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Abstract

Language functional magnetic resonance imaging for neurosurgical planning is a useful but 

nuanced technique. Consideration of primary and secondary language anatomy, task selection, and 

data analysis choices all impact interpretation. In the following chapter, we consider practical 

considerations and nuances alike for language functional magnetic resonance imaging in the 

support of and comparison with the neurosurgical gold standard, direct cortical stimulation. 

Pitfalls and limitations are discussed.
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Language mapping using functional magnetic resonance imaging (fMRI) and direct cortical 

stimulation (DCS) during awake craniotomy is a common therapeutic strategy for patients 

with brain tumors in the dominant hemisphere. The combination of presurgical planning 

using fMRI maps and intraoperative cortical stimulation during awake craniotomy to 

validate fMRI localizations has become a powerful tool in risk assessment, patient 

counseling, and reducing time for intraoperative cortical mapping.1,2 However, the 

techniques not only assay speech differently (activation for fMRI vs deactivation for DCS) 

but they also have distinct methods of failure that in some cases can make concordance 

testing meaningless. The goals of this chapter are 3-fold. First, we aim to summarize the 

state of the field of language mapping for presurgical planning including common practices 

at Memorial Sloan-Kettering Cancer Center and within the literature. Second, we will review 

what can and cannot be learned about language organization and reorganization in brain 

tumor patients using these techniques. Lastly, we will discuss the issues with both fMRI and 

DCS that limit the use of these maps during tumor resection.

Reprints: Nicole Petrovich Brennan, BA, Memorial Sloan Kettering Cancer Center, 1275 York Avenue, New York, NY 10065 
(brennann@mskcc.org). 

The authors report no conflicts of interest.

HHS Public Access
Author manuscript
Top Magn Reson Imaging. Author manuscript; available in PMC 2017 February 01.

Published in final edited form as:
Top Magn Reson Imaging. 2016 February ; 25(1): 1–10. doi:10.1097/RMR.0000000000000074.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



COMMON CLINICAL SCENARIOS

Frontal Dysfunction

Frontal lesions that involve the inferior frontal gyrus (classically defined Broca area) or the 

middle frontal gyrus often cause semantic and phonemic paraphasias, facial droop, speech 

arrest, agrammatism, dysarthria, speech apraxia, or other productive aphasia that hinders 

speech production.3 Although both dysarthria and speech apraxia can be caused by frontal 

lesions, only the presence of true speech apraxia can lend information about a patient’s 

dominant hemisphere. Dysarthria is a motor disorder that is very broadly seen as slurring of 

speech and can be caused by lesions in a variety of places in the motor system both 

peripheral and central, dominant and nondominant hemispheres. It is a disorder of executing 

planned motor speech programs. Speech apraxia is a motor speech disorder specifically 

affecting the formation of the motor speech programs themselves. Lesions are most often in 

the dominant hemisphere unlike in the case of dysarthria. Patients with speech apraxia, such 

as dysarthrics, have similar trouble in articulation, but linguistic components such as 

overlearned sequences and vowels (in contrast to consonants) can be spoken clearly by the 

patient. Speech is more often consistently affected in dysarthria regardless of the task.4 The 

aforementioned is a perfect example of how a general sign can only occasionally lend a 

hypothesis about whether a lesion is in the dominant or nondominant hemisphere and only 

after systematic testing that the routine neurosurgical workup often does not include. As a 

result, language mapping of some form is often indicated in both cohorts.

Temporo-parietal Dysfunction

Patients with lesions near the posterior superior temporal gyrus (classically defined 

Wernicke area), middle temporal gyrus, supramarginal gyrus, and or angular gyrus often 

present with more varied deficits. For example, they may have word-finding difficulty, 

receptive aphasia (inability to answer questions, or understand commands), agraphia 

(difficulty with writing), alexia (difficulty with reading), perseveration (naming a second 

picture the same as the first), or circumlocuitous speech where they specifically avoid the 

most direct or appropriate word in favor of one they can find more easily. This mixed bag of 

deficits seen with lesions in this area is recapitulated by an increased variability in the 

localization of speech function using DCS in the temporo-parietal region. In an early study 

of 11 adult epileptic patients, although frontal speech was consistently localized in the same 

inferior frontal region, naming, a commonly attributed temporo-parietal function, was only 

localized in 50% to 80% of the temporo-parietal sites assayed.5 A contemporary of this 

classic study characterized the distribution of 5 types of paraphasic-naming errors upon 

cortical stimulation of the temporo-parietal region in 110 patients. This study similarly 

found a widely distributed network subserving temporo-parietal speech. For example, 

semantic paraphasias were found upon stimulation of 18 separate cortical regions in the 

temporo-parietal area.6 Later, we will see that this diffuse control of function translates to 

more variable functional MRI mapping of the same region.

