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ABSTRACT 

 

Speech can be perceived through the speech sounds we hear and the facial/lip movements we 

see. In this dissertation, I explore the fundamental question of how the brain processes 

audiovisual (AV) speech using different approaches. In Chapter 2, we present a general 

framework for the comparison of AV speech neuroimaging experiments in terms of whether the 

AV signals were dissimilar (conflicting AV speech) or equivalent (validating AV speech). Using 

this framework, we conduct an Activation Likelihood Estimation meta-analysis to determine 

which brain regions are consistently activated for experiments that stressed conflicting vs. 

validating AV speech. Our main finding reveals that bilateral posterior temporal regions, left 

inferior parietal lobule and other dorsal-stream regions are recruited for conflicting AV speech. 

In Chapter 3, we focus on the superior temporal sulcus (STS), which has been associated with 

AV speech (Calvert et al., 2000; Chapter 2). Across cognitive functions, we assess the 

consistent functional coactivation patterns associated with anatomical bilateral STS subregions 

using meta-analytic connectivity modeling. These results demonstrate that the posterior STS 

consistently coactivates with auditory/language dorsal-stream regions, whereas anterior STS 

consistently coactivates with ventral-stream regions (although less strongly). In Chapter 4, we 

examine the causal relationship between brain structure and AV speech perception in 33 left-

hemisphere stroke survivors and 39 matched controls, using the McGurk paradigm. We 

investigate behavior, and brain structure and AV speech relationships using a multivariate lesion 

symptom mapping technique in the stroke cohort and complementary voxel-based morphometry 
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in the controls. We report that damage to the left angular gyrus correlates with decreased 

visually-influenced speech percepts. This finding is supported by brain structural correlations 

identified in controls. Using complementary approaches, this dissertation presents evidence that 

the auditory/language dorsal stream is involved in processing conflicting AV speech signals, 

consistently coactivates with the posterior STS across cognitive functions, and is necessary for 

various AV speech integrative processes based on corroborative findings in people with left-

hemisphere lesions and controls.  
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CHAPTER 1 

 

INTRODUCTION 
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Audiovisual (AV) speech, the McGurk effect, and the auditory/language dual stream hypothesis 

Humans perceive speech through two main incoming signals from the speaker, in the form of 

speech sounds, and visual information from lip/facial movements that are then integrated in the 

brain. Speech comprehension is contingent on accurate speech perception. How the human 

brain processes AV speech signals is an important question that informs our understanding of 

various general brain mechanisms related to broader questions encompassing multisensory 

integration and speech perception. Insight into AV speech processes can be derived through 

behavioral assessments of AV speech perception. One such behavioral assessment is called 

the McGurk effect (McGurk and MacDonald, 1976; MacDonald and McGurk, 1978), which is a 

ubiquitous paradigm in the AV speech field. In the McGurk effect paradigm, participants are 

presented with stimuli composed of incongruent speech sounds (“ba”) and visual lip movements 

(“ga”), and frequently report a perception (“da”) that matches neither of the presented sensory 

signals, and represents a specific behavioral measure that reflects the integration of AV speech 

cues in the brain. 

 

The big question that this dissertation aims to address is “What brain regions and networks are 

important for processing AV speech?” This question stemmed from a collaborative study of the 

McGurk task using functional magnetic resonance imaging (fMRI), previously designed and 

collected by Brandon Zielinski MD/PhD, a former graduate student in the Rauschecker lab 

(Erickson et al., 2014b). In this study, participants were presented with four kinds of speech in 

the scanner including normal congruent AV speech, incongruent McGurk AV speech, auditory-

only speech, and visual-only speech. In collaboration with Amber Leaver PhD and Zielinski, we 

analyzed the collected data to examine what brain regions were involved in AV speech 

integration of normal AV speech and incongruent McGurk AV speech. To define activity related 

to AV speech integration, we identified brain regions that responded more to AV speech as 

compared to both auditory-only and visual-only speech (Beauchamp, 2005a; Laurienti et al., 
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2005). Interestingly, congruent AV speech integration recruited the left posterior STS (pSTS) 

and other regions, whereas incongruent McGurk speech integration recruited two clusters in the 

left posterior superior temporal gyrus (pSTG). We interpreted these results to suggest that the 

left pSTS and pSTG may have different integrative roles in AV speech processing, where the 

left pSTS has a more general multisensory integrative function and the left pSTG may have a 

more specific function related to adjusting auditory speech perception based on conflict with the 

visual input. This study (Erickson et al., 2014b) prompted further questions about the brain basis 

of AV speech processing that led to the studies in this dissertation.  

 

The most prominent model of auditory and language processing in the brain is the dual stream 

hypothesis that proposes speech is processed along dorsal and ventral streams (Rauschecker 

and Tian, 2000; Hickok and Poeppel, 2007; Rauschecker and Scott, 2009; Bornkessel-

Schlesewsky et al., 2015). This model may be critical in understanding how AV speech is 

processed in the brain, providing testable hypotheses for AV speech experiments as explored in 

the next few paragraphs. Generally, the dorsal stream may be more critical in processing 

sensorimotor interactions including predictive mechanisms for the understanding of speech, 

whereas the ventral stream identifies auditory object information (Rauschecker and Tian, 2000; 

Hickok and Poeppel, 2007; Rauschecker and Scott, 2009; Bornkessel-Schlesewsky et al., 

2015). The dorsal stream is proposed to be left-hemisphere (LH) dominant, whereas, according 

to some versions of the dual stream model, the ventral stream may process information in 

parallel streams bilaterally (Hickok and Poeppel, 2007). In this dissertation, we focus on 

questions specific to the auditory/language dorsal stream, however, future studies will need to 

examine the role of the ventral stream in AV speech processing as well as the interactions 

between dorsal and ventral streams when processing AV speech. !
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Quantitative comparison across neuroimaging experiments of AV speech processes 

While the previous fMRI McGurk study described above offered some insight into AV speech 

processes related to the specific task and data analysis criteria used, many studies have 

assessed similar questions utilizing different tasks, designs, and data analysis methods. 

Broadly, other studies have also examined brain correlations that relate to the presentation of 

incoming AV speech signals and that relate to the resulting perception. However, there is no 

evaluation of the consistent localization of findings across various AV speech experiments. This 

could be due to the lack of a general framework needed in which to compare results that use 

various AV stimuli manipulations (e.g., congruency and timing), and assess AV speech 

perception based on different metrics (e.g., identification using the McGurk effect, or synchrony 

judgments of AV cues). Co-localization of activity across various AV tasks and experiments 

could reveal common processing mechanisms in the AV speech network. Thus, in this 

dissertation we ask, across experiments investigating various manipulations of incoming AV 

speech signals and the resulting perception, are there underlying neural mechanisms or 

computations related to AV speech that can be broadly grouped together? Do these neural 

processes consistently localize across various experiments? 

 

In Chapter 2, we present a general framework of conflict vs. validation to better understand the 

broad processing mechanisms related to AV speech. In this framework, we suggest that many 

kinds of AV speech experiments can be broadly categorized into these two groups. Experiments 

that stress the conflict in the AV signals are classified as conflicting AV speech. Brain regions 

involved in processing conflicting AV speech likely employ mechanisms necessary for the 

comparison of sensory signal discrepancies (Calvert et al., 2000; Beauchamp et al., 2004b). In 

contrast, validating AV speech experiments stress the convergence of equivalent signals likely 

reflecting neural processes related to enhancement of the speech signal since converging 

inputs agree (Ghazanfar and Schroeder, 2006). Using this framework, we perform an Activation 
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Likelihood Estimation (ALE; Turkeltaub et al., 2002; Turkeltaub et al., 2012) meta-analysis 

across AV speech experiments, and identify brain regions consistently activated across 

experiments for conflict and validation in AV speech processes. Our main findings reveal that 

experiments stressing conflicting AV speech consistently recruit auditory/language dorsal-

stream regions (Rauschecker and Tian, 2000; Hickok and Poeppel, 2007; Rauschecker and 

Scott, 2009; Bornkessel-Schlesewsky et al., 2015) including bilateral pSTS, left inferior parietal 

lobule (IPL), and frontal regions. This study led to our next question where we ask whether 

these activation patterns are consistent beyond AV speech processes. 

