left TLE (Doucet, Pustina, et al., 2015). There is also some 

emerging evidence that rs-fMRI may help predict postsurgical language outcomes when data 
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are analyzed using new analytic techniques (see discussion of graph theory below). In 

summary, rs-FC has emerged as a promising tool for probing network connectivity in 

patients with epilepsy, and this technique could offer some advantages over task-based fMRI 

for quantifying language network disruption in TLE. However, it is important to note that 

although rs-fMRI may be sensitive to epilepsy-related disruption within language networks 

on a group basis, unlike task-based fMRI, its sensitivity and specificity for determining 

language dominance on an individual basis is less well-established, and requires further 

validation.

4. DTI and language networks in TLE

Although fMRI has had the greatest influence on our current models of language 

organization and reorganization in TLE of any imaging modality, DTI has also provided 

unique insight into language networks and how they are disrupted in TLE. In particular, DTI 

tractography has shown that several white matter tracts, including the arcuate fasciculus 

(ARC), uncinate fasciculus (UNC), inferior longitudinal fasciculus (ILF), and the inferior 

frontal occipital fasciculus (IFOF) are all important components of a complex language 

network (see Figure 4). In particular, the ARC is a long association tract well known to be 

important in language functioning that connects areas involved in language comprehension 

in the posterior superior temporal gyrus (i.e., Wernicke's area) to areas involved in language 

expression in the IFG (i.e., Broca's area) (Upadhyay, Hallock, Ducros, Kim, & Ronen, 

2008). The UNC is a curved fiber that connects the anterior temporal lobe to the medial and 

lateral frontal cortex (Hasan et al., 2009) and has been implicated in the transmission of 

information related to semantic language content and confrontation naming (Lu et al., 2002). 

The ILF joins posterior occipitotemporal regions, including fusiform cortex, to the temporal 

pole (Ashtari, 2012) and may participate in the transfer of information about objects, faces, 

and written words. Finally, the IFOF is a long fiber tract that originates in occipitotemporal 

regions, courses through the temporal lobe medial to the ILF, and terminates in orbitofrontal 

and frontopolar regions (Caverzasi, Papinutto, Amirbekian, Berger, & Henry, 2014). This 

fiber tract has also been implicated in semantic processing and visual object naming 

(Mandonnet, Nouet, Gatignol, Capelle, & Duffau, 2007; McDonald et al., 2008). Thus, the 

ARC, UNC, ILF and IFOF may all be facets of a complex network of fibers involved in 

lexical-semantic processing, where damage to one or more of these fiber tracts can lead to 

impairment in specific language skills.

4.1 DTI correlates of language performance in TLE

A majority of studies have examined how DTI-derived metrics, typically fractional 

anisotropy (FA) or mean diffusivity (MD), correlate with impairment on neuropsychological 

measures of language. McDonald et. al. (2008) applied probabilistic tractography to patients 

with TLE and demonstrated that increased MD of the left ARC and UNC, along with 

decreased FA of bilateral ARC, UNC, and left IFOF were related to poorer visual naming 

performances. Not surprisingly, the strongest correlation was observed between FA of the 

left ARC and naming, and this association held even after controlling for left hippocampal 

volume. This group also found a strong correlation between integrity of the right ARC and 

visual naming in TLE. These data are commensurate with studies demonstrating right 
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hemisphere contributions to language processing (Powell et al., 2007), and with studies 

suggesting partial reorganization of language to the right hemisphere in some patients with 

left TLE (Pustina et al., 2014). Despite frontotemporal white matter correlations with 

naming, their study did not find an association between fiber tract compromise and 

phonemic fluency impairments in their patient cohort. Conversely, Wang et al. (2010) used a 

voxel-based approach and found that lower FA in regions of the left frontal lobe and right 

occipital lobe were associated with poorer semantic fluency in patients with TLE (Wang et 

al., 2010). Although the reason for these divergent findings is unclear, it is possible that the 

use of different fluency measures (i.e., phonemic versus semantic) or the use of different 

DTI approaches (tract-based versus voxel-based) may explain these disparate outcomes.