Lateralization and Handedness

Patients are generally referred for language mapping to localize function in relation to a 

lesion or lateralize speech function to a hemisphere. Handedness is positively correlated 
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with hemispheric lateralization for language. Although the estimated percentages are of 

some debate, language is the purview of the left hemisphere in approximately 95% of right-

handed people and 70% of left-handed people.7 The degree of language laterality has been 

shown to correlate with the degree of handedness. That is, the degree of atypical right 

hemisphere dominance increases linearly with the degree of left-handedness.8,9 As a result, 

tools that quantify a patient’s handedness such as the Edinburgh Handedness Inventory are 

often used as a surrogate to language mapping.10 At MSKCC, language lateralization 

mapping is most often requested in right-handed patients with left hemispheric lesions, left-

handed patients with left or right hemispheric lesions, or right-handed patients with right 

hemispheric lesions and signs or symptoms of aphasia. This last patient cohort will report 

speech symptoms during seizures or fatigue and the fMRI is ordered to rule out atypical 

right hemisphere dominance.

Localization

Once a patient’s hemispheric risk is considered, they are then further subdivided into more 

specific categories on the basis of the location of their lesion. With some exceptions, most 

patients who are referred for language mapping fall into 3 categories: patients with frontal 

language at risk, patients with temporal language at risk, and patients for whom the question 

is hemispheric laterality. In this context, we will review some common fMRI paradigms 

used to map the language system. It is important to note that although fMRI paradigms are 

designed to target either frontal or temporal speech (Broca area or Wernicke area, 

respectively), many fMRI paradigms, as a result of significant interconnectivity between 

language centers, will measure both. However, we will review the presurgical fMRI 

paradigms in terms of their targets particularly because the intraoperative signs during DCS 

are fairly well segregated.

THE ANATOMY AND ITS FUNCTIONALITY

A Note of Caution

It should be noted that inferences drawn from the multitude of structure/function fMRI 

studies on language often draw their conclusions from group analyses. That is, the resultant 

map of function asks the question “which of these structures is conserved in activation 

across all of my subjects.” This should conceptually be a sensitive, conservative approach 

and particularly relevant to neurosurgery given that any structure that is commonly activated 

is more likely to be a necessary rather than sufficient structure. However, there are a variety 

of technical limitations to this approach that limit the use of group results to individual 

patient treatment planning particularly using fMRI.

The most basic form of group fMRI analysis requires that each subject’s brain be 

normalized to a template space. This kind of nonlinear transformation is necessary in order 

to have precise anatomical localization of a function that can be generalized to the 

population. Because there is significant variability in subject anatomy, the composite “fitted” 

brain is a best fit. This means that there is necessarily error in the anatomical registration 

between subjects. This error can be as large as 1 cm.11 Any error in spatial registration 

necessarily limits the sensitivity of the measurement of any cognitive process across subjects 
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that may reside in similar but different regions. This mismatch can result in low reliability 

and weak sensitivity in group studies (particularly in weakly activated regions such as 

secondary language areas) and in turn difficult usability in patient treatment planning.12 In 

fact, even normal control studies of language can show significant variability in localization 

of function. In a Positron Emission Tomography (PET) study of 20 healthy volunteers 

performing a verb generation task, as much as 9.9 mm of variability was measured in the 

location of cross-referenced loci of PET activation.

Thus, it follows that statements about language function at the level of pathological cohorts 

(seizure patients, tumor patients, etc) should exhibit so much variability in structure–

function relationships as to make the predictability of secondary language organization 

certainly, but primary language organization occasionally very difficult.13 Lastly, group 

results in any cohort do not account for lesional modifications in function. This can be in the 

form of true translocation of function14,15 to the more common reorganization of function 

that has mixed clinical significance.16 It is in this context that we review the current thinking 

in the organization language organization in the clinical setting of neurosurgical planning. 

Note that the structure–function relationships reported here are limited and are necessarily a 

mix of single patient, patient cohorts, and control group studies and should be used as a 

guide.

