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Abstract 
 
Researchers of non-literal language (e.g., humor, metaphor, indirect speech) have traditionally 

sought to establish whether different cognitive mechanisms support non-literal vs. literal 

language processing. Previous approaches treated processing time and hemispheric lateralization 

as indicators of the recruitment of different cognitive mechanisms in non-literal language 

processing. In the present meta-analysis, we attempted to overcome methodological challenges 

of these paradigms by exploring the extent to which non-literal language processing is associated 

with neural activation in three distinct functional networks. Specifically, we analyzed whether 

activation peaks from 71 fMRI experiments (770 total peaks) reported in contrasts of non-literal 

vs. literal language processing fell into the language, multiple demand (MD), and theory of mind 

(ToM) networks. These networks become robustly and selectively activated when individuals 

perform tasks that engage cognitive processes presumably involved in non-literal language 

processing. Our analysis indicated that 1) peaks from non-literal vs. literal language contrasts fell 

into the language and ToM networks at above-chance levels, 2) a high number of the peaks are 

located in the right hemisphere, and 3) different types of non-literal language phenomena can be 

separated into three groupings based on their relationships to the functional networks of interest. 

Together, our findings suggest that different combinations of cognitive resources may indeed 

support non-literal vs. literal language processing, though more work is needed to clarify the 

exact nature of these differences. Future investigations into the neural basis of non-literal 

language processing should continue to incorporate functional network-based analyses in order 

to further explore the relationships between linguistic processing, executive function, and 

mentalizing and non-literal language processing.	
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The Neural Basis of Non-Literal Language Processing: 

A Meta-Analysis of Functional Magnetic Resonance Imaging Studies 

Understanding non-literal language processing is no piece of cake 
	

A baked confection or a lack of difficulty? The idiomatic phrase “a piece of cake” takes 

on different meanings in different linguistic and social contexts. It is precisely this sensitivity to 

information about speaker intent, social circumstances, linguistic patterns, and world knowledge 

that defines non-literal or “pragmatic” language (Glucksberg, 1991; Wilson & Sperber, 2003; 

Wilson & Sperber, 2012). Research on non-literal language has traditionally sought to identify 

the cognitive mechanisms that drive non-literal vs. literal language processing. Although 

evidence from cognitive psychology, neuropsychology, and neuroscience has contributed 

important insights to this debate, there is still a considerable amount of ambiguity surrounding 

current understandings of the cognitive mechanisms involved in non-literal language processing 

(Kasparian, 2013; Yang, Edens, Simpson & Krawczyk, 2009). The present neuroimaging meta-

analysis will attempt to improve these understandings by employing a novel analysis approach. 

Specifically, we will examine the extent to which non-literal language processing is associated 

with neural activation in distinct functional networks as measured by functional magnetic 

resonance imaging (fMRI).	

In the following sections, we first explain what is meant by “non-literal language” before 

outlining several cognitive processes whose contributions to non-literal language processing 

deserve further investigation. We subsequently review past approaches to studying non-literal 

language processing and describe how the present study offers a different perspective on this 

topic. Ultimately, the complexity of scientific discourse on non-literal language processing 

suggests that understanding the mechanisms that support it will be far from a piece of cake.	
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Non-literal language: a cheat sheet	
	

The “piece of cake” idiom is one example of non-literal language among many. From 

idioms to irony, non-literal language is marked by its dependence on contextual information and, 

therefore, its importance in social communication (Sperber & Wilson, 1986). Consistent with 

previous meta-analyses of non-literal language (e.g., Bohrn, Altmann, & Jacobs, 2012; Reyes-

Aguilar, Valles-Capetillo, & Giordano, 2018), the present study will treat multiple non-literal 

language phenomena as a single class. Descriptions of these phenomena are displayed in Table 1. 

While they can be defined separately, all non-literal language types listed in Table 1 share a 

dependence on contextual information, or information that cannot be derived solely from the 

literal meaning of their linguistic components. Note, however, that grouping these phenomena 

may prove inappropriate, as it is possible that they represent distinct kinds. We will return to the 

issue of grouping non-literal language types in the discussion.	

Metaphor, a classic example of non-literal language, has been studied most heavily. The 

process of linking a concrete source (e.g., “money”) with an abstract target (e.g., “time”), such as 

in the example, “You need to budget your time” (Lakoff & Johnson, 1980, p. 456), requires that 

speakers retrieve information from memory and relate it to the current context (Glucksberg, 

McGlone, Grodzinsky, & Amunts, 2001). Less prototypical types of non-literal language, such 

as prosody and text/discourse comprehension, bear similarly crucial relationships to contextual 

information. For instance, prosody, or vocal tone (Hellbernd & Sammler, 2016), serves as a cue 

to meaning in situations in which other cues are lacking (Snedeker & Trueswell, 2003). During 

text and discourse comprehension, listeners or readers maintain a “mental model” (Johnson-

Laird, 1983) of the current situation by making social and linguistic inferences that allow for the 
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construction of a text or conversation’s broader thematic meaning (Graesser, Singer, & Trabasso, 

1994; Mason & Just, 2009). 	

 
Which cognitive processes support non-literal language processing?  

Non-literal language, like any other form of language, carries linguistic meaning that 

must be derived from its orthographic or phonological form. It would appear, then, that at least 

some of the cognitive resources that contribute to literal language processing are also recruited 

for non-literal language processing. Consistent with this prediction, correlations between non-

literal and literal language skills in both normal and clinical populations are well-documented. 

Individuals with strong literal language abilities (e.g., large vocabularies) tend to excel at 

creating and understanding non-literal language (Beaty & Silvia, 2013; Whyte & Nelson, 2015), 

and patients with general language impairments perform poorly on non-literal language 

comprehension tasks (Papagno, Tabossi, Colombo, & Zampetti, 2004; Papagno & Genoni, 

2004). In addition, past neuroimaging studies of non-literal language processing often report 

increased activation in a classic language region called the left inferior frontal gyrus (IFG), 

commonly known as Broca’s area, during non-literal vs. literal language comprehension (e.g., 

Jin et al., 2009; Spotorno, Koun, Prado, Van Der Henst, & Noveck, 2012; Matsui et al., 2016; 

Feng et al., 2017). In short, non-literal language is still language.	

While literal and non-literal language processing seem to rely on a similar set of 

cognitive machinery, researchers of non-literal language have traditionally hypothesized that 

non-literal language processing draws upon additional processing resources. The distinction 

between literal and non-literal language processing was first captured by Grice (1975) and 

Searle’s (1979) theories on non-literal language processing, which comprise what is now called 

the standard pragmatic model. In accordance with the scientific trends of the time (e.g., Frazier 
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& Rayner, 1982; Coltheart, 1978), the standard pragmatic model describes that similar yet 

separate cognitive mechanisms enable non-literal vs. literal language processing (Grice, 1975; 

Searle, 1979). Specifically, non-literal language processing involves the accessing of literal 

before non-literal meaning in a serial manner (Clark & Lucy, 1975). Though many have 

criticized the idea of strictly serial linguistic processing (e.g., Marlsen-Wilson, 1987; 

MacDonald, Pearlmutter, & Seidenberg, 1994), insights from the standard pragmatic model have 

inspired decades of research aimed at understanding the extent to which additional cognitive 

resources support non-literal language processing. 

 
Executive function and non-literal language processing	

Scholars of non-literal language extending back to Grice (1975) have explained 

differences in literal and non-literal language processing by referencing the cognitively 

demanding nature of non-literal language processing. Echoing the idea that non-literal language 

processing relies on cognitive mechanisms beyond those recruited for literal language 

processing, Jung-Beeman (2005) posited that semantic integration, or the calculation of 

“semantic overlap among multiple semantic fields,” (p. 515) becomes especially demanding 

during non-literal language processing. Across different types of non-literal language, relating 

disparate semantic concepts and updating models of global context may prove taxing for 

semantic integration mechanisms (Jung-Beeman, 2005). Regarding more domain-general (i.e., 

not language-specific) cognitive functions, non-literal language processing ability is correlated 

with fluid intelligence (Silvia & Beaty, 2012; Dennis & Barnes, 1990), a measure of problem-

solving ability (Cattell, 1963), and working memory capacity predicts pragmatic language skills 

in individuals with schizophrenia (Herold, Tenyi, Simon, & Trixler, 2004; Champagne-Lavau & 

Stip 2010; Varga et al., 2014) and autism (Schuh, Eigsti, & Mirman, 2016).	
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Many have attempted to explain the putative link between executive function, a general 

term used to describe inhibition, working memory, and cognitive flexibility (Diamond, 2013), 

and non-literal language processing by describing the cognitively taxing nature of individual 

non-literal language phenomena. According to these theories, idiom processing places a high 

inferential load on the comprehender (Colle et al., 2013, Honan, McDonald, Gowland, Fisher, & 

Randall, 2015), humor appreciation requires a “frame-shift” during which information from 

working memory and stored knowledge is compared (Coulson & Kutas, 2001), and discourse 

comprehension involves the maintenance and updating of common-ground information between 

interlocutors (Brown-Schmidt, 2009). 	

 In their discussion on the role of inhibition in language processing, Gernsbacher and 

Robertson (1999) present a unified theory on the relationship between executive function and 

non-literal language processing. The authors believe that all possible interpretations of an 

utterance become activated at once, thus making the selection of the correct interpretation—and 

the suppression of the rest—a matter of inhibition. Inhibition becomes especially important when 

comprehending or producing non-literal language, whose alternate interpretations can vary 

widely and differ starkly from the intended meaning. Channon and Watts (2003) expand upon 

this idea by arguing that inhibition additionally supports the ability to consider social 

consequences of selecting a given interpretation. Evidence from neuropsychological 

investigations of executive function and non-literal language processing appears to support 

claims about the role of inhibition in non-literal language processing. Individuals with brain 

damage have demonstrated increased difficulty in understanding sarcasm (McDonald & Pearce, 

1996) and inferring listener reluctance in conversation (McDonald & Pearce, 1998) as a function 

of their performance on tests of inhibition. Using multiple measures of executive function, 
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Channon and Watts (2003) similarly demonstrated that patients’ performance on inhibition, but 

not working memory or multitasking tasks predicted the extent of their inferencing and text 

comprehension abilities.  

 
Mentalizing and non-literal language processing	

Beyond executive function, the role of mentalizing may also help distinguish non-literal 

from literal language processing. The term “theory of mind,” coined first by Premack and 

Woodruff (1978), and later referred to as “mentalizing” by Frith and Frith (1999), refers to the 

capacity to attribute mental states to others. A defining human quality, theory of mind (ToM) 

serves as a crucial tool in social communication (Saxe, 2006). Given the relationship between 

non-literal language and social communication (Sperber & Wilson, 1986), many theories of non-

literal language processing have focused on the role of mentalizing. Wilson and Sperber (2012) 

specifically described that a specialized “sub-module” formed out of broader ToM abilities is 

employed during non-literal language processing (p. 270). The sub-module is not employed 

during non-linguistic tasks, such as when decoding others’ visual focus (i.e., an application of 

ToM abilities that is required during joint attention tasks), but instead helps members of a 

communicative exchange compute the relative value, or relevance, of using contextual 

information to interpret an utterance (for the original version of Relevance Theory, see Sperber 

& Wilson, 1986). Understanding the environmental stimulus that will attract a conversational 

partner’s attention, the background knowledge she is likely to use while processing this stimulus, 

and the resulting inferences she may make during communication allows us to engage in 

pragmatic exchanges while minimizing cognitive load and maximizing mutual comprehensibility 

(Wilson & Sperber, 2012).	
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 As in the case of executive function, scientists have attempted to anchor more abstract 

theories on the relationship between mentalizing and non-literal language processing by 

examining individual types of non-literal language. Upon hearing an indirect request, for 

instance, listeners draw upon a model of the speaker’s mind in order to distinguish requests from 

literal statements (e.g., to determine whether, “It’s hot in here” means, “Please open the window” 

or simply, “It is warm in this room”) (Van Ackeren, Casasanto, Bekkering, Hagoort, & 

Rueschemeyer, 2012). Similarly, Colston and Gibbs (2002) showed that individuals engage in 

mentalizing during irony comprehension, and Winner and Leekam (1991) reported that 

mentalizing allows children to distinguish between irony and deception. With respect to humor, 

Vrticka, Black, and Reiss (2013) defined two core processes of humor appreciation: an 

emotional component, or mirth, and a cognitive component, involving the ability to attribute 

mental states to others (i.e., ToM). Finally, metaphor processing is thought to depend partially 

upon the comprehender’s ability to guess the speaker’s communicative intentions (Eviatar & 

Just, 2006). 	

 A possible connection between theory of mind capabilities and non-literal language 

processing is especially apparent in studies of individuals with brain damage and neurological 

disorders. Evidence from neuropsychology has repeatedly indicated that individuals with 

impaired ToM ability perform worse on tests of non-literal language processing (Martin & 

McDonald, 2005; Winner, Brownell, Happé, Blum, & Pincus, 1998). Similarly, ToM ability has 

been correlated with non-literal language processing deficits in individuals with schizophrenia 

(Champagne-Lavau & Stip, 2010; Gavilan & Garcia-Albea, 2011; Varga et al., 2013) and autism 

(Happé, 1995). Happé (1995) makes strong predictions about the role of ToM in simile, 

metaphor, and irony comprehension in individuals with autism, arguing that ToM impairments 
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largely explain their deficits in using and understanding non-literal language. Similar discussions 

about the central role of ToM in non-literal language processing have arisen in studies of 

individuals with schizophrenia. A striking fMRI study on irony processing reported that normal 

controls showed activation in traditional ToM areas (Saxe & Powell, 2006) such as the left 

temporo-parietal junction (TPJ), while individuals with schizophrenia did not (Varga et al., 

2013). However, when offered “linguistic help” (i.e., an adverb that described the mental state of 

speakers in the stimuli set, such as “Tom angrily remarks...”), individuals with schizophrenia 

improved on the irony comprehension task, and significant differences in activation between 

individuals with and without schizophrenia disappeared completely. The authors interpreted this 

result as evidence both for the role of mentalizing in irony comprehension in neurotypical people 

and for the effects of impaired ToM ability on non-literal language processing in individuals with 

schizophrenia (Varga et al., 2013). Consistent with these findings, neuroimaging studies on non-

literal language processing in neurotypical individuals have repeatedly reported increased neural 

activation in cortical areas associated with ToM during non-literal vs. literal language 

comprehension (e.g., Mason & Just, 2009; Van Ackeren et al., 2012; Spotorno et al., 2012; 

Bašnáková et al., 2016).  