Beyond the examination of DTI alone, Kucukboyaci et al. (2014) took a multimodal imaging 

approach to understanding language impairment in TLE by examining the relative 

contributions of DTI versus volumetric MRI-based measures to predicting visual and 

auditory naming performances. Based on previous research implicating a network of 

frontotemporal fiber tracts in language performance (McDonald et al., 2008), principal 

components analysis was used to leverage the shared variance among multiple 

frontotemporal fiber tracts to evaluate language functioning in patients with TLE. This 

analysis showed that after controlling for the effects of left hippocampal volume, reduced 

frontotemporal FA was associated with poorer visual naming while increased MD was 

associated with poorer auditory naming. Neither cortical thickness nor gray-white contrast 

within frontotemporal regions explained language performances in TLE (Kucukboyaci et al., 

2014). These data support previous research demonstrating the value of DTI for 

understanding language performances and provide some evidence that measures of 

microstructural white matter integrity could be more sensitive than measures obtained from 

volumetric MRI for understanding language impairment in TLE. However, additional 

studies directly comparing the two modalities are needed to reach any firm conclusions 

regarding their relative predictive value.

4.2 DTI and concordance with fMRI and the IAP

A second approach to probing language networks in patients with TLE has been to examine 

the degree to which asymmetries in frontotemporal fiber tract FA/MD values are associated 

with asymmetries in fMRI language activations and results from the IAP. This approach is 

based on research demonstrating that in healthy individuals, a leftward asymmetry exists in 

frontotemporal FA and tract volumes(including the ARC, UNC, and IFOF), which correlates 

with typical leftward asymmetries in fMRI language activations (Powell et al., 2006; 

Vernooij et al., 2007). Thus, deviations from this expected asymmetry may imply language 

reorganization in TLE. Powell et al. (Powell et al., 2007) combined fMRI and probabilistic 

tractography in a cohort of patients with TLE to study language reorganization. Using fMRI 

tasks of verb generation and reading comprehension, they demonstrated that patients with 

left TLE had less lateralized language activation patterns relative to patients with right TLE 

and healthy controls. Reductions in language asymmetry were coupled with reductions in 

FA asymmetry within frontotemporal fibertracts. The authors interpreted this finding as 

evidence of both structural and functional reorganization of language in patients with left 

TLE. Rodrigo et al. (Rodrigo et al., 2008) used a similar approach and found a leftward 
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asymmetry in FA of the ARC that was associated with leftward fMRI language activations in 

patients with right TLE and controls. However, this relationship did not hold for patients 

with left TLE. Despite reduced microstructural and functional asymmetry of the ARC in 

patients with left TLE, there was a lack of coherence between functional and DTI measures, 

which underscores the complexity of language reorganization in patients with left TLE. In a 

third multimodal imaging study, Ellmore et al. (2010) examined whether white matter 

microstructure of several frontotemporal fiber tracts, including the ARC, UNC, and ILF, 

could be used to predict asymmetric language representation, as determined by the IAP 

(Ellmore et al., 2010). They found that laterality indices computed from asymmetry of the 

ARC, but not other pathways, correctly classified 82.6% (19 of 23) of patients, whereas 

prefrontal fMRI LI correctly classified 86.9% (20 of 23) of patients when using IAP 

language indices as the gold standard. However, when FA of the ARC was combined with 

fMRI language activation patterns and handedness, 95.6% (22 of 23) of patients were 

correctly classified, suggesting that these measures may provide complementary information 

for lateralization language in TLE. It is of interest that in cases where fMRI or ARC LI was 

discordant with the IAP, fMRI was more likely to strongly lateralize patients (albeit in the 

direction opposite the IAP), whereas DTI metrics were more likely to be inconclusive (low 

laterality magnitude, but correct sign). Furthermore, in 2 of the 3 cases incorrectly classified 

by fMRI, ARC LI correctly classified the patient. These data suggest that although fMRI 

may have slightly stronger concordance with the IAP overall, DTI measures may add 

significant value and provide greater confidence of language lateralization in TLE.