FRONTAL LANGUAGE MAPPING

Broca Area

Mapping considerations for frontal language areas primarily involve localizing putative 

Broca area and its surrounds mostly as a result of the dramatic deficits (including mutism) 

seen as a result of iatrogenic damage to this area. Classically defined Broca area includes the 

pars triangularis and pars opercularis portions of the inferior frontal gyrus.17,18 There have 

been many attempts to localize and lateralize Broca area purely using anatomical 

morphometry, but significant enough variability between subjects has rendered this approach 

unreliable.19 One study attempted to localize Broca area by identifying 3 variants of sulcal 

topography. The predicted sites were then confirmed using DCS. The authors in part 

conclude that for the 70% of patients who fell into the “Type I category” where Broca area 

was distributed around the inferior precentral sulcus, speech arrest was located at a mean of 

2.4 cm from the antero-inferior aspect of the pars opercularis. Although these types of 

classifications may be more useful in patients with nonspace-occupying lesions, patients 

with brain tumors in the frontal operculum often have distorted anatomy escaping 

morphometric classification alone. Further, anatomical rules say nothing about the function 

of the cortex, which can be altered particularly in children with seizure disorders and 

patients with brain tumors.20,21

In addition to subserving frank motor coordination and execution of speech, Broca area is 

now thought to support a wide variety of additional language subcomponents. It has been 

shown to either drive or participate in the syntactic component of speech22,23 in addition to 

the phonological processing and manipulation of sound patterns in language24,25 and it has 

been implicated in language expression including sentence construction and grammar (rather 

than word content and meaning).26,27 Although the aforementioned functions fit in the 
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context of Broca area as a production, coordination, and execution entity, there is increasing 

evidence that this region also plays a role in some cognitive aspects of speech. The inferior 

frontal gyrus has accordingly been shown to be involved in implicit selection and 

determination of the meaning of a word within a given context.26,28 Although this degree of 

specificity is beyond the scope of most language mapping for neurosurgical planning, one 

can imagine the gradual incorporation of more sensitive measures of speech localization.

Secondary Frontal Language

Modern models of speech production also suggest a significant role for the insula, the 

middle frontal gyrus, the supplementary motor area (SMA), and the inferior aspect of the 

primary motor gyrus in the frontal lobe. Although their participation in speech is well 

documented, the extent to which these areas support essential speech and should be avoided 

during a neurosurgical procedure varies significantly between the patients. It is for this 

reason that patient-specific mapping such as presurgical fMRI plays a role in treatment 

planning.

The Insula

The insula is a phylogentically old region of the brain tucked deep to the frontal operculum. 

Damage to the precentral gyrus of the insula has been shown to be correlated with speech 

apraxia,29 though a causal relationship between insular damage and speech apraxia is of 

some debate. The main argument is that patients with speech apraxia always have insular 

damage, but patients with insular damage do not always have speech apraxia.30 The insula 

has been posited to contribute to aspects of naming, word finding, and articulation31 and is 

also commonly thought to control ventilatory needs during articulation.32 Ackermann and 

Riecker,32 in a comprehensive review of insular function, note that lesions restricted to the 

insula are rare and putative speech areas and their connections are close such that 

conclusions about the role of the insula in speech production are unreliable.

DCS of the insula, while uncommon due to its deep location, has achieved speech 

interruption in some patients.33,34 A recent electrical stimulation study of 25 patients with 

drug refractory focal epilepsy showed speech arrest or hypophonia in the left middle short 

gyrus of the insula in 5 patients.35

fMRI activation in the insula during speech tasks is not uncommon36–38 and the range of 

function attributed to this region is wide including but not nearly limited to vowel 

production, bilingual language attainment, and the phonetic-linguistic structure of verbal 

utterances.39 To date, functional imaging paradigms do not target the insula for 

neurosurgical planning, but in our experience, this area appears frequently during fMRI 

language mapping particularly in vocalized speech tasks.

Middle Frontal Gyrus/DLPFC

The middle frontal gyrus is a large area that is partly composed of the premotor area and the 

dorso-lateral prefrontal cortex (DLPFC). This area, in its location just superior to Broca area 

(Brodmann areas 46 and 9), contributes to aspects of verbal working memory.40 As a result, 

it commonly activates during speech fMRI examinations. Further, it has been implicated in a 

Brennan et al. Page 5

Top Magn Reson Imaging. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



variety of higher cognitive functions, including top-down control of working memory 

capacity,41 selective attention, and task management.42 Its role in essential speech 

production and hence its relevance to neurosurgical planning is of some debate. Pure 

dysarthria as a result of an isolated stroke to the middle frontal gyrus has been reported.43 A 

recent surgical study showed that of 151 patients who had electrocortical stimulation testing 

in the portion of the DLFPC just superior to Broca area showed anomia in anywhere 

between 3.6% and 10.8% of patients stimulated depending on the location within the middle 

frontal gyrus and region of the inferior frontal sulcus.44 However, the same study also shows 

10 regions within the middle frontal gyrus where 100% of patients stimulated did not show 

interruptions of speech. In our own experience of over 1000 patient studies at MSKCC, 

fMRI activates the middle frontal gyrus often in speech studies. However, only a small 

proportion of those cases have shown DCS interruption at these fMRI localizations 

(anecdotal data).