 
Past and present methodological approaches	

 The relationship between executive function and theory of mind in non-literal language 

processing supports the notion that non-literal language, though similar to literal language in 

certain respects, draws upon a different combination of cognitive resources. Investigations 

concerned directly with identifying these differences have historically leveraged a variety of 

methodologies. One early intuition was that increased processing time signaled the recruitment 

of additional cognitive resources. However, as we will discuss in the following section, 
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operationalizing differences in non-literal and literal language processing using behavioral 

reaction time faced notable challenges. Inspired by a series of intriguing neuropsychological 

findings, many argued that the right hemisphere’s relationship to non-literal language processing 

could alternatively indicate the recruitment of additional processing resources. A review of this 

literature will reveal that evidence for differential hemispheric involvement in literal vs. non-

literal language processing suffers from a lack of methodological consistency. Despite concerns 

with the lateralization approach, however, other methods investigating the neural underpinnings 

of non-literal language processing promise a more effective and sophisticated look at the 

cognitive mechanisms involved in non-literal language processing. 	

One such method involves examining the involvement of different functional networks, 

or collections of brain regions that show robust and selective activation when individuals 

perform a related set of tasks (Saxe, Schulz, & Jiang, 2006). The present study will specifically 

explore the role of the language, Multiple Demand (MD), and Theory of Mind (ToM) networks 

in non-literal language processing. These three networks support cognitive functions—linguistic 

processing, executive function, and mentalizing—said to contribute to non-literal language 

processing. In examining the role of the language, MD, and ToM networks in non-literal 

language processing, we aim to avoid the methodological weaknesses characteristic of past 

empirical approaches (Townsend, 1989; Kasparian, 2013) and thus improve current 

understandings of the cognitive mechanisms involved in non-literal language processing.	

In this section, we introduced the concept of non-literal language and described several 

linguistic and non-linguistic cognitive processes associated with non-literal language processing. 

In the following sections, we will review the behavioral reaction time and hemispheric 

lateralization methodologies and defend the merit of the current approach.	
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A matter of time: behavioral evidence on non-literal language	
	

In the years following Grice (1975) and Searle’s (1979) proposal, scientists used 

behavioral reaction time to test whether individuals apprehend literal and non-literal meanings 

simultaneously or sequentially. If understanding the idiom “kick the bucket” necessarily 

involved the accessing of its literal (to physically kick a bucket) followed by its non-literal (to 

die) meaning, researchers predicted that reading a non-literal phrase should take longer than 

reading a literal one. Importantly, the existence of multiple processing steps (e.g., the accessing 

of literal meaning, the accessing of non-literal meaning) does not necessarily imply the need for 

additional processing time. It is only when these processing steps are executed serially, or when 

one step cannot begin until the previous step has concluded, that more processing time is 

traditionally expected (Marlsen-Wilson, 1987). As a serial processing model, the standard 

pragmatic model indeed offered the prediction that non-literal language processing is performed 

more slowly than literal language processing. 	

Early researchers of non-literal language operationalized expected differences in 

processing time by comparing behavioral reaction time measures. Contrary to the predominant 

hypotheses of the time, numerous experiments reported that participant reaction time to literal vs. 

non-literal language stimuli was identical (Ortony, Schallert, Reynolds & Antos, 1978; Gibbs, 

1980). Gibbs (1980) even found that participants were faster at comprehending the non-literal vs. 

literal interpretations of conventional idioms. Additionally, Keysar (1989) observed that 

participants took longer to complete a sentence verification task when both literal and non-literal 

interpretations of a text were plausible, suggesting that both interpretations became available in 

parallel. 	
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As participant reaction times to non-literal and literal stimuli were repeatedly shown to be 

identical across different experimental paradigms (e.g., Gibbs, 1984; Glucksberg, 2003; Ahrens 

et al., 2007), it appeared that the initial predictions of the standard pragmatic model could not be 

substantiated. That is, given putative evidence for parallel processing in non-literal language 

comprehension, a common mechanism was presumed to support both literal and non-literal 

language processing (Cacciara & Glucksberg, 1994). However, a call to reject the idea of 

separate mechanisms in non-literal language processing based on a single type of evidence 

merits a degree of skepticism. Indeed, there is some doubt about the internal validity of 

behavioral reaction time measures. For instance, behavioral reaction time naturally increases 

with age (Woods, Wyma, Yund, Herron, & Reed, 2015), which could confound experimental 

findings. Even in the most controlled experimental settings, there remains a strong possibility 

that reaction time data reflects a mere “local,” or experiment-specific, phenomenon that cannot 

speak to broad questions about serial vs. parallel processing (Townsend, 1989, p. 52).	

In the case that reaction time indeed serves as a direct measure of processing time, 

however, time-course represents only one dimension by which non-literal and literal language 

processing might differ. In the spirit of Grice (1975) and Searle’s (1979) proposals, many 

scientists continued to argue that distinct combinations of cognitive mechanisms support literal 

vs. non-literal processing—this distinction may simply manifest in ways other than time-course. 

Evidence from the field of neuropsychology, for instance, suggested the potential relevance of 

hemispheric involvement in the effort to disentangle the processing mechanisms involved in non-

literal vs. literal language processing. This will serve as the focus of the following section.	
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A tale of two hemispheres: non-literal language and lateralization	
	

For over two decades, neuropsychological investigations shaped the prevailing theories 

on differences between literal and non-literal language processing. The push to study the non-

literal language abilities of individuals with brain damage was initially prompted by Winner and 

Gardner’s (1977) seminal findings. The authors observed that participants with right-hemisphere 

damage (RHD) performed worse on a metaphor comprehension task than did those with left-

hemisphere damage (LHD), despite that the left hemisphere’s central role in language processing 

had been well-established (Broca, 1861). Subsequent investigations documented deficits in 

individuals with RHD across many types of non-literal language, including idioms (Myers & 

Linebaugh, 1981; Van Lancker & Kempler, 1987), metaphors (Brownell, 1988), jokes 

(Brownell, Potter, Bihrle, & Gardner, 1986), indirect speech acts (Stemmer, Giroux, & Joanette, 

1994; McDonald & van Sommers, 1993), and sarcasm (Giora, Zaidel, Soroker, Batori, & Kasher, 

2000). In addition, patients with RHD demonstrated difficulties when completing tasks involving 

text and discourse comprehension (Gardner, Brownell, Wapner, & Michelow, 1983; Delis, 

Wapner, Gardner, & Moses, 1983; Ferstl, Walther, Guthke, & von Cramon, 2005).	

These findings garnered attention not only due to the extent of impairments reported in 

people with RHD, but also because of the skills that these individuals often retained. In his study 

on RHD and inferencing, Beeman (1993) invoked a striking quotation from a participant with 

RHD who claimed that he seemed, “to be missing the subtleties, the complex mosaic of meaning 

that is language” (p. 113). Indeed, many individuals with RHD demonstrated normal literal 

language abilities; their deficits seemed to emerge only in more “cognitively sophisticated” 

linguistic environments (Johns, Tooley & Traxler, 2008, p. 1038). Interestingly, some people 

with RHD successfully identified the need to reinterpret non-literal language apart from its literal 
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meaning but seemed unable to carry out the necessary frame-shift (for a discussion on frame-

shifting in humorous language, see Coulson, 2001). For instance, Brownell et al. (1986) showed 

that patients with RHD chose non-sequiturs over both literal and comedic endings when 

attempting a joke completion task. That is, the patients seemed to recognize that selecting a 

literal ending was inappropriate but could not judge the relevance of non-sequiturs vs. non-literal 

endings. McDonald and van Sommers (1993) similarly reported the case of an individual with 

RHD who could interpret the non-literal meaning of indirect requests (e.g., “Can you pass the 

salt?”), but could not reject a literal interpretation when the experimenters presented it as an 

alternative. Brownell et al. (1986) and McDonald and van Sommers’ (1993) studies, along with 

several others (e.g., Bihrle, Brownell, Powelson, & Gardner, 1986), implicated the role of the 

right hemisphere in executing a final decision step in non-literal interpretation selection. 	

In light of the promulgation of strong claims regarding non-literal language and the right 

hemisphere, the idea that the “right hemisphere is special” (Kasparian 2013, p. 2) in non-literal 

language processing likely deserves a degree of scrutiny. Perhaps the most obvious concern is 

that empirical findings do not always substantiate these claims. Several neuropsychological 

studies have reported that individuals with RHD and LHD show similar deficits in metaphor 

comprehension (Tompkins, 1990; Giora et al., 2000; Zaidel, Kasher, Soroker, & Batori, 2002; 

Gagnon, Goulet, Giroux, & Joanette, 2003). A recent study by Cardillo, McQuire and Chatterjee 

(2018) found no difference in the ability of 20 individuals with RHD and 20 individuals with 

LHD to accurately match a metaphorical phrase to its meaning; both groups demonstrated 

significant impairment. Similarly, neuroimaging studies investigating differences in neural 

activation during non-literal vs. literal language comprehension do not uniformly provide 

evidence for right hemisphere involvement. In fact, many studies do not report any activation in 
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the right hemisphere during non-literal vs. literal language comprehension at all (e.g., Rapp, 

Leube, Erb, Grodd, & Kircher, 2004; Lee & Dapretto, 2006; Citron & Goldberg, 2014; Samur, 

Lai, Hagoort, & Willems, 2015; Yi et al., 2017). It is not surprising, then, that meta-analyses of 

non-literal language have repeatedly described bilateral yet highly left-lateralized networks in 

non-literal vs. literal language comprehension (Bohrn et al., 2012; Reyes-Aguilar et al., 2018), 

with similar left vs. right hemisphere activation peak breakdowns as observed in a meta-analysis 

of literal language processing (Rapp, Mutschler & Erb, 2012; see Binder, Desai, Graves, & 

Conant, 2009 for the literal language meta-analysis).	

Despite the emergence of a more complicated picture regarding the right hemisphere’s 

role in non-literal language processing, the 1990s and early 2000s saw a continuation of support 

for the “right hemisphere is special” position. Hypotheses from the fields of psycholinguistics 

(Giora, 1997) and cognitive neuroscience (Beeman & Chiarello, 1998; Jung-Beeman 2005) 

continued to point to the right hemisphere as a vital component in the comprehension and 

production of (especially novel or unusual) non-literal language. Consistent with these 

frameworks, many neuroimaging studies of non-literal language reported increased activation in 

the right hemisphere when comparing neurotypical participants’ neural responses to non-literal 

vs. literal linguistic stimuli (e.g., Bottini et al., 1994; Mashal, Faust, & Hendler, 2005; Mashal, 

Faust, Hendler, & Jung-Beeman, 2007; Schmidt, DeBuse, & Seger, 2007; Zempleni, Haverkort, 

Renken, & Stowe, 2007; Bašnáková, van Berkum, Weber, & Hagoort, 2016). Bottini et al.’s 

(1994) pioneering PET study of metaphor comprehension, for example, revealed a correlation 

between metaphor comprehension and increased neural activation in the right hemisphere that 

did not arise during literal sentence comprehension conditions. Lezak’s (1995) proposal that the 

right hemisphere processes visual information more holistically than the left further encouraged 
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theories of right hemisphere involvement in non-literal language—the appreciation of the 

relationship between language and context (Joanette, Goulet, Hannequin, & Boeglin, 1990), or 

the diffuse activation of semantic information (Jung-Beeman, 2005), seemed to fit nicely with 

the idea of the right hemisphere as a holistic processor (Martin & McDonald, 2003).	

Methodological issues may help explain the apparent heterogeneity in previous 

investigations of non-literal language. First, many early neuropsychological studies of non-literal 

language did not report the extent or location of right hemisphere damage (Schmidt, Kranjec, 

Cardillo, & Chatterjee, 2010). Experts in neuropsychology maintain that averaging the 

performance of individuals grouped only because of grossly defined damage is highly 

problematic (McCloskey & Caramazza, 1988). Additionally, neuroimaging and 

neuropsychological investigations tend to make use of different types of stimuli (sentences vs. 

word pairs, respectively), which complicates comparisons—or claims of consistency—between 

the two sets of empirical work (Cardillo et al., 2018). A particularly troubling aspect of 

neuroimaging research concerns the potential presence of task-related artifacts (Kasparian, 

2013). In a study devoted specifically to measuring the effect of task on activation during non-

literal language processing, Yang et al. (2009) found that task difficulty appeared to modulate 

activation in the right hemisphere. This finding is consistent with the observation that 

neuroimaging studies that control for the length and processing difficulty of their stimuli often 

report weaker effects in the right hemisphere (e.g., Rapp et al., 2004; Citron & Goldberg, 2014). 

Finally, it should be noted that Winner and Gardner’s (1977) famous study—which arguably 

inspired decades of research on RHD and non-literal language—described that patients with 

RHD performed poorly on a pictorial matching task involving metaphor, whereas their 

performance on a verbal metaphor task was spared. Rinaldi, Marangolo, and Baldassarri (2004) 
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replicated these results while controlling for visuospatial deficits in a group of 50 participants 

with RHD, indicating that RHD may be associated with general deficits in integrating 

information across different representation modalities rather than with a specific deficit in 

processing non-literal language.	