In summary, these studies indicate that increased FA and decreased MD of left 

frontotemporal fiber tracts are associated with better performances on measures of language 

functioning in patients with TLE. However, there appears to be a decreased asymmetry 

within language networks in many patients with left TLE that is reflected in both functional 

and microstructural measures and may indicate a partial or complete language 

reorganization associated with chronic TLE. Asymmetry of the ARC may show the strongest 

concordance with both fMRI and IAP laterality, whereas there is disagreement among 

studies as to the value of UF, ILF, and IFOF asymmetry in this regard. Although the relative 

value of fMRI versus ARC asymmetry for predicting IAP laterality is not well established, 

the extant data suggest that these measures may provide complementary information related 

to language lateralization in TLE.

4.3 DTI and postoperative language outcome and reorganization

As with fMRI, few studies have addressed the ability of DTI to examine postoperative 

language outcome and reorganization following ATL. Yogarajah et al. (2010) measured 

white matter networks and language performances before and after ATL in patients with 

TLE and found widespread decreases in FA surrounding the resection zone, in addition to 

increases in FA after left ATL in a cluster of regions that included the ipsilateral external 

capsule, posterior limb of the internal capsule, and corona radiata. Mean pre- and 

postoperative FA and parallel diffusivity in this cluster were significantly correlated with 

postoperative verbal fluency and naming scores in patients with left TLE. Specifically, 

greater increases in parallel diffusivity following left ATL were associated with smaller 

declines in language performances. The authors suggest that this cluster of altered diffusion 
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following left ATL corresponds to a ventromedial language network located medial to the 

dorsolateral language network, which may be less susceptible to injury following ATL and 

have a greater propensity for structural reorganization (Yogarajah et al., 2010). Pustina et al. 

(2014) used DTI to measure white matter changes before and up to several years after ATL, 

examining the relationship between changes in FA and verbal fluency. In patients with left 

TLE, better preoperative phonemic fluency was related to higher FA in the left superior 

corona radiata, right SLF, and right UNC. However, better postoperative phonemic and 

semantic fluency were associated with higher FA of the right SLF only. Given the 

relationship of all three clusters with language performance before surgery but only the right 

SLF after surgery, the authors suggest that an adaptive interhemispheric shift occurs 

following left ATL (Pustina et al., 2014). Thus, although left ATLs increase risk for 

postoperative language decline, there is a high likelihood of functional and structural 

reorganization to the contralateral side that may help to preserve language in many patients.

A question of high clinical interest is the comparative value of DTI versus fMRI for 

predicting postoperative language outcomes and reorganization in TLE. To our knowledge, 

only one study has addressed this question. In a cohort of 15 patients, Osipowicz et al. 

(2015) concluded that rather than any one measure, a combination of DTI, fMRI, and 

rsfMRI metrics provided the best predictive model, explaining 52% of the variance in post-

operative semantic fluency decline and correctly classifying 87% of patients as having good 

versus poor fluency outcome. Among the imaging measures, DTI had the highest beta value, 

explaining 32% of the variance in fluency decline. Importantly, this study found that the pre 

to postoperative change in these imaging variables was more predictive than baseline 

imaging values or baseline clinical variables (i.e., duration of epilepsy, age, baseline fluency 

score, and baseline Verbal IQ) (Osipowicz, Sperling, Sharan, & Tracy, 2015). These data 

suggest that although preoperative imaging and clinical factors are important predictors of 

language outcome, the degree of postoperative reorganization that ensues within language 

networks may be the most important determinant of outcome.

Taken together, studies using DTI to examine language networks in patients with TLE have 

supported the idea that multiple frontotemporal fiber tracts play a role in naming, fluency 

and reading comprehension. However, the left ARC remains the fiber tract most frequently 

associated with language performances in TLE and shows the strongest concordance with 

the IAP and fMRI. Although there does not appear to be a one-to-one correspondence 

between functional and microstructural asymmetries, patients with left TLE are more likely 

to have less left-lateralized DTI and fMRI patterns, consistent with the concept of 

interhemispheric language reorganization in TLE. As with language studies using fMRI, 

DTI studies have also provided evidence that postoperative reorganization and adaptive 

changes may occur following left ATL, and this reorganization may occur within 

intrahemispheric (Yogarajah et al., 2010) or interhemispheric (Pustina et al., 2014) networks. 