Supplementary Motor Area

The SMA is another secondary language area in the medial frontal lobe of interest in 

neurosurgical planning. Although its precise anatomical boundaries are not well-defined on 

the anterior margin, the posterior margin of the SMA is functionally delimited by the foot 

motor region (Fig. 1) The SMA is functionally divided into 2 regions; the anterior portion of 

the SMA (pre-SMA) subserves language planning and the posterior portion is responsible 

for planning motor execution.45 This functional subdivision while likely variable in its 

precise localization has been delineated by the VCA line (vertical commisure anterior line) 

drawn vertically from the anterior commisure.46 It has been suggested that there is a graded 

functionality separating the pre-SMA and the SMA proper. Peck et al45 showed an area of 

common activation during both motor and language tasks, suggesting that there may be a 

region of the SMA that might carry a high probability of deficit if damaged. However, 

operative deficits relative to this region were not examined in this study.45

Damage to the SMA results in an ataxic syndrome that can have both motor and/or speech 

components. The language component of SMA syndrome is characterized by reduced 

spontaneous speech, but in severe cases, iatrogenic lesions can produce mutism.47 

Interestingly, these deficits usually recover on the order of weeks to months. Using fMRI to 

predict whether patients are at risk for motor deficits, speech deficits or both is a topic of 

debate. A recent study suggested that the presence of preoperative fMRI activation in the 

contralateral, healthy SMA was correlated with postoperative SMA syndrome.47 

Furthermore, most studies agree that although fMRI activation of the SMA during speech 

tasks commonly activates both hemispheres, iatrogenic lesions to the SMA in the language-

dominant hemisphere are most likely to cause deficits. A neurosurgical study determined 

that the risk of postoperative speech deficit was 100% when the distance between the SMA 

fMRI centroid of activation was 5 mm or less to the border of a tumor.48 In addition, there is 

evidence in the motor system that contralateral SMA plasticity (as indicated by increased 

fMRI signal) following surgery may shorten recovery time.49 Of course, motor recovery and 

language recovery are likely to involve different mechanisms.
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TEMPORO-PARIETAL LANGUAGE MAPPING

Superior Temporal Gyrus

Wernicke area is located in the posterior aspect of the superior temporal lobe just posterior 

to Heschle gyrus extending to the posterior most aspect of the sylvian fissure. Its posterior 

margin is poorly delineated and the end of Wernicke area and the beginning of the angular 

gyrus is not well defined. It is broadly responsible for speech reception and 

comprehension,50,51 but recent studies have refined and broadened its function. Many of the 

studies that characterize speech reception and comprehension focus on distinguishing 

between speech and nonspeech sounds. For example, Wise et al52 delineated perceptual 

subsystems within Wernicke area. Portions of the supratemporal cortical plane responded to 

speech and nonspeech sounds; the most posterior and medial aspect of the superior temporal 

gyrus at the parietal junction responded to speech production rather than perception and the 

superior temporal sulcus by contrast responded to external sources of speech as well as 

lexical recall. Although this level of subdivision is beyond the scope of neurosurgical 

planning, it is worth noting that Wernicke area and its surrounds have both perceptual and 

integrative components that will both be relevant in the interpretation of temporo-parietal 

speech fMRI studies and the unraveling of iatrogenic deficits in this region.

Language mapping with aural stimuli often elicits bilateral temporal fMRI activations. 

Without an understanding of Wernicke area role in speech perception and phonological 

processing,53 these bilateral activations can confound judgments of hemispheric laterality of 

language. fMRI of aurally delivered speech not only elicits the expected bilateral primary 

auditory activations in Heschle gyrus but bilateral superior temporal activations as well. A 

recent study looked at the anatomical specificity for speech perception and rhythm. It 

concluded that intonation or prosody is not only the purview of the right homologue of 

Broca area in the frontal lobe but also the right posterior superior temporal sulcus. Intonation 

also activated the bilateral superior temporal gyrus and sulcus.54

It has also been suggested that lesions to Wernicke area and surrounds can produce not only 

the typical fluent aphasia but also category-specific deficits. Campanella et al55 showed 

deficits in naming manipulable objects in patients with lesions in the left posterior temporal 

lobe. These lesions, however, encompassed large regions of the posterior temporal lobe. In 

an analysis of the literature on category-specific disorders, Gainotti56 attributed the 

impairment of living things to the bilateral antero-mesial and inferior portions of the 

temporal lobes. Lexical impairments in “plants” were found secondary to a lesion in infero-

mesial parts of the temporo-occipital region in the left hemisphere.56

A variety of studies have implicated Wernicke area in verbal memory. In a study of 210 

stoke patients, investigators showed that the integrity of the superior temporal gyrus and 

sulcus predicted not only the ability to comprehend sentences but also auditory memory 

capacity.51 Given its role in acoustic integration and comprehension, it is no surprise that the 

posterior superior temporal region is heavily involved in lexical memory. It is intuitive that 

word mimicry and phonetic sequencing are necessary processes for long-term potentiation 

of words.52
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SECONDARY TEMPORO-PARIETAL LANGUAGE AREAS

Middle Temporal Gyrus

Speech requires that meaning or semantics get queried with phonological input. The middle 

temporal gyrus situated just inferior to Wernicke area has been implicated in many aspects 

of speech from phonemic discrimination57 to lexical-semantic retrieval58 on the word level. 