The argument for the special role of the right hemisphere in non-literal language 

processing initially found support among an interdisciplinary cross-section of the research 

community. It appears, however, that several crucial features of the lateralization debate have 

sometimes been overlooked. Beyond the fact that many studies do not implicate the role of the 

right hemisphere in non-literal language processing, a lack of standardization in 

neuropsychological and neuroscientific methods makes comparing work between the two fields a 

difficult task. Taken together, these concerns pose a considerable challenge to the once-

predominant narrative regarding right hemisphere involvement in non-literal language 

processing. Indeed, in line with a recent shift in cognitive neuroscience toward the idea of 

bilateral distributed processing models (Bambini, Gentili, Ricciardi, Bertinetto, & Pietrini, 2011), 

many researchers of non-literal language have adopted milder views on the role of the right 

hemisphere in non-literal language processing (e.g., Kuperberg, McGuire, Bullmore, & 

Brammer, 2000; Rapp et al., 2004; Kuperberg, Lakshmanan, Caplan, & Holcomb, 2006). An 

increasingly common hypothesis suggests that the right hemisphere may not be tuned 

specifically for non-literal language but is instead recruited in especially demanding 

experimental settings (Johns et al., 2008; Schmidt & Seger, 2009). With decades of 

methodological and theoretical concerns complicating the debate on hemispheric specialization 

in non-literal language processing, however, discussions on the role of the right hemisphere are 

unlikely to lead to fruitful conclusions about the mechanisms that drive non-literal language 
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processing. It is for this reason that the present study aims to investigate non-literal language 

processing from a different perspective—that of functional networks. 	

	
Birds of a feather flock together: functional networks	
	
 McDonald and Pearce (1998) offered an intriguing observation about non-literal language 

processing in their neuropsychological study of individuals with RHD. According to the authors, 

the preservation of literal language abilities in individuals with non-literal language deficits 

indicates that these deficits may stem from more general cognitive impairments that emerge 

during “the application of [non-literal] language skills” (p. 89). In other words, non-literal 

language processing may involve a variety of cognitive operations drawn from both linguistic 

and non-linguistic domains. In the second section of the introduction (“A cheat sheet”), we 

described the relationship between non-literal language processing and linguistic processing, 

executive function, and mentalizing. These cognitive processes are associated with distinct 

neural signatures. In the present study, we will capitalize on the existence of separable functional 

networks involved in language processing, executive function, and mentalizing to investigate 

how each of these three cognitive functions may be associated with non-literal language 

processing. 	

 First, what is a functional network? Inspired by the scientific impulse to decompose a 

phenomenon into its component parts (Bechtel, 2002), cognitive neuroscientists have sought to 

identify functional networks, or collections of brain regions that show robust and selective 

activation when individuals perform a related set of tasks (Saxe et al., 2006). Crucially, the 

existence of a functional network does not necessarily point to the encapsulation or innateness 

(cf. Fodor, 1983) of the system in question, but instead may reflect the storage of “domain-

specific knowledge representations that mediate” a specialized set of cognitive operations 
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(Fedorenko & Varley 2016, p. 145). Described in computational terms, the computations carried 

out in functional networks seem to take only certain type of data structure as input. In their 

discussion of the language network, Fedorenko and Varley (2016) acknowledge the possibility 

that the cognitive function that engages it (i.e., linguistic processing) could be comprised of 

multiple separable subprocesses, though limited evidence currently supports this notion. Still, 

due in part to methodological limitations, the existence of a functional network does not 

necessarily indicate that all components of the network operate uniformly. We will now describe 

each functional network of interest in turn. 	

	
Executive function: The MD network 
	
 The “multiple demand” (MD) network includes areas of cortex in the prefrontal and 

parietal regions (Duncan & Owen, 2000; Duncan, 2010; Fig. 1). Specifically, the MD network is 

marked by selective and robust activation “in and around the posterior part of the inferior frontal 

sulcus, in the anterior insula and adjacent frontal operculum, in the presupplementary motor area 

and adjacent dorsal anterior cingulate, and in and around the intraparietal sulcus” during a wide 

variety of tasks involving attention, working memory, perceptual categorization, and problem 

solving (Duncan 2010, p. 172; Federenko, Duncan, & Kanwisher 2013). Activation throughout 

these regions is modulated by stimulus complexity (Duncan 2010; Downar, Crawley, Mikulis, & 

Davis, 2001; Downar, Crawley, Mikulis, & Davis, 2000), perceptual difficulty (i.e., degree of 

stimulus degradation) (Duncan & Owen, 2000), and task novelty/switching (Dove, Pollmann, 

Schubert, Wiggins, & von Cramon, 2000; Dumontheil, Thomson, & Duncan, 2011) across verbal 

(Fedorenko, 2014) and nonverbal tasks, and is even observed during transitions between musical 

movements (Sridharan et al., 2007; Kurby & Zacks, 2008).	
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Work from a range of scientific disciplines provides converging evidence for the 

existence of a domain-general and functionally distinct MD network. Multi-voxel pattern 

analysis (Haxby et al., 2001) has implicated these regions in the encoding of categorical 

decision-making (Li et al., 2007). On a cellular level, neurons in the prefrontal cortex engage in 

“adaptive coding,” meaning that they “adapt their properties to carry specifically information 

that is relevant to current concerns” (Duncan 2001, p. 820). Neuropsychological research has 

suggested a causal relationship between MD regions and fluid intelligence abilities. Damage to 

many of the regions outlined by Duncan (2010), including the intraparietal sulcus and inferior 

frontal sulcus, predicted fluid intelligence deficits in a study of 80 patients with brain damage 

(Woolgar et al., 2010). Crucially, lesion extent in language regions (discussed in the following 

section) did not predict fluid intelligence deficits (Woolgar et al., 2018), indicating that these two 

networks serve distinct functional purposes. Using intersubject correlation (ISC) as an index of 

input tracking, Blank and Fedorenko (2017) found that activations in language regions were 

highly synchronized across participants during a naturalistic story comprehension task, while 

activations in the MD regions of different participants were less consistent. They interpreted this 

result as evidence for the possibility that the MD network does not treat linguistic information as 

input, though the MD network may become engaged idiosyncratically as it “comes to the rescue” 

during instances of particularly demanding linguistic processing (Blank & Fedorenko, 2017, p. 

10008). In addition to language regions, the default network (Grecius, Krasnow, Reiss, & 

Menon, 2003), which becomes activated during rest and deactivated during task completion, 

appears to be functionally separable from the MD network (Fox et al., 2005; Hugdahl, Raichle, 

Mitra & Specht, 2015; Mineroff, Blank, Mahowald, & Fedorenko, 2018).	
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Linguistic processing: The language network 
	
 The language network is comprised of a set of regions in the frontal and temporal lobes 

(Binder et al., 1997), including the inferior frontal gyrus (“Broca’s area”), that responds robustly 

and selectively during linguistic processing (Fedorenko, Hsieh, Nieto-Castañón, Whitfield-

Gabrieli, & Kanwisher, 2010; Fig. 2). Specifically, the language network is engaged during what 

is called “high-level linguistic processing,” or the extraction of linguistic meaning (Fedorenko & 

Varley, 2016), and can be operationalized by comparing neural activation when participants read 

sentences vs. nonwords (Fedorenko et al., 2010; 2016). Recent evidence indicates that the classic 

idea of a syntax/semantics dichotomy does not emerge in the language network. Mollica et al. 

(2019) showed that syntax degradedness did not predict lowered activation in language regions 

when mutual information remained high. That is, sentences containing scrambled words that 

retained some level of composite meaning did not elicit a different neural response than 

unscrambled (i.e., normal) sentences. Only sentences scrambled to the point of total 

meaninglessness resulted in decreased activation in the language network. Consistent with this 

finding, Fedorenko et al. (2018) reported that certain regions within the language network 

appeared more involved in semantic vs. syntactic processing, though no regions were modulated 

more by syntactic processing. Together, these studies suggest that the language network is 

engaged chiefly by meaningful linguistic input.	

 As in the case of the MD network, numerous findings indicate that the language network 

engages in a selective set of cognitive processes. Fedorenko, Behr, and Kanwisher (2011) 

defined language regions in individual participants by subtracting activation during sentence vs. 

non-word comprehension and found that arithmetic, logic-puzzle, visuospatial working memory, 

and Stroop tasks did not elicit significant activation in these regions. In accordance with this 
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finding, a neuropsychological study reported that severely aphasic individuals nevertheless 

demonstrated intact mathematical skills (Varley, Klessinger, Romanowski & Siegal, 2005). In 

addition, viewing videos of hands, faces, and objects did not appear to engage the language 

network (Pritchett et al., 2018). Mineroff et al. (2018) recently found that activation effect sizes 

in the language network were highly correlated within the language network, but did not 

correlate with activation effect sizes in the MD and default mode networks. In sum, the type of 

processing that engages the language network appears separable from many aspects of cognition 

(Varley & Fedorenko, 2016; Monti, Parsons & Osherson, 2012).  	

	
Mentalizing: The ToM network 
	
 The ToM network, including the temporo-parietal junction (TPJ) and medial prefrontal 

cortices, becomes robustly activated when humans reason about others’ mental states, engage in 

shared attention tasks, and experience feelings of emotional empathy (Saxe & Kanwisher, 2003; 

Saxe, 2006; Saxe & Powell, 2006; Fig. 3). These regions appear to serve a set of cognitive 

functions apart from executive function and high-level linguistic processing. Non-overlapping 

brain regions are associated with executive function and ToM (Saxe et al., 2006), and several 

cases of aphasic individuals with intact performance on nonverbal false belief tasks have been 

reported (Apperly, Samson, Carroll, Hussain, & Humphreys, 2006; Varley & Siegal, 2001; 

Varley & Siegal, 2000). Yet, performance on ToM tasks is correlated with knowledge of 

metacognitive vocabulary (believe, feel, etc.) in children (Lockl & Schneider, 2006; Antonietti, 

Sempio, & Marchetti, 2006), and ToM-related processing appears to modulate a small region in 

the language network called the superior temporal sulcus (Deen, Koldewyn, Kanwisher, & Saxe, 

2015). Ultimately, however, the existence of functionally selective networks does not imply a 

lack of interfacing between these networks. It is precisely this possibility of interaction that 
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motivates the present investigation of the relationship between the language, MD, and ToM 

networks during non-literal language processing. 

	
Cutting to the chase: the present study	
	
 The present study adopts a novel approach to neuroimaging meta-analysis by comparing 

the locations of activation peaks reported in previous studies with the locations of the language, 

MD, and ToM networks. In this section, we attempt to justify the efficacy of this methodology 

before outlining hypotheses about potential findings.	

	
Neuroimaging meta-analysis 
	

Meta-analysis is an important methodological tool in increasing the statistical power of 

neuroimaging experiments. In response to an explosion of publications on fMRI in the past few 

decades, many scientists feel a “growing need to integrate research findings and establishing 

consistency across labs and...scanning procedures” (Wager, Lindquist & Kaplan, 2007, p. 150). 

An improvement over comparing broad anatomical labels across studies, voxel-based meta-

analysis increases statistical power and decreases the chance of observing false positives by 

aggregating activation peak data from a larger participant pool (Wager et al., 2007; Costafreda, 

2009). Two common voxel-based neuroimaging meta-analysis techniques are Effect Size Signed 

Differential Mapping (ES-SDM) (Radua et al., 2012) and Activation Likelihood Estimation 

(ALE) (Turkeltaub et al., 2002; Laird et al., 2005). The former incorporates activation peak 

effect sizes while estimating the distribution of activation across experiments. ALE, as its name 

suggests, provides an estimate of “the likelihood that at least one of the foci in the literature 

should have been reported at this voxel” (Turkeltaub & Coslett, 2010, p. 2).  
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There are a few important disadvantages associated with conducting these types of 

neuroimaging meta-analysis. Typically, neuroimaging studies report significant results only, 

which leaves meta-analysis algorithms with no choice but to treat all unknown activations as 

possessing an effect size of zero, thereby biasing findings (Costafreda, 2009). Moreover, 

traditional neuroimaging meta-analysis and individual group analysis techniques suffer from a 

similar set of problems. In a discussion on the potential limitations of their meta-analysis, Rapp 

et al. (2012) acknowledge that ALE may wash out clusters containing more spatially distributed 

voxels. In other words, this approach appears to suffer from reduced sensitivity, or the ability to 

detect activation when it is truly present (see the following section for a discussion on challenges 

in traditional group analysis).	

In the past decade, multiple neuroimaging meta-analyses of non-literal language have 

been conducted using ES-SDM and ALE. These include meta-analyses on text comprehension 

(Ferstl, Neumann, Bogler & von Cramon, 2007), metaphor (Vartanian, 2011; Yang, 2014), 

humor (Vrticka et al., 2013) and lying (Lisofsky, Kazzer, Heekeren & Prehn, 2014), as well as 

several that aggregate results from experiments involving multiple types of non-literal language 

(Bohrn et al., 2012; Rapp et al., 2012; Reyes-Aguilar et al., 2018). The latter group of studies 

report a predominantly left-lateralized non-literal language processing network with consistent 

activation in traditional language, MD, and ToM areas across included studies (Bohrn et al., 

2012; Rapp et al., 2012; Reyes-Aguilar et al., 2018). Previous meta-analyses of non-literal 

language have focused at maximum on only 4 types of non-literal language across 50 different 

experiments (Reyes-Aguilar et al., 2018), and their inclusion criteria are sometimes not 

sufficiently stringent (i.e., experiments using highly variable paradigms and contrasts with low-

level baselines are included) (e.g., Bohrn et al., 2012; Rapp et al., 2012; Yang, 2014). In the 
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present study, we seek to expand upon previous meta-analyses of non-literal language by 

including a larger number of studies across a wider range of non-literal language phenomena 

while adhering to selective exclusion criteria and incorporating information about functional 

networks in our analysis.	

	
Why functional networks? 
	
 A central practice in neuroimaging research involves comparing functional profiles 

across individual brains in order to increase the replicability and generalizability of findings. 

Typically, this comparison is carried out by fitting, or normalizing, each participant’s brain to a 

three-dimensional coordinate (i.e., stereotaxic) space (e.g., the Montreal Neurological Institute 

[MNI] template, Evans et al., 1993; Collins, Neelin, Peters, & Evans, 1994) before conducting a 

random effects analysis (Holmes & Friston, 1998) to identify group-based functional Regions of 

Interest (fROIs). Statistically significant activation is determined based on the proportion of 

participants who show activation at a given coordinate in common space.  