Although a few studies have addressed the relative and/or combined value of fMRI and DTI 

for predicting language lateralization and outcomes in TLE, this represents a sizable gap in 

the literature in need of great attention. In addition, the degree to which postoperative 

language reorganization drives language outcomes is of high clinical importance, but nearly 

unchartered to date.
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5. Volumetric MRI correlates of language impairment in TLE

Volumetric MRI has long been used to quantify structural pathology in patients with TLE, 

but it is less frequently employed relative to fMRI and DTI for examining specific language 

deficits. Seidenberg et al. (2005) investigated the relative contribution of hippocampal and 

extrahippocampal temporal lobe volumes to visual naming impairments in 53 patients with 

TLE and reported the following key findings: (1) a stronger relationship between left 

compared to right temporal lobe volumes and visual naming performance; (2) left temporal 

lobe white matter volume and left hippocampal volume contributed uniquely to visual 

naming performance; and (3) left temporal lobe white matter volume but not left 

hippocampal volume predicted recognition naming performance (Seidenberg, Geary, & 

Hermann, 2005). Similarly, Alessio et al. (2006) found that left hippocampal volume loss 

and perirhinal volume asymmetry independently predicted semantic fluency and visual 

naming impairments in patients with TLE (Alessio et al., 2006). These volumetric data are 

supported by studies showing that poorer visual naming is observed in patients with left 

hippocampal sclerosis compared to those with structurally normal hippocampi (Seidenberg 

et al., 1998), and 1H-MRS spectroscopy data showing significant correlations between 

hippocampal metabolism and visual naming performance (Martin et al., 1999; Sawrie et al., 

2000). Interestingly, no studies have reported an association between hippocampal volume 

and auditory naming performance in TLE, leading researchers to conclude that although the 

hippocampus may be part of a temporal lobe network involved in visual naming, its 

contribution is more likely related to visual object processing rather than to linguistic 

mechanisms (for a review, see (Hamberger, 2015)).

In addition to studies focused exclusively on temporal lobe pathology, Hermann et al. (2003) 

demonstrated an association between total cerebral white matter volumes and phonemic 

fluency, but not naming, in 58 patients with TLE. It is of note that gray matter volumes were 

not related to neuropsychological measures in their study (B. Hermann et al., 2003). Using 

both stereological analysis of prefrontal subfields and voxel-based morphometry (VBM) of 

prefrontal cortex, Keller et al. (2009) found associations between left hippocampal and left 

prefrontal volumes and phonemic fluency using stereology–based, but not VBM analysis. 

Although the reason for these discrepant findings is not clear, the authors note fundamental 

differences in the regions of brain morphology assessed between stereology and VBM 

(Keller, Baker, Downes, & Roberts, 2009). Analysis of prefrontal structure using stereology 

quantifies regional volumes of gray and white matter together, whereas VBM analyzes 

regional distribution of only gray matter. Thus, it may be that reductions in white matter 

volume are the primary factor leading to language impairments in these studies. These data 

and those of Hermann et al. (2003) complement DTI work and suggest that white matter 

networks may be more important to language proficiency than specific cortical regions.

Very few studies have examined volumetric MRI in multimodal models of language 

impairment in TLE. As described above, Kucukboyaci et al. (2014) combined volumetric 

MRI with DTI and revealed that frontotemporal white matter integrity, but not cortical 

surface features (i.e., regional thickness, volume, or gray-white contrast) contributed to 

visual and auditory naming deficits in TLE. However, in a recent VBM study combining 

volumetric MRI and fMRI, Labudda et al. (2012) investigated language impairment in 20 
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left TLE patients with typical and 20 with atypical (right-sided) language on fMRI and 

found that patients with atypical language lateralization had increases of grey matter 

volumes, mainly within right-sided temporo-lateral cortex and less significantly within 

frontal brain regions compared to patients with typical language lateralization. In addition, 

the degree of atypical fronto-temporal language activation correlated with right-sided 

temporal and frontal gray matter volumes. However, patients with atypical language 

lateralization did not differ in terms of language performance from patients with typical 

language dominance (Labudda, Mertens, Janszky, Bien, & Woermann, 2012). These findings 

complement those from multimodal studies of fMRI-DTI, suggesting that structural changes 

underlie functional reorganization within language networks in TLE.