Whitney et al59 used Transcranial Magnetic Stimulation (TMS) to determine to what degree 

the posterior middle temporal gyrus (and inferior frontal gyrus) acted as a semantic store 

and/or whether these areas have executive mechanisms that can direct semantic knowledge 

instead. In this experiment, TMS did not interrupt decisions with automatic semantic 

associations (salt:pepper) only those with weak associations (salt:grain). From this, the 

authors concluded that the posterior middle temporal lobe does not likely act as a semantic 

store, but rather as a semantic control/execution center. More broadly, other studies have 

implicated the middle temporal gyrus in semantic decision making as well.60,61 (eg, Is this 

an animal and is it used by humans?) Given its integrative function, the middle temporal 

gyrus would be expected to act as a semantic relay station. Turken and Dronkers,50 in fact in 

a functional connectivity analysis, show that the left middle temporal gyrus is functionally 

connected to many subregions within the left temporal, right temporal, left frontal, right 

frontal, and left parietal regions. Given its semantically heavy responsibility, it has been 

shown that the middle temporal gyrus also participates in speech comprehension at the word 

(rather than the sentence) level.62

Inferior Temporal Gyrus

The inferior temporal gyrus located, as the name implies, in the inferior aspect of the 

temporal lobe mediates a variety of cognitive processes best summarized as functions of 

recognition. Portions of the anterior fusiform gyrus situated in part in the inferior temporal 

lobe have been suggested to be functionally specialized for word strings63 and has since 

been termed the visual word form area.64 However, the specificity of this area as such has 

been challenged.65 Studies have also implicated the area in lexico-semantic judgments.66,67

ANTERIOR TEMPORAL LOBE

The anterior temporal lobe activates variably in functional imaging studies of language for 

presurgical planning. Two dominant hypotheses for this region consider the anterior 

temporal lobe responsible for driving either the semantic properties of words or lexical 

retrieval. A recent case report of a patient with an anterior temporal low-grade glioma 

revealed that upon detailed neuropsychological testing, the patient had deficits in name 

retrieval for proper names, tools, but no difficulty retrieving animate object names, 

suggesting that the anterior temporal lobe may subserve category-specific naming.68 Of 

course, a single patient with a lesion known to alter functional connectivity makes it difficult 

to draw broad conclusions. Grabowski et al69 in a PET study dissociated the effects of 

conceptual/semantic processing from word retrieval by having subjects’ name famous 

landmarks and famous faces. There was no main effect of category in that both activated the 

same region in the left temporal pole. This led the authors to also conclude that the temporal 

pole supports word retrieval rather than semantic processing. Many others have attributed 
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the anterior temporal lobe to word retrieval and naming.70,71 Interestingly, it has been 

suggested that the age of acquisition of the noun may affect its vulnerability to temporal lobe 

resection.72 This region has also been implicated in face naming.73,74

Supramarginal and Angular Gyri

The supramarginal and angular gyri are situated just anterior to and surrounding the 

posterior aspect of the lateral sulcus, respectively. The supramarginal gyrus broadly supports 

the phonological aspects of word processing75 (both left and right supramarginal gyri), 

whereas the angular gyrus contributes the semantic aspects particularly in reading.76 In fact, 

the left angular gyrus has been shown to play a particularly important role in learning to read 

and may be able to distinguish poor readers from good readers.77–79 Mapping these parietal 

regions for neurosurgical planning, however, has historically applied a broad strategy for 

localizing reading-associated cortices at risk during a surgical procedure and has not 

achieved the level of sensitivity that would be required to predict reading deficits from fMRI 

patterns of activation.