While normalization represents an important attempt to generalize functional data, 

concerns about the use of this technique have increased in recent years. Just as our faces look 

different, so too do our brains (Saxe, Brett & Kanwisher, 2006): each individual brain differs in 

size, shape, cytoarchitectonic boundaries, and folding patterns (Ono, Kubik, Abernathey, & 

Yasargil, 1990; Paus et al., 1996; Tomaiuolo et al., 1999; Juch et al., 2005)—especially in high-

level cortical areas in the temporal (Jones & Powell, 1970; Gloor, 1997; Wise et al., 2001; 

Tomaiuolo et al 1999), parietal (Caspers et al., 2006; Caspers et al., 2008; Scheperjans et al., 

2008) and frontal (Amunts et al., 1999; Miller et al., 2002) lobes. Anatomical variability poses a 

considerable challenge to normalization techniques, as even the most advanced methods (e.g., 

Fischl, Sereno, Tootell, & Dale, 1999) cannot overcome all dimensions of variability (Frost & 
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Goebel, 2012). As a result, sensitivity, or the extent to which significant activation is detected 

when truly present, and functional resolution, or the ability to keep adjacent but functionally 

distinct neural responses separate, both suffer (Swallow, Braver, Snyder, Speer, & Zacks, 2003; 

Nieto-Castañón & Fedorenko, 2012). A lack of sensitivity and functional resolution may leave 

traditional group analysis techniques underpowered (Frost & Goebel, 2012), especially in studies 

of high-level cognitive functions such as language (Nieto-Castañón & Fedorenko, 2012).	

Fedorenko et al. (2010) present a promising alternative to such techniques called group-

constrained, subject-specific (GcSS) analysis. In GcSS analysis, probabilistic overlap maps 

constructed by comparing the relative number of participants who show significant activation at 

a given location are used to derive group-level partitions via a segmentation algorithm (Meyer, 

1991). The group-level partitions can then be used to carry out a variety of further analyses. 

GcSS analysis improves upon traditional group analysis approaches in several respects (see 

Nieto-Castañón & Fedorenko, 2012 for a discussion). Most important for the purposes of the 

present study, GcSS benefits from increased sensitivity by relying on probabilistic overlap maps 

instead of normalization techniques to identify group-level partitions. This means that activation 

that does not overlap in large numbers of participants still contributes to the definition of the 

group-level partitions. Increased sensitivity increases the statistical power of neuroimaging 

experiments, which has become a major goal for neuroimaging research in light of the 

replication crisis (Button et al., 2013; Poldrack et al., 2017). 	

	
The current approach 
	

In the present analysis, we will test activation peaks derived via traditional group analysis 

in existing studies against the group-level partitions and probabilistic overlap maps associated 

with the partitions that comprise the language, MD, and ToM networks. To address the scientific 
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debate on the cognitive mechanisms involved in non-literal vs. literal language processing, we 

will only include activation peak data from non-literal vs. literal language contrasts. This contrast 

targets the neural resources recruited above those required during literal language processing and 

might therefore help inform theories on the role of additional cognitive mechanisms in non-

literal language processing. As mentioned in the previous section, the language, MD, and ToM 

networks become selectively activated during a related set of tasks, meaning that the voxels 

contained within them do not show robust response profiles under many other conditions (e.g., 

Fedorenko et al., 2011; Pritchett et al., 2018; Blank & Fedorenko, 2017; Saxe et al., 2006). For 

instance, robust activation is observed in the language network when individuals read sentences 

vs. nonwords, but not when they complete arithmetic, logic-puzzle, visuospatial working 

memory, and Stroop tasks (Fedorenko et al., 2011). Importantly, the functional selectivity of 

functional networks helps to circumvent the “reverse inference” problem (Poldrack, 2006), 

allowing scientists to make more compelling observations about the relationship between the 

localization of activation and the engagement of certain cognitive functions (Blank, Kanwisher 

& Fedorenko, 2014).	

Following previous cross-methodological meta-analyses (e.g., Woolgar et al., 2018), the 

methodological approach employed in the present meta-analysis should benefit from general 

advantages associated with meta-analysis (e.g., increased statistical power due to larger 

participant size), while exploring potential alternatives to traditional group-based neuroimaging 

meta-analysis and generating unique interpretations about the nature of the cognitive 

mechanisms that support non-literal language processing. The use of functional networks in 

neuroimaging studies of language has become especially critical as the field of language research 

follows the example of other fields (e.g., visual processing, Kanwisher et al., 1997) in distancing 
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itself from traditional group analysis methods. Ultimately, sophisticated understandings of 

scientific phenomena emerge when evidence from different methodological camps converge. In 

this experiment, we aim to contribute to methodological triangulation by presenting evidence 

generated from a cross-methodological meta-analysis technique.	

	
Predictions 
 

The purpose of the present study is to investigate the cognitive mechanisms involved in 

non-literal language processing by exploring three specific research questions. First, which 

functional networks, if any, are dominant (i.e., engaged more heavily) during non-literal 

language processing? Second, is the right hemisphere recruited more heavily during non-literal 

language processing? Finally, which non-literal language phenomena are most similar to each 

other based on their relationships to the functional networks of interest? 

Previous theoretical and behavioral investigations have implicated the role of linguistic 

processing (e.g., Jung-Beeman, 2005), executive function (e.g., Gernsbacher & Robertson, 

1999), and mentalizing (e.g., Wilson & Sperber, 2012) in non-literal language processing. In 

accordance with this work, many neuroimaging investigations report increased activation in 

traditional MD (e.g., Kristensen, Wang, Petersson, & Hagoort, 2013), language (e.g., Jin et al., 

2009; Spotono, Koun, Prado, Van Der Henst, & Noveck, 2012; Matsui et al., 2016; Feng et al., 

2017), and ToM (e.g., Mason & Just, 2009; Van Ackeren et al., 2012; Spotorno et al., 2012; 

Bašnáková et al., 2016) regions during non-literal vs. literal language processing. We therefore 

predict that a substantial number of activation peaks from non-literal vs. literal language 

contrasts will fall in each network of interest.  

Though the role of the right hemisphere in non-literal language processing has often been 

invoked to explain differences in non-literal vs. literal language processing mechanisms (e.g., 
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Giora, 1997; Beeman, 1993), serious methodological concerns undermine the strength of this 

argument (Cardillo et al., 2018; Kasparian, 2013). Additionally, previous neuroimaging 

experiments do not consistently report significant activation in the right hemisphere (e.g., Rapp 

et al., 2004; Citron & Goldberg, 2014). Thus, contrary to theories on the specialization of the 

right hemisphere in non-literal language processing, and consistent with previous neuroimaging 

meta-analyses of non-literal language (Bohrn et al., 2012; Rapp et al., 2012; Reyes-Aguilar et al., 

2018), we expect to find that the majority of activation peaks are left-lateralized.  

The present analysis is exploratory in nature. Its primary goal is to summarize existing 

neuroimaging studies on non-literal language processing by using a novel meta-analysis 

technique and, in doing so, to contribute to discussions on the cognitive mechanisms involved in 

non-literal language processing. Findings will be used to inform more detailed hypotheses in 

future experiments. 
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Table 1 
 
Types of non-literal language investigated in the present analysis 
______________________________________________________________________________ 
Name           Example              Relevant Literature 
______________________________________________________________________________ 
                                                 
Humor           “She went on a fourteen-day            Coulson, Urbach, & Kutas  

        diet but she only lost two weeks”         (2006), p. 242; Ruch (2008); 
          Wyer & Collins (1992) 

 
Idioms           “Kick the bucket”            Jackendoff (2002), p. 154 
 
Indirect Speech         A: “What did you think of my.            Holtgraves (1999), p. 521;  
           presentation? B: “It’s hard to               Lee & Pinker (2010); 
           give a good presentation”          Sperber & Wilson (1986) 
 
Irony          Child repeatedly begs A for          Attardo (2000), p. 818; Grice 
          ice cream. A: “Are you sure you          (1975); Gibbs (2000) 
          want ice cream?” 
 
Metaphor         “You need to budget your time”          Lakoff & Johnson (1980), 
                 p. 456; Glucksberg, McGlone, 
                 Grodzinsky, & Amunts (2001) 
 
Metonymy         “Room 23 called for more ice”          Piñango et al. (2017), p. 352 
 
Sarcasm         “Do you have to make that          McDonald (1999), p. 488 
          noise while you are eating?” 
 
Prosody         “Tap the frog with the flower”          Snedeker & Trueswell (2003), 
          vs. “Tap the frog (PAUSE) with           p. 107; Hellbernd & Sammler 
          the flower”             (2016); Kjelgaard & Speer 
                 (1999) 
 
Proverbs         “A rolling stone gathers no           Gibbs, Johnsson, & Colston 

       moss”             (2009), p. 234                                                         
 
Text/Discourse       “Brad had no money but he just          Mason & Just (2009), p. 159; 
Comprehension                  had to have the beautiful ruby           Johnson-Laird (1983); 

       ring for his wife. Seeing no                  Graesser, Singer, & Trabasso 
       salespeople around, he quietly             (1994) 
       made his way closer to the ring 
       on the counter. He was seen  
       running out the door”  

______________________________________________________________________________ 
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Method 
	
Selection criteria 
 

The literature search was conducted in accordance with the PRISMA (Preferred 

Reporting Items for Systematic Reviews and Meta-Analyses) guidelines (Moher, Liberati, 

Tetzlaff, & Altman, 2009). Studies were identified through Boolean searches in NeuroSynth, 

Google Scholar, PsycInfo, and PubMed databases using combinations of the keywords, “humor,” 

“jokes,” “comedy,” “idioms,” “indirect speech,” “indirect request,” “speech act,” “irony,” 

“ironic,” “lying,” “metaphor,” “metonymy,” “sarcasm,” “sarcastic,” “prosody,” “proverbs,” “text 

coherence,” “text comprehension,” “discourse comprehension,” “pun,” “paradox,” “hyperbole,” 

“oxymoron,” “understatement,” “figure of speech,” “figurative language,” “non-literal 

language,” “platitude,” “saying,” “personification,” “synecdoche,” “anaphora,” 

“anthropomorphism,” “pragmatics,” “narrative,” “fMRI,” “brain,” and “neuroimaging.” Only 

papers published after the year 2000 were considered. Additionally, we checked the reference 

lists of ten neuroimaging meta-analyses on non-literal language (Bohrn, Altmann, & Jacobs, 

2012; Ferstl, Neumann, Bogler, & von Cramon, 2010; Lisofsky, Kazzer, Heekeren, & Prehn, 

2014; Mason & Just, 2009; Rapp, Mutschler, & Erb, 2012; Reyes-Aguilar, Valles-Capetillo, & 

Giordano, 2018; Vartanian 2012; Vrticka, Blank, & Reiss, 2013; Yang 2014; Yang & Shu, 2016) 

for relevant articles. 

200 articles were initially selected based on the content of their abstracts for full-text 

screening, after which 129 were excluded. The remaining 71 studies, conducted between the 

years 2001 and 2018, met the following criteria: (1) fMRI, not EEG or PET, was used, (2) 

participants were neurotypical adults, (3) participants were native speakers of the language in 

which the experiment was conducted, (4) peak activations were reported using Talairach 
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(Talairach & Tournoux, 1988) or Montreal Neurological Institute (MNI) coordinates, (5) data 

analysis was a standard random effects analysis (Holmes & Friston, 1998) performed at a whole 

brain level, and (6) contrasts of non-literal language processing against a literal language 

baseline were reported. One activation peak was excluded due to a perceived misprint in the 

published dataset (Perrone-Bertolotti et al., 2013). In total, 770 activation peaks (94 contrasts) 

from 1343 total participants aged 18 to 55 (average age = 24.55, range = 18-55; average number 

of participants per study = 19, range = 8-39, SD = 6.1) were included in the analysis. An 

overview of the literature is provided in Table 2 and Table 3. 

 
Table 2 
 
Included articles by non-literal language type 
 

Type Number of Studies Number of Peaks 
Humor 8 107 
Idiom 4 33 

Indirect Speech 9 152 
Irony 10 68 

Metaphor 20 209 
Metonymy 2 10 

Prosody 4 62 
Proverb 1 9 
Sarcasm 1 1 

Text Coherence 12 119 
TOTAL 71 770 

 
 
Functional localization of the language, MD, and ToM networks 
 
           The topography of the language, MD, and ToM networks was characterized through 

whole-brain probabilistic maps and binary masks. Both representations were functionally defined 

using group-level representations of individual-level data from large samples of participants who 

performed localizer tasks (e.g., Saxe et al., 2006; Fedorenko et al., 2010; Nieto-Castañón & 

Fedorenko, 2012) designed to identify language, MD, and ToM regions, as described below. For 
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each network, the whole-brain probabilistic map represented, for each voxel, the percentage of 

participants that showed significant activation for the relevant localizer contrast in that voxel at p 

< .001, uncorrected. The binary masks were derived by parcellating the probabilistic maps into 

large areas of cortex within each of which most participants (≥10%) showed significant 

activations using a segmentation algorithm (Meyer, 1991) as described in Fedorenko et al. 

(2010). 

The language localizer task is available at 

http://web.mit.edu/evelina9/www/funcloc/funcloc_localizers.html and is discussed in detail in 

Fedorenko et al. (2010). Briefly, participants read sentences and sequences of pronounceable 

nonwords one word/nonword at a time in a standard blocked design with a counterbalanced order 

across runs. At the end of each trial, a button-pressing task was included to help participants 

remain alert. The sentences > non-words contrast identifies regions comprising a fronto-temporal 

network sensitive to high-level linguistic processes including, but not limited to, lexical and 

combinatorial processing of both form (syntax) and content (semantics) (e.g., Fedorenko et al., 

2010, 2012, 2018; Blank et al., 2016). This localizer has been shown to generate similar patterns 

of neural activity regardless of materials, task, and modality of presentation (Fedorenko et al., 

2010; Fedorenko, 2014). A whole-brain probabilistic activation map, as well as binary masks 

delineating the gross locations of activations in the sentences > non-words contrast, were derived 

based on individual activation maps from 220 participants. As in Blank et al. (2014), left 

hemisphere masks were mirror-projected onto the right hemisphere, creating right hemisphere 

masks. This step was performed because the language network is left-lateralized, such that 1) 

masks created based on weaker activations in the right hemisphere might be under-inclusive; and 

2) averaging activations from one strongly and one weakly activated hemisphere might similarly 
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distort the underlying topography of activation effects (note that only masks were mirror-

projected; the whole-brain probabilistic map retained the hemispheric differences in activation 

patterns). Overall, twelve binary masks were defined, with six located in each hemisphere. These 

included six masks on the lateral surface of the frontal cortex in the inferior frontal gyrus (L/R 

IFG) and its orbital part (L/R IFGorb) as well as in the middle frontal gyrus (L/R MFG); and six 

fROIs on the lateral surface of the temporal and parietal cortex, in the anterior temporal cortex 

(L/R AntTemp), posterior temporal cortex (L/R PostTemp), and angular gyrus (L/R AngG). 