 

The relationship between the STS and the auditory/language dual streams 

Many neural functions have been demonstrated to involve the STS (see review by Hein and 

Knight, 2008), including AV speech processes (e.g., Calvert et al., 2000; Beauchamp et al., 

2010; Nath and Beauchamp, 2012) and other multisensory functions (e.g., Beauchamp et al., 

2004b; Beauchamp et al., 2008; Man et al., 2012). Examining the connectivity and coactivation 

patterns of the STS may help to understand its neural processes (Hein and Knight, 2008). In the 

Rauschecker and Scott (2009) dual stream hypothesis, updated recently (Bornkessel-

Schlesewsky et al., 2015), the dorsal stream has multisensory processing capabilities, employs 

various error prediction/feedback mechanisms related to sensorimotor interactions, and has 

processes sensitive to sequence/order, whereas the ventral stream functions to process 

auditory object information. Each of these processing streams begins in the primary auditory 

cortex and progresses either posterior-dorsal (dorsal stream) or anterior-ventral (ventral stream) 

(Rauschecker and Scott, 2009). General STS functional connectivity hypotheses based on 

auditory/language dual streams (Rauschecker and Scott, 2009) makes sense as the STS 

processes AV inputs (Calvert et al., 2000; Beauchamp et al., 2004b; Beauchamp et al., 2008; 

Beauchamp et al., 2010; Man et al., 2012; Nath and Beauchamp, 2012; Erickson et al., 2014a) 

along with other functions (Hein and Knight, 2008), and the auditory/language dual streams may 
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generalize to other functions as well (Rauschecker and Scott, 2009). These models (e.g., 

Rauschecker and Scott, 2009) suggest that the pSTS is functionally connected to dorsal-stream 

regions, whereas the anterior STS (aSTS) is functionally connected to ventral-stream regions. 

However, it is unclear if STS segments demonstrate consistent functional connectivity with 

dorsal vs. ventral regions, particularly across cognitive processes outside of audition and 

language. Thus, we ask the following questions. Does the STS have general functional 

coactivation patterns across various cognitive processes? How consistent is the coactivation 

pattern of pSTS with dorsal-stream regions and aSTS with ventral-stream regions? In Chapter 

3, we examine the general coactivation patterns related to different sections of the bilateral STS 

across diverse experiments not controlling for cognitive processes, using the meta-analytic 

connectivity modeling method (Zald et al., 2014). The results reveal that across various 

cognitive tasks, in general the pSTS consistently coactivates with dorsal-stream regions, 

whereas the aSTS consistently coactivates with ventral-stream regions, although less strongly. 

 

Limited causal evidence for brain structures involved in processing AV speech 

Up to this point, I have discussed the background and gaps associated with the functional 

neuroimaging literature for AV speech processes and STS coactivation patterns. I have also 

introduced two meta-analytic techniques to address some gaps in the literature. However, our 

meta-analyses of correlational functional imaging studies, while surely informative, do not 

provide causal evidence for the involvement of a brain structure in a cognitive function. In the 

AV speech field, there is very limited causal evidence for a relationship between specific brain 

structures and AV speech. In terms of AV speech processes, while there are a few studies that 

provide more direct causal evidence (Beauchamp et al., 2010; Baum et al., 2012; Marques et 

al., 2014) and case studies associated with various lesions that have been tested on the 

McGurk effect (e.g., Campbell et al., 1990; Soroker et al., 1995; Youse et al., 2004; Hamilton et 

al., 2006; Schmid et al., 2009; Hessler et al., 2012; Andersen and Starrfelt, 2015), in general the 
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field is missing a systematic analysis of lesion-AV speech relationships across various lesion 

locations and sizes. Even in control populations, only one study has looked at the brain 

structural correlates related to low-level AV integration (de Haas et al., 2012), however, there is 

no prior study to my knowledge examining relationships between brain structure and AV 

processes specific to speech. Thus, studies examining causative brain structure-AV speech 

relationships are needed in a cohort with various brain lesions. Further, these studies need to 

be corroborated with evidence in control populations that investigates correlative brain structure-

AV speech relationships.  

 

Thus, we ask, what brain structures are necessary for AV speech perception? How does 

damage to these structures impact AV speech processes? Are there brain structural 

correlations related to AV speech perception in matched control populations? In Chapter 4, we 

approach these questions using various complementary techniques in a study of LH stroke 

survivors and matched controls using the McGurk paradigm (McGurk and MacDonald, 1976; 

MacDonald and McGurk, 1978). First, we examine whether LH stroke survivors demonstrate 

behavioral differences in AV speech perception compared to controls. Next, we conduct 

multivariate lesion symptom mapping (Zhang et al., 2014) to identify specific brain structures in 

which damage correlates to decreased AV speech percepts. Lastly, for comparison with the 

lesion findings, we perform complementary voxel-based morphometry analyses in the matched 

controls to determine if there are regions in the cerebrum that have positive correlations 

between structure (gray matter volume, GMV) and AV speech percept. Our main results identify 

converging evidence for the involvement of dorsal-stream regions in AV speech perception. In 

particular, left angular gyrus was identified to be necessary for processes related to the general 

impact of visual information on auditory speech perception.   
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Summary of dissertation chapters 

In this dissertation, across multiple approaches, we assess the brain regions that are 

consistently functionally active during AV speech experiments, investigate the general 

coactivation patterns associated with various STS anatomical subregions and their 

correspondence to auditory/language dual streams, and provide causal evidence in a large 

cohort of LH stroke survivors relating damage to reduced AV speech perception as well as 

examine the relationship between GMV and AV speech perception in matched controls.  
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CHAPTER 2 

 

AN ALE META-ANALYSIS ON THE AUDIOVISUAL INTEGRATION OF SPEECH 

SIGNALS1 
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Introduction 

During speech processing, the brain enhances comprehension through the incorporation of both 

auditory and visual sensory signals, i.e., audiovisual (AV) integration. In most natural settings for 

speech, auditory and visual sensory inputs are equivalent in content and timing, so integration 

of these complementary cues can provide validation of sensory information. In other instances, 

auditory and visual sensory inputs may contribute inconsistent speech signals; conflicting in 

content and/or timing, in which case, neural processes must resolve the discrepancy for 

understanding. Common everyday examples include trying to have a conversation with 

someone in a noisy setting (Sumby and Pollack, 1954; Nath and Beauchamp, 2011), or viewing 

a dubbed foreign language film or poorly downloaded/synchronized video. Deficits and 

differences in AV speech integration are associated with several disorders, such as 

schizophrenia (Ross et al., 2007; Szycik et al., 2009b), Alzheimer’s disease (Delbeuck et al., 

2007), autism spectrum disorders (Smith and Bennetto, 2007; Irwin et al., 2011; Woynaroski et 

al., 2013), dyslexia (Pekkola et al., 2006; Blau et al., 2009; Blau et al., 2010) and other learning 

disabilities (Hayes et al., 2003), and have been found in some cases of focal brain injury 

(Hamilton et al., 2006; Baum et al., 2012). Thus, understanding the normal processes and brain 

regions consistently related to AV speech processing may provide insight into the underlying 

biological substrates associated with these disorders.  