In summary, volumetric MRI studies of language impairment in TLE have supported the 

role of left lateral frontotemporal and medial temporal lobe structures, including the 

hippocampus, in naming and fluency performances. Furthermore, there is some evidence 

that atypical language dominance may be accompanied by structural shifts to right 

homologous language regions in some patients with left TLE and that these shifts may 

provide the basis for more successful language reorganization.

6. New analytic models for evaluating network disruption in TLE: Emerging 

contributions of graph theory

The goal of graph theoretical approaches to brain networks is to quantify structural and 

functional systems in the brain in order to analyze neural network organization [see (Albert 

& Barabási, 2002) for more comprehensive overview of modeling complex networks]. It 

utilizes a mathematical framework derived from functional, structural, or diffusion data to 

analyze interconnectivity (also referred to as vertices or edges) between brain regions (or 

nodes). In a network, nodes are linked with other nodes by edges, and a brain network 

formed by the interconnecting edges and nodes is referred to as a connectome. The complete 

mapping of the connectome allows for the generation of a connectivity matrix that 

encompasses all possible connections among the interconnected nodes. Graph theoretical 

parameters such as clustering coefficient, or the density of the connections around specific 

nodes, are commonly used to quantify the topological properties of the human brain 

connectome. Another commonly employed parameter is path length, which is the average 

number of shortest paths between any two nodes within the network. A network with short 

path length denotes efficiency as information can travel across the network more quickly. 

Different interconnectivity between nodes can characterize the network's topology. As an 

example, a small-world network has the characteristics of high clustering coefficient and low 

path length and is both locally and globally efficient. In essence, graph theory creates a 

framework of network organization that can be analyzed to characterize and predict change 

in network topology and measure overall network resilience (Bernhardt, Bonilha, & Gross, 

2015).

Recent studies applying graph theory to structural and functional imaging data have 

supported the evolving concept of epilepsy as a network disorder and provided evidence for 

alterations in whole brain network topology in patients with TLE and extratemporal epilepsy 
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(Bernhardt, Bernasconi, Hong, Dery, & Bernasconi, 2015; Bernhardt, Chen, He, Evans, & 

Bernasconi, 2011; Liao et al., 2010; Vaessen et al., 2012). Bernhardt et al. (2011) examined 

structural network organization and whole brain pathological interactions in TLE using MR-

based cortical thickness correlations. While both healthy controls and patients with TLE 

exhibited short path length and a high degree of clustering consistent with small-world 

topology, patients with TLE showed increased clustering and path length and an altered 

distribution of network hubs, indicative of altered brain structural network topology. Their 

findings provide further evidence that epileptogenic networks disrupt whole-brain structural 

network organization (Bernhardt et al., 2011). Bernhardt et al. (2015) examined the limbic 

subnetwork in the mesiotemporal lobe in TLE and found increased clustering and path 

length, characterized by increased within-structure connectivity and decreased connectivity 

between the hippocampal and amygdala structures. They found that increased path length 

and decreased connectivity in preoperative network topology between the hippocampus and 

other structures was predictive of postoperative seizure freedom (Bernhardt, Bernasconi, et 

al., 2015). Using rs-fMRI data, Pedersen et al. (2015) similarly found increased clustering 

and local efficiency as well as isolation of network nodes in patients with focal 

extratemporal epilepsy compared to healthy controls (Pedersen, Omidvarnia, Walz, & 

Jackson, 2015). In contrast, graph theoretical analysis based on DTI data has yielded 

increased path length but decreased clustering coefficient in TLE (Vaessen et al., 2012). In a 

meta-analysis examining 13 studies on focal epilepsy and brain network organization, van 

Diessen et al. (2014) reviewed available literature which appear to corroborate several 

points: 1) there is an increase in path length and clustering coefficient in patients with focal 

epilepsy when compared to healthy control, 2) there is also an increase in segregation and 

regularized arrangement in network organization along with a decrease in global integration 

and connectivity, and 3) epileptic seizures affect structural and functional integrity of brain 

networks (Diessen, Diederen, Braun, Jansen, & Stam, 2013).