These masks are depicted in Figure 1 (Appendix A). 

The MD network was defined based on a spatial working memory task in which neural 

activation from a hard version and an easy version was contrasted (Fedorenko et al., 2011). In 

the hard version of the task, participants kept track of eight randomly-generated locations that 

were sequentially flashed two at a time onto a 3 x 4 grid. In the easy version, participants kept 

track of only four locations (flashed one at a time). At the end of each trial, participants indicated 

their memory for the correct pattern in a two-alternative, forced-choice paradigm. They 

immediately received feedback about the accuracy of their answers. The hard and easy 

conditions were presented in a standard blocked design with a counterbalanced order across runs. 

The hard > easy contrast identifies a bilateral network of frontal, parietal, cingular and opercular 

regions that are causally related to fluid intelligence (Woolgar et al., 2018) and are recruited by 

processes related to working memory, cognitive control, and response inhibition (e.g., Duncan & 

Owen, 2000; Miller & Cohen, 2001; Braver et al., 2003; Cole & Schneider, 2007; Hugdahl et al., 

2015). Indeed, Fedorenko, Duncan, and Kanwisher (2013) showed that the regions activated by 

this particular hard > easy contrast are also activated by contrasts between hard and easy 

conditions across a wide range of other tasks and stimuli. Data from 197 participants was used to 



NEURAL BASIS OF NON-LITERAL LANGUAGE PROCESSING                                   36 

generate the whole-brain probabilistic map and the binary masks comprising the MD network. 

To ensure that these group-level representations were symmetric across the two hemispheres 

(reflecting the bilateral nature of this network), individual activation maps were first averaged 

across hemispheres. Overall, eighteen masks were defined, nine in each hemisphere. These 

included the opercular part of the inferior frontal gyrus (L/R IFGop), the middle frontal gyrus 

(L/R MFG) and its orbital part (L/R MFGorb), the precentral gyrus (L/R PrecG), the insular 

cortex (L/R Insula), the supplementary motor area (L/R SMA), the inferior parietal cortex (L/R 

InfPar), the superior parietal cortex (L/R SupPar), and the anterior cingulate cortex (L/R 

AntCing). The MD masks are depicted in Figure 2 (Appendix A). 

           The ToM network was defined based on a task consisting of reading short paragraphs 

followed by a comprehension question, in which situations that required mental-state inference 

were contrasted with situations that did not. Specifically, activation associated with a “false 

belief” condition, in which a character held an outdated belief, was contrasted with activation 

during a “false photo” condition, in which an outdated representation was contained in an 

inanimate object (condition order was counter-balanced across runs). This contrast targets the 

brain regions involved in ToM processing (Dodell-Feder, Koster-Hale, Bedny, & Saxe, 2011; 

Jacoby, Bruneau, Koster-Hale, & Saxe, 2016; Saxe & Kanwisher, 2003). The whole-brain 

probabilistic map and binary masks were generated based on data from 119 participants. Given 

that the resulting activations were right-lateralized, masks were generated based on right-

hemisphere data and were then mirror-projected onto the left hemisphere to create left 

hemisphere homologues. Overall, eighteen masks were defined for the ToM network, nine in 

each hemisphere. These included the temporo-parietal junction (L/R TPJ), the middle temporal 

gyrus (L/R MTG), the anterior middle temporal gyrus (L/R AntMTG), the posterior lateral 
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prefrontal cortex (L/R PostLPFC), the triangular part of the inferior frontal gyrus (L/R IFG), the 

anterior lateral prefrontal cortex (L/R AntLPFC), the precuneus, the superior medial prefrontal 

cortex (L/R SupMPFC), and the inferior middle prefrontal cortex (L/R InfMPFC). These masks 

are shown in Figure 3 (Appendix A). 

 
Meta-analysis 
 
           Before analysis, included activation peaks reported in Talairach space were converted to 

MNI space using a converter from the Effect Size Signed Differential Mapping (ES-SDM) 

(Radua et al., 2012) website (https://www.sdmproject.com/utilities/?show=Coordinates). The 

MNI coordinates of the 770 activation peaks selected for analysis were tested against both 1) the 

whole-brain probabilistic maps for each of the three functional networks of interest and 2) the 

corresponding binary masks broadly delineating the likely locations of functional activations in 

each network across the population. In particular, two values were generated for each coordinate: 

(1) a probability value showing the percentage of the 220 (language), 197 (MD), or 119 (ToM) 

participants from the functional localization sample who showed activation at that location; and 

(2) an integer which was either the individual label for the mask that the peak fell into, or zero if 

the peak did not fall into any of the relevant masks.  

 To test whether activations were more likely to fall in some network(s) or hemispheres 

than in others, and to compare these results to previous meta-analyses, we performed a series of 

two-tailed pairwise proportion tests. First, for each pair of networks (language vs. MD, language 

vs. ToM, and MD vs. ToM), we tested whether the two networks differed compared to the 

proportion of peaks falling within their masks (based on measure (2) above). Second, we tested 

whether the overall proportion of peaks falling within the right hemisphere differed from the 

proportions reported in previous meta-analyses. In focusing on the right hemisphere, we aimed to 
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address past work suggesting a special role for the right hemisphere in non-literal language 

processing. Third, for each pair of networks, we tested whether they differed in terms of the 

distribution of peaks across the two hemispheres (quantified as the proportion of peaks within a 

network that fell in the right hemisphere). Significance was assessed based on the resulting z-

scores. We conducted the proportion tests using both raw proportions (i.e., proportions derived 

by counting) and proportions adjusted according to the size of each networks’ masks (number of 

voxels). 

To test for pairwise associations in activation across networks, we used logistic, mixed-

effects regression implemented via the lme4 package (Bates, Mächler, Bolker, & Walker, 2014) 

in R. For a given pair of networks A and B, we predicted whether peaks fell within vs. outside of 

network A based on them falling within vs. outside of network B (based on measure (2) above), 

with a random intercept for the grouping of peaks by study (additional grouping of peaks by 

topics such as “humor”, “irony”, etc., did not improve the model). Significance was assessed 

using ablative testing with ANOVA, i.e., testing whether the predictor of network B significantly 

improved prediction for network A. p-values were FDR-corrected for multiple comparisons. 

Whereas the above test evaluates the association in activation between two networks 

against a theoretical null hypothesis of zero association, the group-level representations of the 

networks themselves show considerable spatial overlap and are thus not independent in practice 

(even though these networks exhibit robust functional and spatial dissociation at the individual 

participant level). For example, if language masks substantially overlapped with ToM masks, 

then even a collection of peaks sampled randomly across the cortex would have a subset of peaks 

falling within both language and ToM masks and might therefore appear to support a significant 

association between the two networks. To test whether the associations in activation across a pair 
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of networks A and B were different than what would be expected by chance given the 

topography of network masks, we first computed a Chi-square statistic quantifying the extent to 

which the distribution of peaks within vs. outside the networks (based on measure (2) above) 

deviated from the expected distribution if the two networks were completely independent. Then, 

instead of comparing this statistic to the theoretical null distribution representing zero-

association, we constructed an empirical null distribution via a permutation test: for each of 

10,000 iterations, we randomly sampled 770 voxels (with replacement) from across the gray 

matter (as defined by the AAL atlas in SPM), counted how many voxels fell within vs. outside 

the masks of each of the two networks, and computed the resulting Chi-square value; the 

resulting sampling distribution represented the Chi-square values that would be expected based 

on the topography of the networks’ masks alone, and the real Chi-square value was compared 

against it to obtain a p-value. 

To evaluate the similarity across different non-literal language phenomena in terms of the 

functional networks they are associated with, we used hierarchical clustering. First, we 

represented each phenomenon as a vector with six entries, specifying the phenomenon’s average 

probability (across peaks) of falling within each network (language, MD, ToM) in each 

hemisphere (left, right) (based on measure (1) above). Only probability values from peaks that 

fell in at least one network contributed to the averages, as the low probability values from non-

network peaks would wash out the averages and thus minimize differences between non-literal 

language phenomena. Next, we computed the correlations across these vectors to capture 

similarities across the corresponding topics. Finally, these correlations were converted to 

distances (by subtracting them from 1) and submitted to Matlab’s linkage function to produce a 

hierarchical tree (we used “average” linkage, but results were qualitatively similar with other 
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methods). Data on sarcasm were excluded due to its limited contribution to the clustering 

analysis (one activation peak). 

 
Results 

 
 Of the 770 total activation peaks included in the present analysis, 368 peaks (48%) fell in 

at least one network. Sub-categorizations of the peaks are depicted in Figures 4-7 (Appendix B). 

Below, we refer to these as the peaks “relevant” to our analyses. 

 
Which networks are activated during non-literal language processing, and in which 
hemisphere? 
 

First, we tested for each network separately whether it was associated with non-literal 

language processing more than what would be expected by chance. The proportion of relevant 

peaks falling specifically (but not necessarily exclusively) in the language network (182/368) 

was greater than the “baseline” proportion of “relevant voxels” (voxels falling in a mask of at 

least one network) (13,588/66,280) that fell specifically in the language network (p < .00001). 

Similarly, the proportion of relevant peaks falling in the ToM network (235/368) was greater 

than the corresponding “baseline” proportion of relevant voxels that fell in the ToM network 

(21,868/66,280) (p < .00001). However, the proportion of relevant peaks falling in the MD 

network (121/368) was smaller than the “baseline” proportion of relevant voxels that fell in the 

MD network (30,824/66,280) (p < .00001). 

When we repeated the tests above only for the right-hemisphere peaks (139 relevant 

peaks), the same pattern was observed: the proportion of peaks falling specifically in the 

language network (64/139) was greater than the “baseline” proportion of right-hemisphere 

“relevant voxels” that fell specifically in the language network (6794/33,212) (p < .00001). A 

similar result obtained for the ToM peaks (91/139 vs. 11,006/33,212) (p < .00001). In contrast, 
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the proportion of peaks falling specifically in the MD network (49/139) was smaller than the 

“baseline” proportion of right-hemisphere “relevant voxels” that fell specifically in the MD 

network (18,786/33,212) (p = .008513). The distribution of relevant peaks in the right 

hemisphere did not differ significantly across networks when the overall size of each network 

was not accounted for (ToM vs. language: p = 0.455788, ToM vs. MD: p = 0.745938, language 

vs. MD: p = 0.455788). 

Next, we compared the networks to one another to test for differences in their level of 

association with non-literal language processing. Of the 368 relevant peaks, significantly more 

peaks fell in the ToM network than in either the MD (p < .00001) or the language (p < .000468) 

networks, followed by the peaks falling in the language network which in turn outnumbered 

those in the MD network (p < .00001). However, when the number of the 368 peaks in each 

network was divided by the overall size of each network (total number of voxels across all 

masks), significantly more peaks fell in the language network compared to either the MD (p < 

.00001) or ToM (p = 0.024576) networks, followed by the peaks falling in the ToM network 

which in turn outnumbered those in the MD network (p < .00001). When repeating the latter 

analysis for the right hemisphere only, the language vs. ToM networks did not differ 

significantly in their respective proportions of peaks (p = 0.421686), and both contained 

significantly more peaks than the MD network (both ps < .00001). 

Across all 770 peaks, 39% (297) are located in the right hemisphere (see Figures 8-11 

[Appendix B] for graphical depictions of results regarding the networks in which the right 

hemisphere peaks fell). This proportion is significantly larger than both the proportion of right 

hemisphere peaks reported in Binder et al. (2009)’s meta-analysis of literal language processing, 

in which 32% (362/1133) of peaks fell in the right hemisphere (p = .002887), and the proportion 
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of right hemisphere peaks reported in Rapp et al. (2012)’s meta-analysis of non-literal language, 

in which 32% (129/409) of peaks fell in the right hemisphere (p = .016752).  

 
Can recruitment of some networks for non-literal language processing predict the 
recruitment of other networks? 
 

Our next analysis addressed whether falling within one network changed the likelihood of 

a peak to fall in another network. Of all relevant peaks (both right and left hemisphere), those 

that fell in the language network had an increased chance of falling in the ToM network 

(estimate based on mixed-effect logistic regression: OR = 18.2, p < .00001), and a decreased 

chance of falling in the MD network (OR = 0.47, p < .05). Peaks that fell in the MD network had 

a decreased chance of falling in the ToM network (OR = 0.5, p < .05). In the left hemisphere, 

peaks that fell in the language network had an increased chance of falling in the ToM network 

(OR = 18.55, p < .00001), and a decreased chance of falling in the MD network (OR = 0.41, p < 

.05). Peaks that fell in the MD network had a decreased chance of falling in the ToM network 

(OR = 0.37, p < .05). In the right hemisphere, peaks that fell in the language network had an 

increased chance of falling in the ToM network (OR = 23.32, p < .00001), but had neither a 

decreased nor an increased chance of falling in the MD network (OR = 0.53, p = .51). Peaks that 

fell in the MD network had neither a decreased nor an increased chance of falling in the ToM 

network (OR = 0.58, p = .51). 