 

AV speech integration can be examined in detail by manipulating the content and timing of 

auditory and visual signals relative to each other. These types of stimulus manipulations are 

commonly reported in the multisensory literature (Beauchamp, 2005b; Hocking and Price, 

2008). Many functional neuroimaging studies across languages have used different types of 

speech signals (e.g., sub-lexical, words, sentences), manipulations of the AV sensory signals, 

and measurements of the perceived signals (see Table 2.1 for example studies). Manipulations 

of stimulus sensory characteristics have often included content congruency (e.g., contributing 
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different auditory and visual signals) and timing synchrony (e.g., shifting the onset of the 

auditory signal relative to the visual signal). AV speech integration can also be assessed based 

on the perceived signal, which may actually differ from both the auditory and visual signal 

presented, such as the McGurk effect (McGurk and MacDonald, 1976). The McGurk effect 

occurs when an entirely new, merged speech percept (e.g., “da”), called the McGurk percept, 

arises from the resolution of conflicting auditory (e.g., “ba”) and visual cues (e.g., “ga”). In 

general, other percepts, called non-McGurk percepts, can be typically described as the 

perception of the speech sound (e.g., “ba”) or the visual-only facial movements (e.g., “ga”), 

although other AV combinations have been reported (McGurk and MacDonald, 1976). Similarly, 

the judgment of fusion of AV sensory events in time is another perceptual measure, which is 

examined by varying the onset timing of auditory and visual stimuli (Miller and D'Esposito, 2005; 

Lee and Noppeney, 2011; Noesselt et al., 2012). The fusion percept is the perception of only 

one sensory event in time and occurs during synchronous or near-synchronous AV speech, 

while increasingly asynchronous AV speech can lead to perception of two distinct sensory 

events in time, much like the example of viewing a poorly synched video, where the lips appear 

to move separately from the speech sounds.  

 

The goal of the current study was to evaluate the neuroimaging literature on AV speech 

integration through the examination of the brain activity patterns associated with commonly 

used paradigms including AV stimulus manipulations and percept measurements. While many 

approaches have been used to assess AV speech integration, when considering the big picture, 

the results of these different approaches have not been systematically and quantitatively 

compared. Formal comparisons could demonstrate commonalities or differences in results that 

would suggest either common or discrete types of AV speech computations associated with 

different types of AV conflict. Because of the variety of specific experimental manipulations used 
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within the common paradigms, i.e., content, timing, percept reports, a simplified framework was 

needed to systematically examine co-localization of activity within broadly similar studies.  

 

Although the different manipulations and measurements used to examine AV speech in 

neuroimaging experiments certainly involve different specific processes in AV integration, in 

broad terms, these experiments can be thought of as stressing, to varying degrees, two general 

and fundamental types of operations that are in direct opposition with each other: resolution of 

conflict between discrepant AV sensory signals versus validation of the same, complementary 

AV sensory signals. When the content or timing of the stimulus is equivalent (e.g., sound “ba” is 

presented synchronously with the visual articulation of “ba”), neural processes related to 

sensory validation are stressed, since there is no conflict between AV signals. By contrast, 

when the content or timing of the stimulus is inconsistent (e.g., sound “hotel” is paired with the 

visual articulation “island” (Szycik et al., 2009a), or sound “tree” is presented 240 ms before 

visual articulation of “tree”, see (Macaluso et al., 2004)), it is likely that neural operations related 

to processing conflicting auditory and visual inputs are more strongly stressed compared to 

when auditory and visual cues are congruent and synchronous.  

 

In experiments examining the perceived AV signal, while there is potentially stress on both 

conflict resolution and validation processes, the relative stress on each may likely differ 

depending on the percept. Both the McGurk and non-McGurk percept occur during conflicting 

AV stimulation, but we suggest that in general the McGurk percept may serve as a behavioral 

outcome indicating more stress on neural systems responsible for processing AV conflict 

resolution, represented by the merging of disparate sensory inputs, and less strain on 

reinforcement of one sensory signal or the other. Conversely, the non-McGurk percept 

compared to the McGurk percept may suggest relatively less stress on resolution of AV conflict 

between the sensory signals, and more bias toward bolstering one sensory modality, resulting 
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typically in the perception of either the speech sound or facial movements. Similarly, in the 

conflicting versus validating framework, the fusion percept may reflect relatively more validation 

of sensory cues than conflict, whereas the non-fusion percept of asynchronous sensory input 

may reflect relatively more conflict between auditory and visual input.  

 

Whether AV speech integration is examined based on the sensory stimulus presented or the 

percept reported, the neural computations of commonly used contrasts across studies can be 

broadly considered within the conflicting versus validating framework. This meta-analytic 

framework does group several specific computation types present within the AV speech 

literature, synchrony versus congruency versus percept. However, it may still provide an 

acceptable scheme to integrate findings, and allow for the critical evaluation of the degree of 

overlap versus the difference among distinct contrast and AV stimulus types across a variety of 

experimental paradigms in the field. Despite these frequently used approaches, previous 

studies have mainly focused on specific contrasts and have not typically asked whether there 

may be more general processing demands inherent to AV speech integration regardless of the 

specific stimulus or contrast type. Thus, using the proposed conflicting versus validating 

framework to categorize experiments for meta-analysis is not only useful, but also novel. The 

conflicting versus validating framework has the potential to inform hypotheses regarding the 

types of neural operations performed in these brain regions, influence existing models of speech 

processing (Hickok and Poeppel, 2007; Skipper et al., 2007; Rauschecker and Scott, 2009; 

Rauschecker, 2011; Hickok, 2012), and allow for the broad-view quantitative examination of 

neural systems involved in AV speech integration, which is, to the best of our knowledge, 

lacking in the current literature.  

 

Many brain regions are involved in processing AV speech signals including areas within the 

auditory dorsal and ventral streams (Rauschecker and Tian, 2000; Hickok and Poeppel, 2007; 
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Rauschecker and Scott, 2009; Rauschecker, 2011), such as the posterior superior temporal 

sulcus (STS; Calvert et al., 2000; Raij et al., 2000; Beauchamp et al., 2004b; Hein and Knight, 

2008; Beauchamp et al., 2010), the frontal motor areas (Skipper et al., 2005; Skipper et al., 

2007), and the inferior frontal gyrus (Sekiyama et al., 2003; Ojanen et al., 2005). Even relatively 

early sensory areas have demonstrated multimodal speech processes (Sams et al., 1991; 

Calvert et al., 1997; Bavelier and Neville, 2002; Pekkola et al., 2005; Driver and Noesselt, 2008; 

Hackett and Schroeder, 2009). However, the extent and constraint of AV computation types 

occurring within these regions have not been completely examined. Thus, a systematic and 

quantitative evaluation of the common experimental paradigms within the AV speech literature 

is needed. 

 

We first hypothesized that, across experiments, the conflicting versus validating framework 

would capture two general computational characteristics of AV speech integration, which should 

be reflected in consistent patterns of activity within each type of contrast, and different patterns 

when comparing conflict versus validation. We hypothesized further that AV speech integration 

contrasts that stress conflict over validation would require involvement of multisensory regions, 

such as the posterior STS (Beauchamp et al., 2004b; Beauchamp et al., 2010; Man et al., 2012; 

Watson et al., 2014), and a larger network of regions proposed in speech-related feedback/error 

processing, such as auditory dorsal stream areas (Hickok and Poeppel, 2007; Rauschecker and 

Scott, 2009; Rauschecker, 2011; Hickok, 2012), or in regions proposed to process domain-

general conflict resolution and response selection, such as inferior frontal cortex (Novick et al., 

2005, 2010). In contrast, we hypothesized that experiments emphasizing validation of AV input 

over conflict would consistently recruit regions more proximal to sensory areas as compared to 

frontal and parietal regions hypothesized for processing conflicting AV speech, where sensory 

areas were defined in terms of relative location to A1 or V1 as compared to conflicting AV 

speech. This hypothesis was supported by previous studies that have shown increased activity 
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for congruent AV speech in auditory areas (van Atteveldt et al., 2004; van Atteveldt et al., 2007; 

Okada et al., 2013), and increased activity for non-native, second language processing of 

congruent AV speech in visual areas (Barros-Loscertales et al., 2013).  