fMRI PARADIGMS

Frontal Speech Mapping fMRI Paradigms

There are a variety of productive speech paradigms that are used during fMRI mapping to 

target frontal speech areas. Fluency tasks such as phonemic and semantic fluency wherein 

patients are asked to generate (often silently) words to a given letter or words that fit a 

category (fruits, countries), respectively, are widely used. The simplest version of this task is 

contrasted with rest in the baseline (Fig. 2). Another common productive paradigm is verb 

generation. During verb generation, a patient is presented with a noun either visually or 

aurally (such as baby or pilot) and is asked to covertly generate verbs. Verb generation is a 

commonly used task for a variety of reasons. Overall, it shows more specificity than fluency 

tasks80 and has also shown less variability in measuring hemispheric dominance both across 

different language tasks and across different groups of patients.81 The reason for this may be 

a result of a more difficult level of processing than similar productive tasks. The common 

factor in all of these paradigms is fluency where patients are required to generate lexical 

responses. Overall, word generation tasks have been shown to reliably localize frontal 

speech areas.82 In fact, in a comparative study between 6 different language mapping fMRI 

paradigms, silent word generation was shown to reliably lateralize language even in patients 

with lesions in putative language areas.83

Although the targets of these paradigms are frontal productive speech areas, the responses 

are most often generated silently during fMRI mapping. Historically, speech fMRI 

paradigms have been performed silently to avoid head motion. It is well known that head 

motion can cause both Type I and Type II statistical errors in a functional MRI 

examination.84,85 However, our group has shown that silent speech fMRI paradigms may not 

adequately predict the location of frontal speech arrest using electrocortical stimulation 

during awake craniotomy. Although the clinician performing the fMRI examination must 

balance choosing the most appropriate behavioral task with maximizing the quality of the 

images, the surgeon’s goal is to preserve vocalized speech while maximizing lesion 
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resection. In this way, speech arrest during awake craniotomy is used as a primary measure 

of frontal speech localization. However, silent speech biases the fMRI map anteriorly toward 

the inferior frontal gyrus in many cases and may underestimate the spatial location where the 

surgeon can expect to find speech arrest. For this reason, we suggest the inclusion of a 

vocalized speech task for frontal language mapping. (see Huang et al86 for a technical 

discussion of how to acquire vocalized speech fMRI while minimizing the effects of head 

motion) It should be noted however that vocalized tasks may elicit a more bi-hemispheric 

speech network (prosodic components of speech, motor areas, and auditory perceptual 

processing, for example) independent of hemispheric dominance. As a result, at this point, 

vocalized speech tasks should only be used for localization studies and not speech 

lateralization. The silent/vocalized speech discrepancy between what is typically being 

measured during the fMRI examination and what is maximally predictive in the context of 

neurosurgical planning is a good example of the disconnect between mapping procedures. 

We will highlight these areas of discordance throughout this chapter in an effort to bridge the 

gap between methodologies.

TEMPORO-PARIETAL LANGUAGE MAPPING

Temporal Language Mapping paradigms

Temporal language is more difficult to measure than frontal language areas.87,88 This may 

be in part a result of a more distributed posterior language system. Typical language 

mapping paradigms in fMRI aim to localize receptive regions such as Wernicke area. Less 

commonly, posterior language mapping must also consider reading and writing 

(supramarginal and angular) areas in the mapping workup.

Common receptive language paradigms (for Wernicke activation), unlike frontal speech 

fMRI mapping, come in a variety of forms. The auditory responsive naming paradigm in 

which patients are given simple questions (eg, What color is grass?) is a popular 

variation.89,90 This task can be performed with either visually or aurally cued questions and 

patients are instructed to answer the questions silently. Another fMRI paradigm used to elicit 

activation in Wernicke area is sentence completion.91 This task is often performed visually 

and patients have to fill in a sentence with a variety of on-screen choices. (Bill gives haircuts 

and shampoos. He is a _________________ (1) butcher (2) barber (3) batch (4) beer) Using 

a visually cued receptive paradigm like sentence completion confers the added advantage of 

assaying both receptive speech and reading simultaneously. Passive listening to aurally 

generated sentences has also been used to localize posterior language areas, but it has been 

suggested that productive paradigms such as silent word generation and rhyming may in fact 

provide stronger posterior language lateralization.92 In keeping with this idea, verb 

generation, while broadly considered a productive paradigm, has both in our experience and 

in the literature been reliable in activating posterior language areas.92

MAPPING LANGUAGE USING fMRI: GENERAL CONSIDERATIONS

In many of the language areas covered, it is noteworthy that all of them have a wide and 

varied list of functions attributed to them. This is a fundamental problem with using fMRI to 

predict speech localization or speech interruption during DCS for presurgical planning. An 
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fMRI activation can represent many things. It can mean that the area is excitatory and 

essential to the function (and would be expected to be amenable to interruption during 

DCS). This is the clearest scenario for surgical planning because in the best case scenario, 

there is a one-to-one correlation between what fMRI predicts to be active and what areas 

show good concordance with DCS. However, the activation may also represent excitatory 

activation that is a result of having been recruited by an upstream or downstream area to 

support the function. This area would not necessarily be reliably interrupted during DCS. 