Despite an emerging literature on the utilization of graph theory to better understand 

disruptions in network connectivity in epilepsy, very few papers have examined the use of 

graph theory for probing language networks and predicting postoperative language decline 

following ATL. Doucet et al. (2015) examined the utility of rs-FC graph-theory measures for 

predicting cognitive outcomes following ATL and found that higher integration of the 

contralateral hippocampus with the rest of the brain was a strong predictor of better overall 

cognitive outcomes. With respect to language, random network organization and low 

integration predicted poorer expressive language outcome, explaining 73% of the variance in 

language decline following both left and right ATL (Doucet, Pustina, et al., 2015). In a study 

that examined localization-related epilepsy in children, Eddin et al. (2014) derived graph 

theory measures from fMRI data and examined global and local language networks. They 

found globally decreased efficiency in language network connectivity in pediatric patients 

when compared to controls. While small-world network topology was observed in both the 

pediatric patients and the control group, network activation in the pediatric epilepsy group 

was more random. Overall, the control group was observed to efficiently activate a smaller, 

partitioned network to complete a language task while the pediatric epilepsy group utilized 

the whole brain for the same task (Eddin et al., 2014). Kellerman et al. (2015) similarly 

found decreased efficiency and organization as well as poor segregation of cognitive 
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network modules in the pediatric epilepsy population (Kellermann, Bonilha, Lin, & 

Hermann, 2015). Though still emerging, current literature into global network architecture in 

pediatric epilepsy appears to suggest an overall decrease in small-world topology, for which 

there is an associated reduction in global integration of local network and overall 

inefficiency in network activation. Despite the appeal of graph theory and early evidence for 

its clinical utility, this new analytic tool is still in development, and many questions remain 

regarding what different network measures imply for brain function. Thus, determining 

which graph theory measures best correlate with language performances and predict 

language outcomes in TLE and other epilepsy syndromes is a particularly important clinical 

goal.

7. Conclusions and Future Directions

Advanced neuroimaging has transformed our approach to the preoperative evaluation of 

patients with epilepsy and shifted our understanding away from one of strict localization and 

lateralization of language functions to one that focuses on complex language networks with 

variable patterns of language disruption in TLE. Furthermore, data from structural, 

functional, and diffusion imaging have provided evidence that these language networks can 

reorganize in response to an early cerebral insult or even following surgical intervention. 

Evidence for these adaptive changes and network plasticity is exciting given the potential 

implications for ameliorating language deficits over time as new behavioral, 

pharmacological, or medical (e.g., stimulation) interventions become available. Careful 

characterization of these language network changes is critical, as it could facilitate the 

matching of patients to surgical (i.e., ATL versus laser ablation) and rehabilitative 

interventions. However, proper characterization of network changes revealed by 

neuroimaging is complicated by the heterogeneity of language (re)organization in individual 

patients with TLE and by the dearth of true longitudinal studies, which can minimize inter-

subject variability and provide information critical for characterizing and explaining changes 

that occur in the brain over time.

In addition, if neuroimaging is to make a substantive contribution to the clinical care of 

epilepsy patients, a better understanding of the significance of the imaging “signals” is 

imperative. In particular, what do different network abnormalities actually signify for 

language function? Do they reflect dysfunction/pathology, or compensatory changes that 

have the effect of improving language function? And what can the “signals” tell us about the 

specific functional mechanisms that underlie the change? For example, do they represent the 

re-activation of previously latent network connections for language (e.g., that may have been 

relevant for language at some point earlier in development), or do they represent the 

recruitment of novel regions and connections that indirectly support language function (e.g., 

recruitment of regions underlying more globally-relevant processes such as attention, that 

can provide ‘top-down’ modulation to support language function)? How do the answers to 

these questions differ for different components of language, given that language is not a 

monolithic construct (Bartha-Doering & Trinka, 2014), and different components of 

language (e.g., naming, reading, comprehension, repetition, etc.) may dissociate at the 

behavioral level and at the neuroanatomical level? Although some have proposed a 

conceptual framework for beginning to address these kinds of questions (Tracy & 
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Osipowicz, 2011), the data needed to derive these answers is not readily available. In 

particular, future studies that thoughtfully relate network findings to clinically relevant 

measures of the different components of language function are greatly needed (M. Baciu & 

Perrone-Bertolotti, 2015; Protzner & McAndrews, 2011).