 

To interrogate these hypotheses, we conducted an activation likelihood estimation (ALE; 

Turkeltaub et al., 2002) meta-analysis of 22 functional imaging studies comprising 33 

experiments, 311 subjects, and 347 activation foci. These experiments examined conflicting 

versus validating AV speech including paradigms of content congruency, timing synchrony, and 

perceptual measures, such as the McGurk effect and other perceptual fusions related to 

synchrony judgments. These experiments utilized AV speech stimulus types that ranged from 

sub-lexical to sentence in various languages. Specifically, across experiments we distinguished 

the brain areas more consistently active when there were discrepancies in sensory signals 

(conflicting AV speech) versus brain areas more consistently active when sensory signals were 

in agreement (validating AV speech). We then examined the specific experiments driving the 

ALE activation patterns to determine the degree to which various specific manipulations of 

content, timing, and perception overlap in their processing and to what degree these specific 

experiments differ. Lastly, we assessed the specificity of each ALE cluster for conflicting and 

validating AV speech, which was examined based on the proximity of foci from validating 

experiments to conflicting AV speech ALE peaks, and vice versa.  
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Materials and Methods 

Literature search 

Studies published through September 2013 were identified through online searches of PubMed, 

using EndNote software (endnote.com) and Google Scholar databases for functional magnetic 

resonance imaging (fMRI) and positron emission tomography (PET) studies using the following 

key words: “speech”, “audiovisual”, “auditory”, “visual”, “integration”, “cross modal”, 

“crossmodal”, “McGurk”, and “multisensory” in various combinations. References from studies 

identified and review articles were also reviewed for additional publications.  

 

Inclusion criteria 

Studies were included with the following criteria: 1) conducted experiments using fMRI or PET 

imaging modalities; 2) subjects were normal, healthy participants; 3) stimuli consisted of AV 

speech, that is speech sounds consisting of either sub-lexical parts of speech (e.g., phonemes, 

syllables, vowel-consonant-vowel (VCV) tokens, etc.), or words, or sentences, paired with visual 

stimuli consisting of either video of a speaker or text (e.g., letters; only studies #20, #21); 4) 

contrasts could be classified to identify activity for conflicting AV stimuli, validating AV stimuli, or 

differences between them; 5) AV stimuli could be classified as conflicting or validating based on 

content (incongruent versus congruent) or timing (asynchronous versus synchronous); 6) 

perceptual measures that could be classified included the McGurk percept, or other perceptual 

fusions associated with judgments of AV synchrony (e.g., perception of one sensory event or 

two sensory events close in time); 7) results reported foci in a stereotactic/standard 3-

dimensional coordinate system (Talairach or MNI) or foci coordinates were provided by the 

author (only one study, #1); and 8) experiments examined the whole brain, or used large slabs 

covering frontal, temporal, parietal, and occipital cortex (only studies #13, #19, #21), or included 

functional localizers that were not anatomically restricted to a specific brain region and allowed 

for the possibility of activity to be found across the whole brain. Among the included studies that 
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reported handedness, all subjects were right-handed with the exception of study #9, where two 

of the 28 subjects were left-handed. Three studies (#6, #11, #22) did not report handedness. All 

included experiments used univariate designs. All included studies are listed in Table 2.1 with 

study characteristics noted.  

 

Exclusion criteria 

Single-subject reports, experiments that assessed non-native/second language processing, and 

experiments that appeared to report foci within anatomically restricted brain regions were 

excluded from the meta-analysis. Studies that met all inclusion criteria, but did not report results 

in the form of 3-dimensional stereotactic coordinates (Talairach or MNI) were also excluded. 

 

Experiment classification 

Based on the framework described in the Introduction, each individual experiment that met 

inclusion criteria was broadly classified as contrasting conflict over validation, or validation over 

conflict in AV signals. A study was defined as a distinct set of subjects. An experiment was 

defined as a distinct set of subjects tested on a specific AV contrast type, where a distinct set of 

subjects could be tested on more than one AV contrast type (e.g., study #11). AV contrast types 

were classified into eight categories and included stimulus contrasts (i.e., incongruent versus 

congruent, asynchronous versus synchronous), and percept contrasts (i.e., McGurk versus non-

McGurk percept, non-fusion versus fusion percept).  

 

Focusing on stimulus contrast types, conflicting AV speech was categorized as discordant AV 

speech stimuli, either in content incongruence, where auditory and visual speech signals were 

not the same, and/or presented asynchronously, where the timing was offset between the 

auditory and visual signals. Conflicting AV speech experiments were classified as contrasts that 

assessed neural activity related to the comparison of processing incongruent > congruent or 
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asynchronous > synchronous AV speech stimuli. In contrast, validating AV speech was 

categorized as equivalent auditory and visual speech signals, either in content congruence 

and/or presented synchronously. In other words, validating AV speech experiments were 

classified as contrasts that assessed neural activity related to processing when the auditory and 

visual speech stimuli were the same compared to inconsistent, that is, congruent > incongruent 

and synchronous > asynchronous.  

 

For perceptual measures, the contrast of McGurk > non-McGurk percept was classified as 

conflicting AV speech, and non-McGurk > McGurk percept was classified as validating AV 

speech. These AV contrast types applied to correlations of activity with number of McGurk 

responses, where positive correlations were classified as McGurk > non-McGurk percept and 

negative correlations were classified as non-McGurk > McGurk percept. While both the McGurk 

percept contrasts have some level of conflict inherent in the AV stimuli, intended to elicit the 

McGurk percept, we suggest that there may be more conflict processing when the McGurk 

percept is reported, which may lead to the merged resolution of AV signals. In contrast, we 

suggest that the non-McGurk percept may have more processing related to the perception of a 

particular AV signal, i.e., typically either the sound or the visual input, and less conflict 

processing related to integration of disparate AV signals. During timing synchrony paradigms, 

non-fusion > fusion percept was classified as conflicting AV speech, and fusion > non-fusion 

percept was classified as validating AV speech. Here, the fusion percept was described as the 

perception of one sensory event and the non-fusion percept was described as the perception of 

two sensory events in succession. In parallel with McGurk percept processing, we suggest that 

regardless of the stimulus characteristics of the AV signal, perception of one sensory event 

indicates relatively more validation than conflict processing related to the timing of the AV 

signal, whereas the perception of two sensory events in time may represent more conflict 

present between the AV signals. Importantly, since the perceptual contrasts, McGurk versus 
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non-McGurk percept and non-fusion versus fusion percept, were less clearly accommodated 

within the conflicting versus validating framework, supplementary ALE analyses were conducted 

with the exclusion of the percept contrasts.  

 

ALE methods 

ALE is a quantitative meta-analysis technique that assesses co-localization across 

neuroimaging (fMRI and PET) studies in the brain using coordinates of activation foci reported 

in the literature (Turkeltaub et al., 2002; Turkeltaub et al., 2012). To summarize, ALE operates 

on the assumption that there is “uncertainty” regarding the actual location of foci reported in 

standardized, stereotaxic brain space (Talairach, MNI). For each set of experiments organized 

by distinct subject groups, ALE creates a whole-brain map of localization probabilities modeled 

by 3-D Gaussian probability densities distributions. Across experiments, whole-brain voxel-wise 

cumulative probabilities are calculated to generate an overall ALE map. The voxel-wise ALE 

value is equal to the probability that at least one study should have activity/foci located there 

(Turkeltaub et al., 2012); the larger the ALE value, the higher the probability of activity being 

reported in that location. Significance is assessed using a random-effects significance test 

against the null hypothesis that localization of activity is independent between studies. Detailed 

methodological descriptions of the ALE equations and algorithms have been published 

elsewhere (Turkeltaub et al., 2002; Eickhoff et al., 2009; Eickhoff et al., 2012; Turkeltaub et al., 

2012). 