The SMA is a good example of such an area. Many language tasks will reliably elicit SMA 

activation, as there is little doubt that it is involved in speech planning. Further, if the 

dominant SMA is resected, it can produce language dysfunction as severe as mutism. 

However, because it is thought to be an intermediary or secondary planning and motor 

execution area, it can be difficult to interrupt using DCS of the SMA during speech tasks. 

This is especially evidenced by patients in whom DCS fails to elicit speech disruption but 

demonstrated post-op speech deficits.93 This is likely because it requires a significant 

amount of current to a secondary area to shut down the primary effector that it supports, in 

this case presumably Broca area. The last possibility is that the fMRI activation represents 

an inhibitory activation. In this way, fMRI activations during speech tasks can be difficult to 

interpret in the context of risk management and planning. It is assumed that if a major 

language area such as Broca or Wernicke area activates in its expected anatomical location, 

then that area is essential. However, because fMRI is best used as a screening tool for 

atypical functional organization, it becomes increasingly difficult for a surgeon to use 

atypical information that also does not test out during DCS or does so unreliably.

fMRI maps of language function for neurosurgical planning most often serve to assess for 

atypical hemispheric dominance or to localize fMRI activations in relation to a lesion. 

Although the behavioral paradigms generally do not differ for lateralization versus 

localization studies, paradigms wherein patients vocalize their responses during the fMRI 

examination (in contrast to the more widely performed covert response paradigm used to 

avoid head motion) have special considerations. There are 2 main considerations for 

vocalized speech fMRI paradigms for the purpose of neurosurgical planning. First, there has 

been some question about the predictive value of silent speech fMRI as a guide to 

intraoperative cortical stimulation.94 Our group has shown that localizations from silent 

speech underestimate the spatial extent of Broca area in the context of intraoperative speech 

arrest. For this reason, we recommend the inclusion of a vocalized speech paradigm in the 

fMRI examination. New techniques have been devised to minimize the effects of head 

motion on the vocalized speech map. In this technique, the delay in the hemodynamic 

response function is used to detect and remove the first image where motion artifact is 

present from the vocalization. The subsequent image wherein the hemodynamic response 

predominates can then be used to create the fMRI map without the affiliated head motion.86

However, even when motion artifacts are considered when a patient vocalizes their responses 

during an fMRI examination, they activate a variety of bihemispheric primary sensory 

systems that are both irrelevant and problematic to the measure of hemisphere dominance. 

For example, it has been shown that auditory feedback is primarily a right hemispheric 

system.95 Given the preponderance of left hemispheric language lateralization in right (and 

left) handed people, these right hemispheric systems would artifactually skew the laterality 
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index. The laterality index is calculated as a ratio measure of the number of voxels in the 

right and left hemispheres.

Of course, the resultant fMRI map of speech function (or any function for that matter) is 

directly dependent upon the behavioral paradigm that is used. Further, evaluating an fMRI 

task can be difficult. There are many parameters that can be extracted from a BOLD fMRI 

map, including things such as time to peak of the hemodynamic response function, 

magnitude of the fMRI response, and reliability of the fMRI localizations. With this said, it 

should be kept in mind that the mandate of the fMRI map for neurosurgical planning is a 

conservative one, that is, fMRI should ideally measure any cortical area that participates in 

an essential way in the language system.

MEASURING LANGUAGE LATERALITY USING fMRI

One main goal for presurgical speech mapping with fMRI is lateralization or predicting 

which hemisphere primarily controls speech. Predicting hemispheric dominance for 

language using fMRI is a nuanced topic with an extensive literature. We will summarize the 

main considerations that facilitate application of fMRI for language lateralization in the 

context of neurosurgical planning.

CONCORDANCE WITH GOLD STANDARDS

The Wada Test

The intracarotid amytal procedure, also known as the Wada test, has served the 

neurosurgical community since roughly the early 1950s in the measurement of hemispheric 

dominance for language. During a Wada test, a barbituate is injected into 1 internal carotid 

artery causing the temporary inactivation of a single hemisphere. Typically, upon infusion 

into the left carotid artery, the patient will have trouble naming items or responding. 