An additional analysis compared these dependencies across networks in terms of peak 

distribution to the overall across-network dependencies as captured by the spatial overlap 

between their respective masks. We found that the dependency between the language and ToM 

networks in the present dataset of peaks was significantly stronger than what would be expected 

based on spatial overlap alone; whereas this effect was not significant when both hemispheres 
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were considered jointly (χ2(1) = 225.13, p = 0.07), it was significant for each hemisphere 

separately (left hemisphere peaks only: χ2(1) = 315.70, p = 0; right hemisphere peaks only: χ2(1) = 

276.53, p = 0.0013). In contrast, the dependency between the language and MD networks in the 

present dataset, combined across hemispheres, was descriptively weaker from the overall 

dependency as determined by spatial overlap, but this difference was not significant (χ2(1) = 7.31, 

p = 0.078). No significant differences were found when each hemisphere was considered 

separately (left hemisphere only: χ2(1) = 0.002, p = 1; right hemisphere only: χ2(1) = 1.67, p = 1). 

Similarly, the dependency between the ToM and MD networks in the present dataset, combined 

across hemispheres, was descriptively weaker from, but not significantly different than, what 

would be expected based on spatial overlap alone (χ2(1) = 8.97, p = 0.057). Here, too, no 

significant differences were found when each hemisphere was considered separately (left 

hemisphere-only: χ2(1) = 0.002, p = 1; right hemisphere only: χ2(1) = 4.14, p = 0.31).  

 
Which subsets of non-literal language phenomena show similar patterns of network 
recruitment? 
 

We assessed which “kinds” of non-literal language types, at least as classified by the 

topics of different studies, exhibited similar distributions of peaks across the three networks. 

Hierarchical clustering revealed similarities in peak distributions from studies involving 

proverbs, metaphors, and metonymy. This group differed greatly from two additional groupings: 

idioms, text coherence, and humor; and indirect speech, irony, and prosody. Differences between 

the latter two groupings did not appear as stark. The results from the hierarchical clustering 

analysis are shown in Figure 12 (Appendix B). 
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Discussion 
	

 The primary purpose of the present work was to examine the cognitive mechanisms 

involved in non-literal language processing. We approached this aim by performing a meta-

analysis of existing fMRI studies on non-literal language. Meta-analysis serves an important tool 

in neuroimaging research in that it summarizes findings across research groups and thus benefits 

from increased statistical power (Costafreda, 2009). The analysis technique employed in the 

present study involved comparing the locations of activation peaks from past studies on non-

literal language processing with the locations of three functional networks. The language, MD, 

and ToM networks become activated when individuals perform cognitive operations that appear 

to contribute to non-literal language processing. Adhering to stringent inclusion criteria, we 

ultimately included activation peak data from 71 studies (94 contrasts) conducted on 10 different 

types of non-literal language in our analysis (Table 2). Table 3 contains a complete listing of 

included studies.	

 In our investigation of the cognitive mechanisms involved in non-literal language 

processing, we addressed three main research questions. First, we asked whether the included 

peaks fell more heavily in any one network (language, MD, or ToM). Next, we examined the 

extent to which the included peaks fell more heavily in the left or right hemisphere. Finally, we 

explored how individual non-literal language types could be grouped together based on their 

functional profiles. Following previous work on the importance of linguistic processing, 

executive function, and mentalizing in non-literal language processing (e.g., Jung-Beeman, 2005; 

Gernsbacher & Robertson, 1999; Wilson & Sperber, 2012), we predicted that a substantial 

number of activation peaks from existing fMRI studies on non-literal language would fall in each 

of the language, MD, and ToM networks. In response to methodological concerns regarding past 
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research on non-literal language processing and the right hemisphere (Cardillo et al., 2018; 

Kasparian, 2013), we expected to observe a similar number of right vs. left hemisphere peaks as 

reported in previous meta-analyses of literal language. The final analysis was exploratory.	

 Findings related to the question of network dominance indicate that included activation 

peaks fell in the language and ToM networks at above-chance levels. Although the most 

activation peaks fell in the ToM network by numbers, the most peaks fell in the language 

network when controlling for network size. In addition, peaks that fell in the language network 

had an increased chance of also falling in the ToM network, and this dependency between the 

language and ToM networks was greater than what was expected based on the topography of the 

two networks. Contrary to expectation, the MD network appeared to play a diminished role 

during non-literal vs. literal language processing. Regarding the hemispheric lateralization 

question, we observed more right hemisphere peaks in the present analysis than in past meta-

analyses on both literal and non-literal language. This result appears consistent with past theories 

that assert that the right hemisphere plays a special role during non-literal vs. literal language 

processing. Finally, the hierarchical clustering analysis revealed three main groups of non-literal 

language phenomena, suggesting that the types of non-literal language included in the present 

analysis represent separable kinds.	

	
Limitations 
	
 Several limitations of the present experiment should be acknowledged. First, it is 

important to consider problems related to individual fMRI experiments that could become 

magnified when data is pooled from multiple studies. One such problem is bias. Carp (2012) 

described that both experimenters and publishers contribute to bias in fMRI research. Publication 

bias, or the tendency to only publish positive results, and method selection bias, or the tendency 
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to exclusively include analyses that produce positive results, warp the empirical landscape. 

Though bias is a concern across different types of scientific work, fMRI research suffers 

particularly from method selection bias, which results in large numbers of false positives. For 

example, Carp (2012) found that data collection and analysis methods varied widely across 241 

fMRI experiments conducted between 2007 and 2012. In fact, nearly every selected study used 

different combinations of analysis pipelines and significance thresholds (Carp, 2012). A lack of 

methodological standardization may help explain why an estimated 10-20% of significant 

activations reported in published fMRI studies are false positives (Wager et al., 2007). The open 

science movement (Simmons, Nelson, & Simonsohn, 2011; Ioannidis, Munafo, Fusar-Poli, 

Nosek, & David, 2014; Poldrack et al., 2017), which recently emerged in response to the 

replication crisis (Ioannidis, 2005), aims to reduce the number of false positives reported in 

scientific work by encouraging methodological transparency. Unfortunately, the problem of bias 

in fMRI research is not addressed directly in the present analysis. It would be interesting to 

conduct further analyses to explore possible differences in results when grouping studies by 

significance threshold and/or analysis pipeline type. 

 There are several other ways in which the present experiment could be modified to 

respect categorical differences among the included studies. In the current study, we did not 

separate studies that use different presentation modalities (auditory vs. visual), different tasks, 

conventional vs. novel stimuli, or stimuli in different languages (Table 3). The distinction 

between conventional and novel stimuli is especially pertinent, as past theories make strong 

predictions about the recruitment of the right hemisphere during novel or unusual non-literal 

stimuli comprehension (Giora, 1997). In addition, task type (valence judgment vs. semantic 

judgment) was shown to modulate activation in the right hemisphere in a non-literal language 
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comprehension study (Yang et al., 2009). Previous meta-analyses of non-literal language have 

similarly found slight differences in activation when comparing activation peak data from studies 

that use different presentation modalities, conventional vs. novel stimuli, and stimuli in different 

languages (Bohrn et al., 2012; Rapp et al., 2012; Reyes-Aguilar et al., 2018). Importantly, it is 

unclear whether the observed differences truly reflect the difference of interest or whether they 

instead point to the presence of other variables between the groups. In particular, modality-

specific (i.e., auditory vs. visual) differences seem unlikely, as activations related to basic 

reading or listening mechanisms should cancel out in the non-literal vs. literal language 

contrasts. Regardless, since we did not repeat the present analyses while accounting for 

differences in stimuli and task, our results essentially treat the 71 included studies as a 

homogenous group. Indeed, it is possible that finer-grained differences in stimuli presentation 

modality, language, salience (i.e., conventionality/frequency), and in overall task partially 

confound the results observed in the present analysis. I will return to the issue of differences 

between non-literal language phenomena later in the discussion. 

 Another potential weakness of the present experiment concerns the use of activation peak 

data in neuroimaging meta-analysis. As discussed in the last section of the introduction (“Cutting 

to the chase”), researchers typically publish activation peak data only, which can be problematic 

for voxel-based meta-analysis algorithms that must consequently treat all non-peak voxels as 

possessing an effect size of zero (Costafreda, 2009). Though we did not use traditional meta-

analysis techniques such ALE and ES-SDM in the present study, other concerns related to the 

use of activation peak data persist. First, activation peaks represent the most active voxels above 

a given significance threshold, and therefore provide a less detailed picture of the location and 

intensity of activation in all voxels than that provided by group activation maps. Further, the use 
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of different significance thresholds may affect the number of voxels considered “active,” which 

could explain why some studies included in the present analysis report 42 peaks for a non-literal 

vs. literal language processing contrast (Bašnáková et al., 2015) while others report just 1 

(Ahrens et al., 2007). Given many sources of variation across fMRI experiments, however, 

activation peak data, which can be viewed as a more conservative depiction of findings as 

compared to group activation maps (i.e., activation peaks reflect only the most active voxels), 

seems highly appropriate for the purposes of the present analysis. In any case, most researchers 

do not publish group activation maps, which would seriously limit the number of studies 

included in the present meta-analysis if group activation maps were preferred. 

 Finally, general criticisms about the use of functional networks in fMRI research deserve 

consideration. Friston, Rotshtein, Geng, Sterzer, & Henson (2006) argued that focusing on a 

limited number of functional networks in fMRI analysis could cause scientists to lose sight of 

broader relationships between regions in the brain. In other words, analysis involving functional 

networks may “miss the forest for a tree” (Saxe et al., 2006, p. 1092). In fact, advocates for the 

use of functional networks in fMRI research have repeatedly emphasized that functional 

network-based analysis should not replace traditional group analysis (Saxe et al., 2006; Nieto-

Castañón & Fedorenko, 2012). Instead, analysis that incorporates information about functional 

networks serves as an additional methodological tool in understanding the neural underpinnings 

of cognition. Following the publication of multiple traditional group meta-analyses on non-literal 

language (e.g., Bohrn et al., 2012; Rapp et al., 2012; Reyes-Aguilar et al., 2018), the present 

meta-analysis thus offers a different perspective to the discussion on non-literal language 

processing and the brain.	
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Question 1: Network dominance	
	
The language network 
	
 In examining the networks into which included activation peaks fell, we aimed to identify 

neural differences between non-literal and literal language processing that might point to the 

recruitment of additional or different cognitive resources during non-literal language processing. 

Based on our findings, the language network appears to serve the most dominant role in non-

literal language processing. Not only did a statistically significant number of activation peaks fall 

in the language network, but more activation peaks fell in the language network than in any other 

network when controlling for network size. 	

 The engagement of the language network during non-literal vs. literal language 

processing may initially seem somewhat counterintuitive. One would expect to see activation in 

language regions during non-literal language processing alone, as non-literal language is a form 

of language. Yet, when elements of shared linguistic processing are subtracted away in a non-

literal vs. literal language contrast, the presence of remaining activation in language regions 

raises an interesting question. What aspects of high-level linguistic processing are involved in 

non-literal language processing beyond what is required for literal language processing? 	

Previous theories have emphasized the role of executive function (e.g., Gernsbacher & 

Robertson, 1999) and mentalizing (e.g., Wilson & Sperber, 2012) to argue for differences in the 

cognitive mechanisms responsible for non-literal vs. literal language processing. The cognitively 

demanding nature of non-literal language processing, or the increased need to model others’ 

thoughts during non-literal language exchanges, lend themselves to fairly intuitive interpretations 

of how non-literal differs from literal language. According to these interpretations, non-literal 

and literal language processing draw upon similar linguistic resources, but additional 
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contributions from other cognitive domains such as mentalizing and executive function 

distinguish non-literal from literal language processing. This line of reasoning is in fact 

consistent with serial processing theories, such as the standard pragmatic model (Grice, 1975; 

Searle, 1979), in which literal linguistic processing serves merely as the basis of non-literal 

language processing. 	

Perhaps the highly intuitive nature of serial processing theories—despite their potential 

flaws—explains why hypotheses about additional linguistic machinery required during non-

literal language processing are not as prevalent in the literature. Even Jung-Beeman (2005), who 

focuses on linguistic processes (as opposed to mentalizing or executive function-related 

processes) when discussing differences in non-literal and literal language processing, talks about 

these differences in terms of additional “demands” on the semantic integration system (p. 515). 

A burdened semantic integration system would seem to engage executive functions such as 

attention and working memory. Many of the experiments included in the present meta-analysis 

describe observed activation in the left inferior frontal gyrus (Broca’s area) in non-literal vs. 

literal language contrasts in a similar manner. For instance, Stingaris et al. (2007) posited that 

increased activation in the left IFG during metaphor vs. literal sentence comprehension reflects 

more controlled, or conscious, retrieval from semantic stores during ambiguity resolution. In 

their study on discourse coherence, Shibata et al. (2011) describe that the detection of true 

contextual violations (which ceases once participants realize that they are reading an incoherent 

conversation) could explain activation in language areas during coherent vs. incoherent sentences 

conditions. Other interpretations refer to the increased need to integrate inferences into an 

overarching mental model of a text or conversation (Jin et al., 2009), or to activate varying non-

literal interpretations of a particular sentence or utterance (Jang et al., 2013).	
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Like Jung-Beeman’s (2005) argument about semantic integration in non-literal language 

processing, these explanations can all be understood in terms of increased demands on domain-

general executive function mechanisms. Specifically, increased difficulty in the retrieval, 

integration, and selection of semantic interpretations would seem to place increased demands on 

cognitive mechanisms involved in inhibition, attention, and working memory. Yet, contrary to 

expectation, our data show that fewer activation peaks fell into the MD network than what was 

expected by chance. This is especially intriguing considering the dominance of the language 

network as compared to the MD and ToM networks. Taken together, these findings may reflect 

the existence of language-specific executive processing mechanisms. 	