 

We determined the localization of conflicting and validating AV speech in the brain through the 

assessment of two separate ALE analyses on each set of experiments. Every experiment 

included in this meta-analysis contrasted two AV conditions that differed in their degree of 

conflict versus validation, thus, each of the ALE analyses presented represent contrasts 

between conflict and validation processes in AV integration. ALE analyses were performed 
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using GingerALE 2.1 (www.brainmap.org). Coordinates of foci reported in Talairach space were 

transformed to MNI space in the GingerALE 2.1 platform, using tal2icbm (Lancaster et al., 2007; 

Laird et al., 2010) or Brett tal2mni transform if the coordinates of foci appeared to be previously 

transformed using this method. GingerALE provides coordinate conversions between Talairach 

and MNI stereotactic space in both directions. Coordinates of foci were organized by subject 

group to eliminate false positives due to within-group effects, as described in Turkeltaub et al. 

(2012). Significant activation likelihood clusters met the following criteria to reduce false 

positives (type I errors): 1) a false discovery rate (FDR) q < 0.01 was applied, 2) at least two 

experiments contributed to each cluster, and 3) a cluster extent threshold > 100 mm3. The 

applied cluster extent threshold is commonly used in the ALE literature and has previously been 

demonstrated to show good sensitivity while reducing false positives (Turkeltaub et al., 2012). 

Experiments reporting foci within three standard deviations of the calculated localization 

uncertainty from a peak in the ALE map were considered contributors to that peak (see 

Turkeltaub et al., 2011).  

 

To confirm the specificity of these clusters for conflicting or validating AV speech, we examined 

whether experiments in the opposite category (validating or conflicting AV speech, respectively) 

also reported foci within three standard deviations of the calculated localization uncertainty from 

each ALE peak. For example, validating AV speech experiments reporting foci within three 

standard deviations of the calculated localization uncertainty from each conflicting AV speech 

ALE peak were reported as “Nearby Validating Experiments”; whereas, conflicting AV speech 

experiments containing foci within three standard deviations of each validating AV speech ALE 

peak were reported as “Nearby Conflicting Experiments”.  

 

Supplementary ALE analyses were also conducted: 1) the exclusion of percept contrasts for 

conflicting AV speech, and 2) the exclusion of percept contrasts for validating AV speech. The 
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supplementary findings are reported with a FDR q < 0.01 and a cluster extent threshold > 100 

mm3.  

 

All cluster anatomical locations were verified through a combination of the Automated 

Anatomical Labeling (AAL) atlas and the Colin27 brain anatomy in MRIcron 

(http://www.mccauslandcenter.sc.edu/mricro/index.html). Results are displayed on surface 

renderings and slices of the Colin27 brain using MRIcron.  
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Results 

We classified 33 fMRI and PET experiments that met our inclusion criteria. These experiments 

derived from 22 imaging studies that comprised a total of 311 subjects and 347 foci (Table 2.1). 

The fMRI/PET experimental designs included block, event-related, and adaptation. Of the 33 

experiments, there were 21 sub-lexical level (e.g., phonemes, vowels, syllables, and so forth), 

five word level, and seven sentence level AV speech stimulus types. These studies used active 

and passive tasks that assessed conflicting versus validating AV speech through the 

manipulation of sensory stimulus characteristics that differed in content congruency 

(incongruent versus congruent) or timing synchrony (asynchronous versus synchronous), or 

through perceptual measures (e.g., the McGurk percept or judgments of the AV fusion percept 

of sensory events in time). Detailed information regarding study characteristics is located in 

Table 2.1. 

 

Localization of conflicting AV speech  

The ALE analysis of conflicting AV speech included 210 foci from 20 experiments. Ten 

experiments were incongruent > congruent contrasts, four were asynchronous > synchronous 

contrasts, three were McGurk > non-McGurk percept contrasts, and three were non-fusion > 

fusion percept contrasts. The ALE analysis resulted in nine clusters of significant activation 

likelihood in areas of the frontal, temporal, and parietal lobes (Table 2.2; Figure 2.1). These ALE 

findings were consistent whether or not the percept contrasts were included (Supplemental 

Figure 2.1). All 17 conflicting AV speech ALE peaks were derived from both content and timing 

conflicts, 15 from incongruent > congruent and asynchronous > synchronous, and two from 

incongruent > congruent and non-fusion > fusion percept contrast types.   

 

Two large clusters were identified in the left posterior superior/middle temporal cortex that 

spanned superior temporal gyrus (STG) through the superior temporal sulcus (STS) to the 
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middle temporal gyrus (MTG), with peak ALE values of 0.0256 and 0.0153, and Y values of -44 

and -26, respectively. These ALE clusters derived from all contrast types (stimulus and percept 

contrasts, Table 2.2), and large range of AV speech stimulus types from sub-lexical to sentence. 

Nine different experiments in total contributed to the larger left posterior STG/STS/MTG cluster 

(2008 mm3). Of the three peaks, the highest ALE peak derived from seven experiments 

composed of equal number of incongruent > congruent, asynchronous > synchronous, and 

McGurk > non-McGurk percept contrast types, and only one non-fusion > fusion percept 

contrast type. Note that two of the three McGurk > non-McGurk percept experiments included in 

the meta-analysis reported foci here. Nine experiments also contributed to the smaller left 

posterior STG/STS/MTG cluster (1424 mm3), with most being either incongruent > congruent 

(four experiments) or asynchronous > synchronous contrast types (three experiments). Note 

that three of the four total asynchronous > synchronous contrasts in the conflicting AV speech 

ALE were localized in this cluster (#1, #6a, #11a). Similar to the left posterior STG/STS/MTG 

clusters, the right posterior STG/STS/MTG cluster was also derived from all contrast types, 

more frequently incongruent > congruent (three of seven experiments) and asynchronous > 

synchronous (two of seven experiments), using both sub-lexical and sentence AV stimulus 

types.  

 

Among the other clusters outside the temporal lobe, the SMA cluster derived mainly from 

incongruent > congruent experiments (four of five contributing experiments), comprised mostly 

of sub-lexical AV speech stimulus types with only one experiment that used a word AV stimulus 

type, disyllabic nouns. Bilateral dorsal IFG clusters and one smaller ventromedial left IFG cluster 

were also identified. The left dorsal IFG cluster (1104 mm3) was most frequently derived from 

incongruent > congruent experiments (six of eight overall contributing experiments) and these 

experiments used sub-lexical AV speech stimulus types with the exception of one experiment 

using disyllabic nouns. One study (#11) contributed foci to this cluster from both asynchronous 
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> synchronous and non-fusion > fusion percept contrast types using sentence stimuli. The right 

dorsal IFG cluster showed a relatively similar pattern of contributing experiments and AV 

stimulus types, with four of seven contributing experiments classified as incongruent > 

congruent. Finally, the left inferior parietal lobule (IPL) was derived from four experiments in 

which three experiments were classified as incongruent > congruent, and one experiment was 

classified as asynchronous > synchronous.  