Further, despite the widespread availability of advanced imaging techniques and their 

increased use in clinical care, the relative value of DTI, fMRI, and volumetric MRI for 

predicting postoperative language outcomes (alone or in combination) has not been 

established, and the reason for occasional discordances among structural and functional 

imaging and the IAP remains unknown. The lack of progress in answering these questions, 

in addition to others, may explain why our ability to prevent or even mitigate language 

decline for individual patients following surgical intervention has not dramatically improved.

Along these lines, there is an increased need to shift our approach away from a focus on 

group neuroimaging analyses to one that focuses on patient-specific profiles. One example is 

a greater emphasis on systematically integrating language data derived from multimodal 

imaging (i.e., DTI and fMRI) with patient-specific clinical (i.e., preoperative language 

scores; age of seizure onset) and demographic (i.e., handedness; gender) characteristics. This 

approach is only beginning to emerge in epilepsy research and algorithms are now being 

developed that can be easily implemented in routine clinical care (see (Binder et al., 2008)). 

However, before this approach can be fully relied upon, we must better understand how 

variability at the individual patient level relates to differences at the network level; given that 

within the syndrome of TLE there is heterogeneity at all levels of analysis (e.g., clinical/

demographic, behavioral/cognitive, brain structure/function), this is no small task.

As they mature, new analytic methods that provide an intricate characterization of 

topological aspects of abnormal brain connectivity and subject-specific profiles of network 

properties (i.e., graph theory) may challenge existing models of language disruption in TLE. 

Together with improvements in imaging hardware and data acquisition, these advancements 

show great promise for enhancing the prediction of both seizure and language outcomes 

following surgical interventions (see (Bernhardt, Bonilha, et al., 2015) for a review).
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Highlights

• Non-invasive imaging has greatly advanced our understanding of language 

networks in epilepsy

• FMRI is the most popular method for characterizing language organization 

and reorganization

• Volumetric MRI and DTI provide structural and microstructural quantification 

of language network damage

• Multimodal imaging and new analytic techniques may further refine models 

of language network disruption
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Figure 1. 
Hierarchy of 15 typical and atypical language patterns based on categorical criteria in both 

patients and controls. Language is classified into 3 levels: typical=atypical, language 

dominance (left, bilateral, crossed, or right), and individual activation patterns. Regions of 

interest are left lateralized if lateralization index (LI) ≥ 0.20, bilateral if LI < |0.20|, and right 

lateralized if LI ≤ −20.20. IFG = inferior frontal gyrus; WA = Wernicke area. Figure 

modified with author's permission.
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Figure 2. 
Connectivity maps of controls and patients with left temporal lobe epilepsy (TLE) for four 

seed regions. (A) Brain activity during the language production in a group of 30 healthy 

controls. Results are overlaid onto the mean echo planar imaging of the 30 subjects 

(activation in red-yellow, deactivation in blue-white). Group analysis is performed using a 

mixed effects model and thresholded at p value less than 0.05, corrected for multiple 

comparisons. The approximate locations of the four seed regions are shown as colored rings: 

anterior cingulate cortex (ACC) (red), posterior cingulate cortex (PCC) (blue), left IFG 

(green), and left middle frontal gyrus (MFG) (yellow). (B–E) The results of performing 

functional connectivity analysis on a separate cohort of 8 healthy controls (left panels), 

together with a group of 17 patients with left TLE (right panels). Regions functionally 

connected (correlated) with the ROI average signal time course in the left IFG (B), PCC (C), 

left MFG (D) and ACC (E).
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Figure 3. 
Schematic depiction of the rsFC relations associated with stronger left hemispheric 

specialization for language, shown in separate panels for the left- (A) and right- (B) sided 

seeds. Note, weaker hemispheric specialization (weaker laterality) is associated with the 

inverse rsFC patterns emerging from the seeds. Importantly, both our left and right TLE 

patients displayed these general patterns. Blue lines represent reduced rsFC with stronger 

specialization. Red lines represent higher rsFC with stronger specialization.
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Figure 4. 
DTI fiber tracts implicated in language processing generated from a probabilistic fiber track 

atlas. ARC, arcuate fasciculus; ILF, inferior longitudinal fasciculus; UNC, uncinate 

fasciculus; IFOF, inferior fronto-occipital fasciculus.
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