Previous empirical work has indeed demonstrated that language regions appear sensitive 

to cognitively demanding linguistic tasks. For instance, Thompson-Schill, D’Esposito, and Kan 

(1999) found that activity in the left IFG was modulated by the availability of competing 

semantic knowledge during a word generation task. Specifically, more activation was observed 

in the left IFG when competing semantic knowledge was high. More recent research has directly 

compared activation in MD and language regions (as defined using Fedorenko et al.’s (2010) 

GcSS fROI technique) during language tasks. Blank and Fedorenko (2017), for instance, found 

that the MD network did not track linguistic input when participants listened to naturalistic 

stories. The authors hypothesize that activation in MD regions during linguistic processing may 

arise only in typical fMRI experiments in which participants develop basic attentional strategies 

to complete non-naturalistic tasks. In other words, the MD network does not become engaged 

when domain-specific executive function mechanisms are available (i.e., during naturalistic 

language comprehension). 
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The notion of language-specific executive function mechanisms remains compatible with 

past theories about the role of executive function in non-literal language processing. Gernsbacher 

and Robertson (1999), for instance, emphasized the role of suppression in non-literal language 

interpretation selection. If language-specific executive function mechanisms exist, then the type 

of suppression needed to inhibit inappropriate interpretations of a sarcastic remark may draw 

upon different neural resources than the type of suppression needed to inhibit memory of 

previously viewed shapes during a memory task. Further, documented correlations between 

domain-general executive function and non-literal language processing abilities (e.g., McDonald 

& Pearce, 1996; McDonald & Pearce, 1998; Channon & Watts, 2003) could in fact point to a 

more specific correlation between domain-general and language-specific executive function 

mechanisms. 

 Additionally, the language network may become engaged during non-literal language 

processing due to factors beyond executive function. One alternative explanation for the present 

study’s findings involves the notion of diffuse activation. Beeman et al. (1994) argued that the 

right hemisphere activates semantic fields spread across the cortex when handling distantly-

related interpretations of a non-literal utterance. When two conditions are contrasted in 

traditional fMRI group analysis, the condition that generated more diffuse activation may result 

in the emergence of more significantly active peaks. Seeing as possible interpretations of non-

literal language often vary widely, non-literal language conditions might generate especially high 

amounts of diffuse activation in language regions, which could explain the prevalence of 

language network peaks observed in the present study. An effective way to test this possibility 

would be to first compare activation when participants interpret distantly vs. closely related pairs 
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of literal concepts before examining differences during the interpretation of non-literal vs. literal 

language. 

 
The ToM network 
 

As in the case of the language network, activation peaks fell in the ToM network at an 

above-chance level when the results were adjusted for network size. These results are consistent 

both with previous arguments concerning the need to model others’ mental states during non-

literal language comprehension and production (e.g., Sperber & Wilson, 1986; Wilson & 

Sperber, 2012), and with evidence for associations between ToM deficits and impaired non-

literal language processing ability (e.g., Martin & McDonald, 2005; Winner et al., 1998; Gavilan 

& Garcia-Albea, 2011). An unpublished study from our lab (Kline, Gallee, Balewski, & 

Fedorenko) found that reading jokes over non-jokes elicited significant responses in the ToM 

network, and these responses were modulated by the degree of stimuli “funniness” as rated by 

participants. Importantly, all three functional networks explored in the present analysis 

(language, MD, and ToM) were defined individually in the same group of Kline et al. (submitted 

manuscript) participants who subsequently completed the jokes task, and only the ToM network 

was activated in the jokes vs. non-jokes contrast. Kline et al.’s use of the GcSS technique 

(Fedorenko et al., 2010) strengthens their claims about the involvement of the ToM network in 

joke comprehension. Future work should continue to employ this type of analysis to further 

explore the role of the ToM network during non-literal language processing.	

An additional finding regarding the ToM network was that peaks in the language network 

had an increased likelihood of also falling in the ToM network, and the dependency between the 

language and ToM networks exceeded what was predicted by chance. This finding may indicate 

that a specialized subset of shared voxels between the language and ToM networks is recruited 
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during non-literal language processing. In accordance with the finding that the dependency 

between ToM and language networks exceeded chance-level rates, an experiment included in the 

present meta-analysis reported results from a psycho-physiological interactions (PPI) analysis 

that showed that functional connectivity between areas in the ToM and language network 

increased during irony vs. literal sentence comprehension (Spotorno et al., 2012). Whether or not 

the particular regions in which increased functional connectivity was observed in Spotorno et al. 

(2012) indeed correspond with the location of peaks from the present analysis that fell in both the 

ToM and language networks remains an open question. In any case, consistent correlations 

between ToM and language development in children (e.g., Lockl & Schneider, 2006; Antonietti, 

Sempio, & Marchetti, 2006), and recent evidence that the ToM and language network are 

synchronized during both language comprehension and rest (Paunov, Blank, & Fedorenko, 2019) 

suggest that the connection between ToM and language regions merits further investigation.  

 
Limitations 
	
 First, it is potentially concerning that fewer than half (47%) of the included peaks fell into 

at least one network. fMRI experiments reporting activation peak data often include peaks 

located in the midbrain, which may explain why such a large number of peaks did not fall in any 

of the functional networks of interest. In future iterations of the present experiment, it may be 

advisable to exclude activations from subcortical regions. 	

In addition, the analysis used in the present study focused only on whether a given 

activation peak fell in the functional networks of interest. We did not consider information about 

the exact locations of that peak within the networks. When comparing the relative number of 

peaks that fell in each network, we therefore cannot speak to questions about the proximity of 

these peaks to each other or about their specific location in the binary masks that comprise the 
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networks (12 individual masks in language, 18 in MD, 18 in ToM). Despite that more peaks fell 

in the language network when controlling for network size, it remains possible that these peaks 

are dispersed throughout the language network, and that ToM peaks cluster more in a particular 

region. The latter result would perhaps constitute a more meaningful finding, as concentrated 

clustering within a small subset of a particular network—regardless of the size of the entire 

network—could point to the existence of a specialized set of neural resources within that 

network. In order to investigate this possibility, future research should focus on comparing 

individual binary mask sizes to the number of peaks that fell in the masks.  

Despite that specific information about peak location was not incorporated in the present 

analysis, it is clear that the ToM and language networks emerged more strongly than the MD 

network during non-literal vs. literal language processing. Mentalizing and linguistic processing, 

then, seem to serve important and perhaps specialized roles in non-literal language processing.	

	
Question 2: Lateralization	
	

Given the historical significance of the lateralization debate and its potential to reveal 

differences in the mechanisms underlying non-literal vs. literal language processing, we reported 

the hemispheres into included peaks fell. Close to half (42%) of all included peaks were located 

in the right hemisphere. This proportion is significantly higher than that of right hemisphere 

peaks analyzed in previous meta-analyses of literal (Binder et al., 2009) and non-literal (Rapp et 

al., 2012) language. To claim that these results provide direct support for theories that emphasize 

the role of the right hemisphere in non-literal language processing (e.g., Winner & Gardner, 

1977; Joanette et al., 1990; Jung-Beeman, 2005), however, is potentially problematic. Most 

obviously, the right hemisphere does not seem to play a dominant role in non-literal language 

processing, as over half of the activation peaks included in the present analysis were located in 
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the left hemisphere. Instead, since the proportion of right hemisphere peaks in the present 

analysis exceeds the proportion of right hemisphere peaks in a previous meta-analysis of literal 

language, the right hemisphere appears to contribute to non-literal language processing. 	

Regardless of the exact nature of the relationship between non-literal language processing 

and the right hemisphere, referring to the contributions of the right hemisphere as a whole seems 

misguided. The origins of this practice can be traced back to methodological inconsistencies in 

the neuropsychological work that inspired the focus on the role of the right hemisphere in non-

literal language processing. These studies rarely indicated the exact location of right hemisphere 

damage in patients and often aggregated data across individuals with highly variant right 

hemisphere lesions (Cardillo et al., 2018; Kasparian, 2013). Such practices limited the specificity 

with which researchers could describe contributions of the right hemisphere to non-literal 

language processing, which is unfortunate considering the anatomically and functionally diverse 

nature of the right hemisphere (Galaburda, Rosen, & Sherman, 1990; Rypma & D’Esposito, 

1999; Lindell, 2006). Recent evidence has indeed suggested that the right hemisphere contains 

selective components of the language, MD, and ToM networks (Fedorenko et al., 2010; Duncan, 

2010; Saxe, 2006). 	

With regard to our data, less than half of the total right hemisphere peaks (47%) fell into 

at least one functional network. Unfortunately, the analysis used in the present experiment did 

reveal the locations of non-network right hemisphere peaks. Are these peaks spread across the 

right hemisphere, or are they concentrated in specific regions? Do they border the functional 

networks of interest, or are they located very distantly from the networks? The inability to 

answer such questions complicates interpretations of the relatively high number of total right 

hemisphere peaks reported in the present analysis. Further, among the peaks that fell into at least 
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one network, a higher proportion of peaks fell in the right hemisphere ToM and language regions 

than what was expected based on the size of each networks’ right hemisphere regions, while a 

lower proportion of peaks fell in right hemisphere MD regions. The relative strength of the ToM 

and language networks and weakness of the MD network in the right hemisphere seriously 

challenge broad portrayals of the right hemisphere’s contribution to non-literal language 

processing. As such, investigations aimed at uncovering the cognitive mechanisms that support 

non-literal language processing are unlikely to yield fruitful conclusions if they focus only on the 

role of the right hemisphere as a whole. Future research should therefore continue to explore the 

degree to which subcomponents of functional networks located in the right hemisphere become 

engaged during non-literal language processing.	

If regions within the right hemisphere indeed play a special role in non-literal vs. literal 

language processing, then it is important to consider the ways in which the right hemisphere’s 

contributions might differ for different types of non-literal language. The fact that the proportion 

of right hemisphere peaks in the present study was higher than the proportion of right 

hemisphere peaks in another meta-analysis of non-literal language processing (Rapp et al., 2012) 

introduces an intriguing possibility. Perhaps the inclusion of data pertaining to different types of 

non-literal language skewed the observed number of right hemisphere peaks. Rapp et al. (2012) 

specifically analyzed data from metaphor, irony, and idiom studies, while the present experiment 

included data from studies involving seven additional types of non-literal language (Table 1). It 

would be interesting to examine whether certain types of non-literal language modulate 

activation in right hemisphere regions to a greater extent. Other potential differences among non-

literal language phenomena are discussed in the following section.	
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Question 3: Groupings of non-literal language phenomena	
	
 Our final research question concerned how different non-language phenomena could be 

grouped based on their network profiles. The existence of separable groupings may reflect the 

involvement of different combinations of cognitive mechanisms among non-literal language 

phenomena. The clustering analysis compared information about mean probability values 

associated with peaks corresponding to each non-literal language phenomenon (e.g., the mean 

probabilities of peaks in right hemisphere ToM regions for metaphor vs. irony vs. text coherence 

studies). Probability values can be understood as indicators of generalizability. Observing a high 

probability value of a peak in the language network, for example, allows us to be more confident 

that that peak would fall into the language network of any member of the population (i.e., 

neurotypical adults). Notably, previous meta-analyses of non-literal language processing have 

reported very few reliable differences in activation between different non-literal language types 

(Reyes-Aguilar et al., 2018). Seeing as several clear groupings emerged in the present analysis, 

the hierarchical clustering technique seems to benefit from increased sensitivity to differences in 

activation across non-literal language types and thus serves as a more effective method of 

identifying differences in neural signatures between non-literal language types.	

The grouping analysis revealed three main groups of non-literal language phenomena: 

proverbs/metaphors/metonymy, idioms/text coherence/humor, and indirect 

speech/irony/prosody. The largest differences between the groups were observed when 

comparing the first group to the second two. The second two groups (idioms/text 

coherence/humor, indirect speech/irony/prosody) did not differ as starkly. As a result, arguments 

about the distinctness of proverbs/metaphors/metonymy vs. the rest of the groups likely carry 
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more weight than arguments about the distinctness between idioms/text coherence/humor and 

indirect speech/irony/prosody.	

Before each of the groups is discussed individually, it should be noted that the data used 

in the present experiment contained high numbers of peaks from humor, indirect speech, 

metaphor, and text coherence studies. The number of peaks included in the clustering analysis 

for each non-literal language type is depicted in parentheses in Figure 10. Due to inequalities in 

the number of studies and peaks that represent each non-literal language phenomenon, network 

information on phenomena associated with higher numbers of studies and peaks may be more 

informative. That is, the presence of more “participants” (i.e., peaks/studies) for humor, indirect 

speech, metaphor, and text coherence likely allows for a more accurate representation of these 

non-literal language types’ functional profiles. Conversely, clustering results for non-literal 

language phenomena such as proverbs, for which only five peaks from a single experiment were 

included in the clustering analysis, may not be as meaningful.	

 	
Proverbs/metaphors/metonymy	
	

Proverbs, metaphors, and metonymy share several important qualities. With regard to 

similarities between proverbs and metaphors, Gibbs and Beitel (1995) described proverbs as 

“higher-order metaphorical conceptualizations of everyday experience” (p. 133). The proverb, 

“don’t put all your eggs in one basket,” for instance, unifies the metaphors, “life is a container” 

and “beliefs are physical possessions.” In her discussion on the distinction between irony and 

metaphor, Winner (1988) argues that relating concepts such as “life” and “container” serves as a 

distinguishing feature of metaphor comprehension. Metonymy comprehension similarly relies on 

a person’s ability to link some attribute of a concept (the name of the hotel room in which people 

are staying) to that concept (the people staying in the room), such as in the example, “Room 23 
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called for more ice” (Piñango et al., 2017, p. 352). In contrast, other types of non-literal 

language, including irony and indirect speech, are more sensitive to the social context in which 

they are expressed than to conceptual information they encode (Winner, 1988). Seeing as all 

three types of non-literal language included in this grouping—proverbs, metaphors, and 

metonymy—constitute conceptual linking forms of non-literal language, the observed similarity 

in their network probabilities is not surprising.	

The grouping of proverbs, metaphors, and metonymy alone, however, is not entirely 

intuitive. In particular, researchers of non-literal language have typically referred to proverbs and 

idioms as members of the same class, as both contain idiosyncratic form-to-meaning mappings. 

As a result of this idiosyncrasy, proverbs and idioms must remain somewhat fossilized in long-

term memory (Jackendoff, 2002). That is, in contrast with typical combinations of verb and noun 

phrases, idioms such as, “cross your fingers” and proverbs such as, “a rolling stone gathers no 

moss” cannot be freely assembled by one individual and immediately understood by all. Given 

the inflexibility of both idiom and proverb development and their resulting need for long-term 

memory storage, it is interesting that idioms and proverbs emerged in separate groupings in the 

present experiment. One explanation may relate to the fact that proverbs usually comprise 

complete sentences, while some idioms can be modified lexically and syntactically depending on 

context (e.g., “She crossed her fingers” vs. “They cross their fingers”). Perhaps activation peaks 

from studies that use less alterable idioms as stimuli (e.g., “by and large”) would more closely 

resemble those from studies of proverbs. This is a topic for future investigation.	