 

Localization of validating AV speech   

A smaller ALE analysis of validating AV speech included 137 foci from 13 experiments. Three 

experiments were congruent > incongruent contrasts, five were synchronous > asynchronous 

contrasts, three were non-McGurk > McGurk percept contrasts, and two were fusion > non-

fusion percept contrasts. The ALE analysis revealed six clusters of significant activation 

likelihood (Table 2.3; Figure 2.1) in sensory areas including bilateral fusiform gyrus (FFG), left 

inferior occipital lobe, and bilateral middle superior temporal gyrus (mid-STG). These findings 

remain largely the same whether percept contrasts were included or not, with some exceptions 

as described below (Supplemental Figure 2.1). 

 

Validating AV speech brain areas were identified in bilateral posterior FFG. A right posterior 

FFG cluster derived from activity reported in five experiments using sub-lexical and word level 

AV speech stimuli in two contrast types: synchronous > asynchronous and non-McGurk > 

McGurk percept. Note that two of the three non-McGurk > McGurk percept experiments within 

the list of validating AV speech experiments reported activity here. The left posterior FFG cluster 

derived from similar contrast types, also including two of the three non-McGurk > McGurk 

percept contrasts in the validating AV speech analysis, as well as congruent > incongruent, 

using only sub-lexical AV speech stimuli.  
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The largest cluster (656 mm3) was located in the right mid-STG with an ALE value of 0.0176 

and derived from three experiments classified as congruent > incongruent and fusion > non-

fusion percept, using word and sentence AV speech stimulus types. Comparably, a smaller 

cluster was found in the left mid-STG with an ALE value of 0.0127, derived from two 

experiments also classified as congruent > incongruent and fusion > non-fusion percept, using 

sentence AV speech stimuli. This cluster overlaps with the anterior edge of the left STG cluster 

in the conflicting AV speech ALE map (Figure 2.1). It was no longer significant when percept 

contrasts were excluded (Supplemental Figure 2.1). One other medial cluster was also found in 

the left mid-STG region, extending deep into inferior white-matter regions, derived from three 

experiments utilizing three different contrast types, congruent > incongruent, synchronous > 

asynchronous and non-McGurk > McGurk percept, and both sub-lexical and sentence AV 

stimulus types.  

 

Specificity for AV speech conflict and validation   

The ALE analyses above revealed largely non-overlapping networks for conflicting and 

validating AV speech processing. The only area of overlap was in the left mid-STG, where a 

small cluster in the validating AV speech ALE map overlapped with the anterior edge of a 

cluster in the conflicting AV speech ALE map.  Despite the apparent differences observed in the 

ALE maps, it remains possible that activity in validating AV speech experiments was reported in 

the areas identified as involved in AV conflict, but failed to reach significance in the ALE 

analysis due to lower power in the validating AV speech ALE analysis. In general, threshold 

effects in the ALE analyses may lead to a false impression of specificity. One approach to 

address this issue is an ALE subtraction analysis in which the two datasets are directly 

compared. The current analysis is underpowered for a direct ALE subtraction, and this approach 

still may not provide a full picture of the degree of specificity in different areas of the brain. 

Therefore, to assess the specificity of the ALE results for conflicting and validating AV speech, 
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we examined each ALE peak in both maps and identified “nearby experiments” from the other 

dataset. “Nearby” was defined by the same criterion used to determine whether experiments in 

each dataset contribute to their own ALE maps (Materials and Methods). In other words, we 

asked “if this validating AV experiment had been included in the conflicting AV dataset, would it 

have contributed to this ALE result?” and we asked “if this conflicting AV experiment had been 

included in the validating AV dataset, would it have contributed to this ALE result?”.  

 

For the conflicting AV speech map, this specificity analysis demonstrated that all clusters 

outside the temporal lobes were specific to AV conflict. That is, no validating AV speech 

experiments reported activity near any of the conflicting AV speech ALE clusters in the parietal 

or frontal lobes (Table 2.2). In the mid-posterior superior temporal lobe of both hemispheres, a 

few validating AV speech experiments reported foci near most of the conflicting AV speech ALE 

peaks (range 0 – 3 nearby validating experiments). One validating AV speech experiment 

(#11b) using a fusion > non-fusion percept contrast was responsible for much of this overlap. 

Notably, substantially more conflicting AV speech experiments compared to validating AV 

speech experiments reported foci within the temporal lobe (see Table 2.2).  

 

In parallel to the findings for the conflicting AV speech map, the validating AV speech map 

showed no specificity for validating AV speech in the mid-STG ALE clusters. Eight nearby 

conflicting AV speech experiments were identified for one left mid-STG ALE peak, one nearby 

conflicting AV speech experiment for the other medial left mid-STG ALE peak, and two nearby 

conflicting AV speech experiments were identified for the right mid-STG ALE peak (Table 2.3). 

These findings suggest that the mid-STG may not be involved in processes exclusive to 

conflicting or validating AV speech. The left inferior occipital lobe ALE cluster had one nearby 

conflicting AV speech experiment. In contrast, no foci from conflicting AV speech experiments 

were found near the left or right FFG clusters identified in the validating AV speech ALE 
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analysis, suggesting these areas may be engaged in processes specific to AV speech validation 

(see Table 2.3). 

 

Complementary findings with the removal of percept contrast types   

Although the conflicting versus validating dichotomization clearly captures key processing 

differences based on our results, there are gray areas around the boundary between the 

categories. The gray areas are particularly related to the percept contrast classifications, 

although only a small number of percept contrasts were included in each analysis. For example, 

some conflict-related activity might be expected in a non-McGurk > McGurk percept contrast, 

even though the experiment was classified as validating AV speech. In general, this issue 

should have diluted our findings, creating apparent overlap between processes related to AV 

conflict and validation. However, this was not the case, as there was not sufficient overlap to 

warrant excluding percept studies all together. Regardless, to address this potential 

shortcoming, we conducted an additional ALE analysis with the exclusion of percept contrasts 

(Supplemental Figure 2.1). Excluding percept contrasts did not significantly alter the main 

findings, suggesting that the overall observed patterns do not critically depend on relatively 

subjective decisions, like the assignment of percept contrasts within the conflicting versus 

validating framework. As discussed above, the main difference of note was that the left mid-

STG validating AV speech cluster, which overlapped with the anterior edge of the conflicting AV 

speech cluster, was not identified with the exclusion of percept contrasts. This result was not 

surprising since the cluster was derived from two experiments, including one percept contrast.  
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Discussion 

Using the ALE meta-analysis technique, we identified distinct brain regions that were 

consistently more active during the resolution of discrepancies in sensory input (conflicting AV 

speech) or the reinforcement of complementary sensory input (validating AV speech) in a large 

number of neuroimaging studies across several languages. The conflicting versus validating 

framework allowed for the critical evaluation of localization overlap among different contrast and 

AV stimulus types reflective of the AV literature. Overall, there was consistency in localization 

within each of these groups of experiments, more convincingly for conflicting AV speech, 

despite the wide variation in experimental methods (e.g., task, design) and kinds of AV 

stimulation (e.g., manipulations of timing versus content, sub-lexical versus sentence). These 

findings remained largely the same whether or not percept contrasts were included in the meta-

analysis (Supplemental Figure 2.1). In general, these results indicate a partial dichotomy of AV 

processes that serve to resolve conflict between discrepant AV signals versus those that serve 

to validate equivalent AV signals, which is reflected by a reliance on distinct brain regions. 

Within these broad brain networks, patterns were observed wherein specific types of speech 

signals or contrast types (e.g., synchrony versus congruency, conflict versus validation) were 

more likely to activate specific regions than others. These differences may inform the specific 

roles of these regions in AV integration beyond the simple conflict versus validation dichotomy. 

These findings are relevant to current sensorimotor speech models (Hickok and Poeppel, 2007; 

Skipper et al., 2007; Rauschecker and Scott, 2009; Rauschecker, 2011; Hickok, 2012), and 

indicate that the auditory dorsal stream may be important during AV speech conflict processing.  