However, there are risks associated with the invasive angiography procedure and using fMRI 

as a noninvasive alternative was a welcome possibility. The Wada test measures inactivations 
of language areas, fMRI measures activation of language areas, and accordingly, there 

remains discordance between the techniques that is not altogether unexpected. Further, 

determining concordance between Wada and fMRI in tumor patients encounters an added 

complexity of tumor-induced decoupling wherein a lesion’s abnormal neovasculature 

imparts false negatives on the language map and artifactual determinations of language 

dominance.96 Despite this and other limitations, fMRI has gained considerable traction as a 

surrogate to Wada testing and a replacement in many cases. A recent study compared 

language lateralization measures in 100 epilepsy patients who had both fMRI and Wada 

testing. It concluded that there was 91% concordance between techniques with fMRI 

incorrectly categorizing language dominance in 9% of cases.97

Using a combined task analysis wherein the dominance is calculated on a composite output 

of multiple language tasks (to identify essential ra-her than task dependent activations) is 

one technique that has increased confidence in the fMRI lateralization measure and 

concordance between techniques in turn.98 Of note, the single verb generation task has been 

shown to have similar concordance with WADA as Combined Task Analysis, which is worth 
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noting in practices wherein numerous tasks cannot be performed during fMRI.99 Further, it 

is felt that concordance between the techniques is quite high in well lateralized patients, but 

that Wada may be less sensitive in the case of codominance for language where language 

errors can be more subtle and less consistent.99,100

Codominance is the single most difficult clinical scenario in language mapping adult brain 

tumor patients and arguably across clinical disciplines. Detecting atypical language 

dominance is the mandate of the fMRI examination and yet the clinical significance of 

codominance on Wada and/or fMRI is yet unknown. That is, it is unknown whether 

codominance for language affords any cognitive protection to a unilateral (often left 

hemispheric) lesion. One study showed that bilaterality assessed by dichotic listening and 

fMRI has been correlated with higher performance on many language tests.101 Yet, Lazar 

and Antoniello102 show that codominant patients still show signs of significant aphasia. 

Lastly, knowing whether fMRI measures of codominance mean essential, supportive, or 

other function can be difficult with right inferior frontal, middle frontal, and medial temporal 

regions activating in left dominant individuals.103

DIRECT CORTICAL STIMULATION

fMRI language maps for neurosurgical planning (speech localization particularly) are often 

evaluated in the context of concordance with intraoperative cortical stimulation testing. DCS 

testing is the gold standard by which neurosurgeons plan safe surgical margins during tumor 

resection and other pathologies. Further, it is the method by which most speech fMRI maps 

will be validated. In this regard, it is essential that the cortical stimulation procedure be 

reviewed for a full circle understanding of the end-stage users’ perspective. A 

comprehensive discussion of the procedure can be found in the study by Szelenyi et al.104

During DCS, the patient is lightly anesthetized and positioned such that the surgical draping 

does not obscure the patient’s face. An electrode is placed at the median nerve and 

communicates with a strip electrode on the exposed cortex. Often, language mapping begins 

by measuring somatosensory-evoked potentials. In this technique, the median nerve is 

stimulated and the response is detected from a strip electrode array draped over the Rolandic 

region.105 A phase reversal between 2 of the recording cortical electrodes indicates a likely 

position of the central sulcus. Bipolar stimulation will then begin at this location.

Because the impedance of the brain varies from patient to patient, bipolar stimulation of the 

motor cortex often precedes language mapping in order to establish a threshold of action. 

Depending on the exposure of the craniotomy, facial muscle fasciculations, hand grasp, or 

arm muscle fasiculations are recorded. Using the threshold that affected a motor response, 

language mapping commences. Frontal language mapping is mapped by asking the patient 

to count, recite the days of the week, months of the year, or name pictures. Arrests of 

speech, paraphasias (errors), or hesitations are noted as they coincide with the electrical 

stimulation. If no effect is seen, current is escalated until either a response is seen or after 

discharges are noted on the Electroencephalography. Note that bipolar stimulation of speech 

areas causes a negative sign, while electrical stimulation of the motor areas causes a positive 

Brennan et al. Page 13

Top Magn Reson Imaging. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



sign. A good review of the neurophysiology accounting for this effect can be found by 

Borchers et al.106

CONCLUSION

We have discussed the most common clinical scenarios for language mapping. The goal was 

to also discuss ways in which the language fMRI map should be interpreted with caution. 

fMRI for language mapping is gaining in its ubiquitous application to presurgical planning, 

nuanced acquisition and analysis. As more centers work out the efficacy of language fMRI 

in their own hands, it is anticipated that language fMRI will continue to contribute to the 

presurgical toolbox.
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FIGURE 1. 
fMRI foot motor fMRI (red arrow), motor supplementary motor area (SMA) (blue arrow), 

position of the central sulcus (yellow arrow). Although not precise anatomical marker for the 

position of the motor component of the SMA exists, in our experience, it is often found 

medial to the precentral sulcus.

Brennan et al. Page 19

Top Magn Reson Imaging. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 2. 
A typical block designed paradigm maximizes detection of the fMRI signal and is ideal for 

clinical fMRI scanning. Time spent in each condition varies. Twenty seconds in activation 

and 20 seconds in rest is also common. Forty seconds allow the hemodynamic response 

maximal time to recover hence maximizing contrast between conditions.
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