	
Idioms/text coherence/humor and indirect speech/irony/prosody	
	
 In accordance with Winner’s (1988) taxonomy of non-literal language types, 

text/discourse coherence, humor, indirect speech, and irony can all be considered more context- 
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than concept-dependent types of non-literal language. As opposed to metaphor processing, 

successful interpretation of these types of non-literal language relies heavily on the 

comprehender’s ability to assess social circumstances and model others’ mental states (Lee & 

Pinker, 2010; Sperber & Wilson, 2002; Wyer & Collins, 1992). This notion is supported by 

evidence from fMRI research. Previous investigations on the involvement of the ToM network 

(defined individually in the same participants who subsequently completed a target task) during 

text (Jacoby & Fedorenko, 2018) and humor (Kline et al., submitted manuscript) comprehension 

have reported increased activation in the ToM network in non-literal vs. literal language 

conditions. Jacoby & Fedorenko (2018) specifically found that reading texts devoid of references 

to characters’ mental states (e.g., a factual description of a type of fruit) engaged the ToM 

network. This finding is especially striking considering Jacoby & Fedorenko’s (2018) use of 

stimuli that did not directly target mentalizing, and therefore suggests that the ToM network may 

become engaged as individuals attempt to build coherence when encountering all kinds of texts 

and discourse.	

The importance of ToM in humor and text comprehension is mirrored by the mean 

probability values in the right hemisphere ToM network associated with these non-literal 

language phenomena. Humor was associated with the highest average right hemisphere ToM 

network value, 0.35, and text coherence had the second highest value, 0.27. Crucially, the right 

hemisphere contains a classic ToM region called the right temporo-parietal junction (TPJ) (Saxe, 

2006). Though we did not run tests to evaluate statistical differences between these two mean 

probabilities and the rest of the mean probability values, it seems likely that the involvement of 

right hemisphere ToM regions in text and humor comprehension may have contributed to the 

linking of the two phenomena in the hierarchical clustering analysis. Further research is needed 
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to establish the degree to which text coherence and humor processing bear a special relationship 

to the ToM network.	

 Factors outside of ToM may also explain the emergence of the indirect 

speech/irony/prosody and idioms/text coherence/humor clusters. In fact, the grouping of indirect 

speech/irony/prosody cluster, though still fairly similar to idioms/text coherence/humor, is 

probably the most intuitive of all three groupings. Changes in prosody greatly influence our 

interpretation of indirect and ironic statements (Wichmann, 2004; Bryant, 2005; Bryant & Fox 

Tree, 2009; Culpeper, Boulsfield, & Wichmann, 2003; Pell, 2006). Bryant (2005), for instance, 

found that ironic utterances were spoken more slowly in naturalistic contexts. Pell (2006) 

observed that individuals with brain damage struggled to gauge the confidence and politeness of 

speakers as a function the prosody the speakers used while expressing indirect statements. More 

generally, we have all probably experienced confusion regarding the ironic quality of an 

utterance when it is spoken without the “right amount” of ironic intonation. Given the apparent 

connection between prosody and irony/indirect speech, it would be interesting to explore 

whether irony and indirect speech still cluster with prosody when data from visual-modality 

studies of irony and indirect speech (i.e., studies in which participants read rather than hear 

stimuli) are exclusively incorporated in the clustering analysis. 

	
Conclusion	

	
The purpose of the present study was to investigate the cognitive mechanisms involved in 

non-literal vs. literal language processing. Previous work treated differences in time-course and 

hemispheric involvement as indicators of the recruitment of different cognitive resources in non-

literal language processing. Due to low temporal resolution in fMRI, results from the present 

meta-analysis cannot speak to questions about variation in processing time between non-literal 
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and literal language processing. Regarding hemispheric differences in non-literal vs. literal 

language processing, our dataset contained more right hemisphere peaks than those used in 

previous studies of literal and non-literal language. While this finding is consistent with theories 

that emphasize the special role of the right hemisphere in non-literal language processing, broad 

depictions of the right hemisphere’s contributions to non-literal language processing do not 

respect its functional and anatomical diversity.  

In order to disentangle the specific cognitive mechanisms recruited during non-literal 

language processing, we compared the locations of included activation peaks from non-literal vs. 

literal contrasts with the locations of selective and robustly active language, MD, and ToM 

networks. We selected these networks due to prior evidence indicating the involvement of 

linguistic processing, executive function, and mentalizing in non-literal language processing. Our 

most important findings ultimately emerged from the functional network-based analyses. First, 

more peaks fell in the language and ToM networks than the number predicted by chance, 

suggesting that aspects of linguistic processing and mentalizing may be recruited in non-literal 

over literal language processing. In particular, the dependency between the ToM and language 

networks raises the possibility that a specialized subset of voxels shared between these 

networks—perhaps representing an integrated social-linguistic processing mechanism (Wilson & 

Sperber, 2012)—becomes engaged during non-literal language processing. In addition, the 

observation that a low number of peaks fell in the MD network and a high number of peaks fell 

in the language network may point to the involvement of language-specific executive function 

mechanisms in non-literal language processing. Finally, when comparing the network profiles of 

different non-literal language types, we identified three groupings, suggesting that different 

cognitive mechanisms may be recruited to varying degrees among different non-literal language 
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phenomena. For instance, mentalizing may be engaged more during indirect speech than 

metaphor comprehension. In sum, our findings are consistent with the claim that multiple 

cognitive mechanisms are differentially engaged in non-literal vs. literal language processing. 	

Future work should continue to include functional network-based analyses in order to 

explore neural evidence for the recruitment of specialized cognitive mechanisms in non-literal 

language processing. One proposal would be to repeat our analyses using activation peaks from 

literal vs. non-literal language processing contrasts and compare the results to our findings. 

Though only approximately 20 such contrasts were reported in included experiments (cf. the 94 

included non-literal vs. literal contrasts), analyzing the literal vs. non-literal activation peaks may 

help reveal whether literal language processing also draws upon a specialized set of cognitive 

resources. Evidence for the existence of cognitive mechanisms used exclusively in literal 

language processing would challenge the traditional idea that literal language processing serves 

merely as the basis of non-literal language processing (Grice, 1975; Searle, 1979). Beyond meta-

analysis, future fMRI experiments on non-literal language should incorporate information about 

individually-defined functional networks in analysis as in Jacoby & Fedorenko (2018). 

Comparing activation from a target task and from functional network localizer tasks in the same 

set of participants will strengthen claims regarding the involvement of the language, MD, and 

ToM networks in non-literal language processing.  
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et al.          

2014 Irony Japanese 25 C Visual 2 No task 
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judgment 
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Speech 

Dutch 20 C Visual 42 Social 
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et al. 

2014 Indirect  
Speech 

Dutch 28 C Auditory 29 Semantic 
judgment 
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et al. 
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Benedek      
et al. 

2014 Metaphor German 28 P N/A 8 Production 
task 
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et al. 

2017 Irony Italian 12 C Visual 6 Semantic 
judgment 

Campbell    
et al. 

2015 Humor English 28 C Visual 20 No task 
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Lavallee 

2015 Humor Mandarin 18 C Visual 6 Valence 
judgment 
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et al. 
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et al. 
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judgment 
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et al. 
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Prosody 

English 24 C Auditory 8 Semantic 
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Hogstrom 

2011 Metaphor English 27 C Visual 6 Semantic 
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et al. 

2016 Indirect  
Speech 
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et al. 
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Speech 

Mandarin 16 C Visual 7 Semantic 
judgment 

Ferstl &     
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2001 Text 
Coherence 
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Ferstl &     
von Cramon 

2002 Text 
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German 19 C Visual 12 Semantic 
judgment 
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et al. 

2008 Text 
Coherence 

German 12 C Auditory 1 Semantic 
judgment 

Hellbernd &  
Sammler 

2018 Non-
affective     
Prosody 

German 9 C Auditory 24 Semantic 
judgment 

Herold         
et al. 

2018 Irony Hungarian 13 C Visual 7 Semantic 
judgment 

Hillert &   
Buracas 

2009 Idiom English 22 C Auditory 11 Semantic 
judgment 

Jang             
et al. 

2013 Indirect  
Speech 

Korean 12 C Auditory 16 Semantic 
judgment 
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et al. 

2006 Text 
Coherence 
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judgment 
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et al. 
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judgment 
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Dapretto 

2006 Metaphor English 15 C Visual 3 Semantic 
judgment 
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et al. 

2018 Text 
Coherence 

Mandarin 22 C Visual 13 Semantic 
judgment 

Martín-
Loeches      
et al. 

2008 Text 
Coherence 

Spanish 12 C Visual 13 No task 
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et al. 

2007 Metaphor Hebrew 39 C Visual 8 Semantic 
judgment 

Mashal       
et al. 
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judgment 
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Just 
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et al. 
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judgment 
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et al. 

2013 Metaphor German 14 C Auditory 2 Semantic 
judgment 
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et al. 

2016 Irony French 21 C Auditory 8 Categorical 
judgment 
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et al. 

2014 Metaphor French 16 C Auditory 3 Categorical 
judgment 

Perrone-      
Bertolotti    
et al. 

2013 Non-
affective     
Prosody 

French 21 C Visual 8 Semantic 
judgment 

Piñango      
et al. 

2016 Metonymy English 19 C Visual 2 Semantic 
judgment 
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Pomp          
et al. 

2018 Metaphor German 24 C Visual 2 Semantic 
judgment 
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et al. 

2015 Indirect  
Speech 

French 16 C Visual 6 Semantic 
judgment 

Rapp          
et al. 

2010 Irony German 18 C Visual 6 Perceptual 
judgment 

Rapp          
et al. 

2011 Metonymy German 20 C Visual 8 Semantic 
judgment 

Samur        
et al. 

2015 Metaphor Dutch 15 C Visual 3 Semantic 
judgment 

Schmidt &   
Seger 

2009 Metaphor English 14 C Visual 17 No task 

Schuil         
et al. 

2013 Metaphor Dutch 20 C Visual 1 Semantic 
judgment 

Shibata       
et al. 

2014 Humor Japanese 11 C Visual 17 Valence 
judgment 

Shibata       
et al. 

2011 Indirect    
Speech 

Japanese 20 C Visual 10 Valence 
judgment 

Shibata       
et al. 

2010 Irony Japanese 20 C Visual 4 Categorical 
judgment 

Shibata       
et al. 

2012 Metaphor Japanese 15 C Visual 20 Check 
understanding 
Y/N 

Shibata       
et al. 

2007 Metaphor Japanese 13 C Visual 5 Check 
understanding 
Y/N 

Spotorno        
et al. 

2012 Irony French 24 C Visual 11 Semantic 
judgment 

Stingaris      
et al. 

2007 Metaphor English 13 C Visual 9 Check 
understanding 
Y/N 

Tian            
et al. 

2017 Humor Mandarin 20 C Visual 12 Valence 
judgment 
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van Ackeren 
et al. 

2012 Indirect   
Speech 

Dutch 11 C Auditory 26 Semantic 
judgment 

van Ackeren 
et al. 

2016 Indirect   
Speech 

English 24 C Auditory 5 Semantic 
judgment 

Varga          
et al. 

2013 Irony Hungarian 13 C Auditory 18 Semantic 
judgment 

Virtue         
et al. 

2006 Text 
Coherence 

English 22 C Auditory 3 No task 

Virtue         
et al. 

2008 Text 
Coherence 

English 24 C Auditory 9 No task 

Wakusawa    
et al. 

2007 Irony Japanese 38 C Visual 2 Semantic 
judgment 

Wang          
et al. 

2006 Irony English 12 C Auditory 4 Attentional 
cue 

Yang          
et al. 

2016 Idiom Mandarin 19 C Visual 4 Perceptual 
judgment 

Yang          
et al. 

2009 Metaphor English 18 C Visual 15 Valence 
judgment 

Yarkoni        
et al. 

2008 Text 
Coherence 

English 29 C Visual 8 Memory task 

Yi                
et al. 

2017 Proverb Korean 15 C Visual 9 No task 

Zempleni    
et al. 

2007 Idiom Dutch 15 C Visual 8 Semantic 
judgment 

 

Note. Ppt = participants, P = production, C = comprehension. 
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Appendix A 
 

The Language, MD, and ToM Networks 
 

 
 
Figure 1. The language network. This figure illustrates the regions comprising the language 
network. 

 

 
 
Figure 2. The MD network. This figure illustrates the regions comprising the Multiple Demand 
network. 
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Figure 3. The ToM network. This figure illustrates the regions comprising the Theory of Mind 
network. 
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Appendix B 

 
Graphical Depictions of Results 

 

 
 
Figure 4. Breakdown of all activation peaks. This figure illustrates the networks into which all 
included activation peaks fall. 
 
 

 
 
Figure 5. Breakdown of all relevant activation peaks. This figure illustrates the locations of the 
activation peaks that fell into at least one functional network. 
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Figure 6. Breakdown of all relevant activation peaks, adjusted. This figure illustrates the 
locations of the activation peaks that fell into at least one network, adjusted for network size. 
 

 
 
Figure 7. Breakdown of all relevant peaks vs. total voxels in each network. This figure compares 
the proportions of activation peaks and total voxels in each network.  
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Figure 8. Breakdown of all RH activation peaks. This figure illustrates the networks into which 
all included RH activation peaks fall. 
 
 

 
 
Figure 9. Breakdown of all relevant RH activation peaks. This figure illustrates the locations of 
the RH activation peaks that fell into at least one functional network. 
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Figure 10. Breakdown of all relevant RH activation peaks, adjusted. This figure illustrates the 
locations of the RH activation peaks that fell into at least one network, adjusted for network size. 
 

 
Figure 11. Breakdown of all relevant RH peaks vs. total RH voxels in each network. This figure 
compares the proportions of RH activation peaks and total RH voxels in each network.  
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Figure 12. Hierarchical clustering of non-literal language types. This figure illustrates the results 
of the hierarchical clustering analysis. 
 
 

 