 

Recruitment of bilateral posterior temporal areas for processing of conflicting AV speech 

integration  

Every contrast type contained within this analysis, including experiments examining conflicts in 

content and timing of AV signals and perceptual measures, that ranged from sub-lexical to 
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sentence level AV speech stimulus types, consistently activated the same regions of the 

bilateral posterior STG/STS/MTG, in general spanning an area more lateral and posterior to the 

validating AV speech clusters. While a few validating AV speech experiments reported foci near 

the posterior temporal clusters, most experiments reporting foci here used conflicting AV speech 

contrasts. These results provide preliminary evidence that the posterior STG/STS region may 

be involved in general AV sensory integration processes that are stressed by the presence of 

conflict between auditory and visual signals.  

  

The posterior STS conflict-related activation likelihood was left lateralized both in terms of peak 

ALE values and the total volume of significant ALE clusters. Left and to a lesser degree right 

posterior STG/STS has been argued to provide storage of and access to phonological 

representations of speech (Hickok and Poeppel, 2007; but see DeWitt and Rauschecker, 2012), 

and is activated in auditory speech studies without visual input (Turkeltaub and Coslett, 2010). It 

could be argued that the posterior STS might play no role in AV integration, but that conflicting 

AV signals induce competing co-activation of multiple phonemic or lexical representations, 

placing stress on the left posterior STG/STS storage/access system and resulting in greater 

brain activity in this area. However, the stimuli included here represent an array of speech 

signals, and recent meta-analytic evidence suggests that auditory speech representations 

reside farther anterior with sublexical units, words and phrases hierarchically arrayed along a 

gradient from the mid-to-anterior STG/STS (DeWitt and Rauschecker, 2012). Also, competing 

co-activation of speech representations could theoretically cause a decrease rather than an 

increase in activity in these storage/access areas, if the conflict results in mutual inhibition of the 

two competing representations. 

 

If posterior temporal areas serve a different purpose in speech processing, it remains possible 

that conflict in AV signals places strain on more general processes which contribute to speech 
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that is served by the posterior STG/STS region, such as phonological working memory (Leff et 

al., 2009), resulting in greater activity in this area for conflicting AV speech signals. Validating 

AV contrasts may engage these general processes as well, albeit to a lesser degree, resulting 

in inconsistent activity in the posterior STG/STS, as we observed here. However, the posterior 

STS has also been implicated in AV integration for non-speech signals (Beauchamp et al., 

2004b; Beauchamp et al., 2004a; Man et al., 2012), making this unlikely.  

 

Rather, the consistency of activity in the bilateral posterior STS observed here, across all 

contrast types, particularly those that stress AV conflict, likely suggests a direct role for this 

region in comparison of auditory and visual inputs not specific to speech stimuli. This may result 

in greater fMRI signal when there is discrepancy between the inputs, which could be related to 

the recruitment of more neural processes responding to the different auditory signal, visual 

signal, or both (see Hocking and Price, 2008). This is supported by previous work in 

demonstrating connections between the STS and auditory/visual areas (Rockland and Pandya, 

1981; Falchier et al., 2002; Beer et al., 2011), and that the STS does indeed have a “patchy” 

organization containing both AV and unisensory areas (Beauchamp et al., 2004b; Dahl et al., 

2009). Other neuroimaging studies also provide further support. A multivariate pattern analysis 

of posterior STS identified similar neural patterns for both the sound and video of particular 

objects (Man et al., 2012). One study of non-speech AV stimuli showed effective connectivity 

changes between posterior STS and auditory/visual areas after AV synchrony discrimination 

training (Powers et al., 2012), suggesting that STS may help to discriminate timing-related 

perceptions of AV sensory events. Sensory signal accuracy may contribute to STS connectivity 

patterns; one study showed increased reliability of speech sounds compared to visual speech 

movements correlated with the increased functional connectivity between posterior STS and 

auditory cortex (Nath and Beauchamp, 2011), indicating that posterior STS may evaluate which 

sensory input is more likely to be accurate. In another study, the left pSTS was recruited with 
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the addition of noise to conflicting AV speech stimuli (Sekiyama et al., 2003). Finally, a 

transcranial magnetic stimulation (TMS) study (Beauchamp et al., 2010) and a case study on a 

patient with damage to the left STS (Baum et al., 2012) provide further evidence for bilateral 

STS involvement in AV conflict processing. Beauchamp et al. (2010) found that inhibitory TMS 

of the left pSTS greatly reduced the number of “fused” McGurk percept reports within a specific 

time window. Baum et al. (2012) reported on a patient that could still perceive the McGurk effect 

with left STS damage and with an intact right STS, where this patient had increased right STS 

activity compared to healthy controls during McGurk stimuli presentation. These findings 

(Beauchamp et al., 2010; Baum et al., 2012) suggest that the left and right STS may have 

complementary functions in processing AV conflicts. Overall, previous studies suggest that the 

neural computations performed by the STS are necessary for interpreting, and in some cases, 

resolving AV sensory inconsistencies.  

 

The posterior STS was identified in the meta-analysis through the overlap of mostly different 

conflicting AV speech contrast and stimulus types, however, a few validating AV speech 

experiments reported foci nearby. Thus, it could be that the posterior STS is involved in more 

general sensory processes not specific to conflict between AV signals, or restricted to 

multisensory AV inputs. The STS, of both the left and right hemisphere, may have a role in 

numerous types of computations (Hein and Knight, 2008), both unimodal and multimodal 

(Allison et al., 2000; Calvert et al., 2000; Raij et al., 2000; Grossman and Blake, 2002; Giese 

and Poggio, 2003; Pelphrey et al., 2003; Beauchamp et al., 2004b; Beauchamp et al., 2004a; 

Pelphrey et al., 2004; Bidet-Caulet et al., 2005; Noesselt et al., 2007; Beauchamp et al., 2008; 

Redcay, 2008; Peelen et al., 2010; Lahnakoski et al., 2012; Man et al., 2012; Watson et al., 

2014), suggesting the STS may merge different kinds of sensory information, and possibly, 

allow for the identification of general sensory discrepancies. Future experiments are needed to 

test whether these potential conflict detection/resolution processes are domain-general and 
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extend beyond speech processes, perhaps to sensorimotor actions (Rauschecker and Scott, 

2009; Rauschecker, 2011). It also remains possible that the posterior STS region may compute 

comparisons between conflicting stimuli, and specific neuronal populations that receive inputs 

from different types of signals may be intermingled or spatially segregated (synchrony versus 

congruency or conflict versus validation). Some studies have started to distinguish discrete 

processing regions in the superior temporal cortex and STS (Beauchamp et al., 2004b; 

Stevenson and James, 2009; Stevenson et al., 2010; van Atteveldt et al., 2010; Stevenson et 

al., 2011; Noesselt et al., 2012). However, because the current ALE study did not have high 

enough spatial resolution, we could not reliably identify small differences in localization of 

activity for different types of signal (e.g., synchrony versus congruency or conflict versus 

validation). With attention to specific localization of various unimodal and cross-modal 

computations within individual subjects (Beauchamp et al., 2010; Nath and Beauchamp, 2012), 

future studies using other more precise parcellation methods are clearly needed to continue to 

investigate the specific functions and organization of the STG/STS.  

 

Dorsal stream structures involved in conflicting AV speech integration  

In addition to the posterior STG/STS regions, conflicting AV speech consistently activated 

frontal and parietal regions within the dorsal “how/where” auditory stream (Rauschecker and 

Tian, 2000; Hickok and Poeppel, 2007; Rauschecker and Scott, 2009; Rauschecker, 2011; 

Hickok, 2012), including the left IPL, SMA, right precentral gyrus, and bilateral dorsal IFG. This 

network of dorsal stream regions identified outside of the temporal lobe may be specific to AV 

conflict, since no foci from validating AV speech experiments were identified near these 

conflicting AV speech ALE peaks. 

 

The auditory/language dorsal stream may constitute a sensorimotor feedback system, whereas 

the ventral stream may process inputs related to object recognition and comprehension (Hickok 
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and Poeppel, 2007; Rauschecker and Scott, 2009; Rauschecker, 2011). A central sensorimotor 

mechanism of the dorsal stream, includes an error detection process (Rauschecker and Scott, 

2009; Rauschecker, 2011), which suggests that the dorsal stream may be well-suited to 

contribute to conflict resolution. It is likely that conflict in the AV signal stresses these 

sensorimotor feedback systems, because the auditory and visual signals are composed of 

different information, and these sensorimotor interactions in the dorsal stream may help to 

resolve the discrepancy (Hickok and Poeppel, 2007; Rauschecker and Scott, 2009; 

Rauschecker, 2011; Hickok, 2012). In general, for these reasons, dorsal stream regions may be 

linked to the interpretation of ambiguous or inconsistent sensory input. For example, one 

auditory dorsal stream model suggests that the IFG, premotor areas, IPL, and posterior superior 

temporal regions contribute to these sensorimotor feedback mechanisms to minimize error and 

help with “disambiguation” of phonological input (Rauschecker and Scott, 2009; Rauschecker, 

2011), which is likely highly significant when sensory input is in disagreement.  

 

These dorsal-stream areas may not be specific to processing speech but perhaps extend to 

“doable” actions (Rauschecker and Scott, 2009; Rauschecker, 2011), and may be involved in 

comparisons between other classes of sensory stimuli. The left posterior STG and IPL have 

been recruited not only during comparisons of speech sounds (Turkeltaub and Coslett, 2010), 

but also during tasks of perceptual color discrimination (Tan et al., 2008) and have been 

implicated in stimulus change detection, not exclusive to speech (Zevin et al., 2010). The IPL 

has been associated with visual-tactile integration (Pasalar et al., 2010), and with detection of 

conflicting sensorimotor input, including increased activation when there is conflict between 

motor actions and visual feedback related to “agency” perception (Farrer et al., 2003). Similarly, 

beyond its classical role in speech output, the IFG has been implicated in processing visual 

“symbolic gestures” (Xu et al., 2009), and conflict resolution for response selection from 

competing options (Novick et al., 2005; January et al., 2009; Novick et al., 2010). Previous 
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meta-analytic evidence evaluated “interference resolution” in other types of conflict-related 

tasks, such as stroop, and showed recruitment of some similar regions, e.g., IPL and IFG (Nee 

et al., 2007). Within speech processing, the IFG and pre-SMA have also been implicated in 

categorical processing of phonemes (Lee et al., 2012), as has the premotor cortex (Chevillet et 

al., 2013). Notably, the experiments that activated the IFG and SMA for AV conflict processing 

in this meta-analysis most frequently used sub-lexical AV stimuli, which might suggest that 

these areas become involved in resolving conflict in AV speech signals because of their role in 

discriminating between sublexical speech units. Overall, this network of mostly dorsal stream 

regions (Hickok and Poeppel, 2007; Rauschecker and Scott, 2009; Rauschecker, 2011; Hickok, 

2012) was co-localized across studies during processing of conflicting AV speech and showed 

selectivity to the conflicting AV signals. We suggest that these dorsal stream regions may be 

involved in the detection and resolution of sensory discrepancies among multimodal functions 

and in the selection of a single response among multiple viable options.  

 

Overall, different types of conflicting AV speech contrasts co-localized across the dorsal stream 

network, although there was a degree of selectivity in certain brain areas. The activation 

likelihood in frontal and parietal areas was mainly derived from experiments using comparisons 

between incongruent and congruent content, likely influenced by the large number of these 

experiments included in this analysis (10 out of 20). For example, left IPL and SMA were 

activated by predominantly incongruent > congruent experiments (three experiments for left IPL, 

and four and three experiments for SMA ALE peaks) with only one asynchronous > 

synchronous experiment (#8a) identified for each ALE peak. The most likely explanation for the 

high influence of incongruent > congruent contrasts in the conflicting AV speech ALE findings is 

that the greatest degree of conflict between auditory and visual signals occurs when the content 

of these signals conflict, and this conflict drives activity in parietal and frontal dorsal stream 

areas. However, as noted above, other AV contrast types (asynchrony and percept) did identify 
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activity in the bilateral STG/STS and overall, 15 of the 17 conflicting AV speech ALE peaks were 

derived from both incongruent > congruent and asynchronous > synchronous contrast types. As 

discussed elsewhere, percept comparisons involve relatively subtle differences in AV conflict 

(e.g., McGurk versus non-McGurk percept), and thus may be sufficient to activate posterior 

STG/STS regions specifically involved in AV integration. However, the activity in these 

experiments may be less robust in dorsal-stream areas involved in domain-general conflict 

processing and response selection.   

  

Sensory areas in validating AV speech integration 

Compared to the widespread network of brain regions recruited in processing conflicting AV 

speech, including frontal and parietal areas, brain areas involved in the processing of validating 

AV speech were localized to more proximal auditory and visual areas of the temporal and 

occipital cortex, including bilateral FFG, left inferior occipital lobe, and to a lesser degree 

bilateral mid-STG. In general, while these activation likelihoods were derived from a small 

number of contributing experiments, they still preliminarily establish coherence among the 

literature and suggest that validating compared to conflicting AV sensory inputs may generate 

more activity in auditory and ventral stream visual areas of the temporal lobe, including the FFG. 

It is possible that consistent visual speech paired with auditory speech may create a more 

explicit, unambiguous signal in these areas. In other words, complementary, redundant speech 

information contributed by each sensory input may help to boost the most accurate signal and 

lead to reinforcement of the correct perception (see Ghazanfar and Schroeder, 2006). General 

mechanisms of AV validation could include increased bottom-up activity in neurons receiving 

the same speech information from separate sensory sources, or top-down tuning in the form of 

inhibition of similar, yet incorrect signals (see other AV integration (van Atteveldt et al., 2009) or 

multisensory models (Driver and Noesselt, 2008)). Others have proposed that many more 

sensory areas than previously assumed may have multimodal properties (Ghazanfar and 
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Schroeder, 2006; Driver and Noesselt, 2008; Hackett and Schroeder, 2009), and previous 

studies have shown plasticity of sensory areas in blind or deaf individuals (Rauschecker, 1995; 

Weeks et al., 2000; Finney et al., 2001; Bavelier and Neville, 2002; Amedi et al., 2003; Amedi et 

al., 2007; Renier et al., 2010; Bedny et al., 2011; Striem-Amit et al., 2012; Striem-Amit and 

Amedi, 2014). A recent study of non-native, second language processing recruited bilateral 

occipital cortex during congruent versus incongruent stimulation of AV sentences (Barros-

Loscertales et al., 2013). Other studies have shown FFG activation in voice/speaker recognition 

tasks of auditory-only speech (von Kriegstein et al., 2005), and FFG recruitment during face 

processing (Haxby et al., 2000; Hoffman and Haxby, 2000).  

 

While bilateral mid-STG was recruited for validating AV speech, these ALE peaks were less 

conclusive. Conflicting AV speech experiments were identified near these mid-STG ALE peaks. 

One left mid-STG ALE peak overlapped with the anterior portion of a conflicting AV speech 

cluster and was not identified when percept contrasts were excluded. These findings indicate 

that this mid-STG region may not be exclusive to processing specific types of AV signals. Dewitt 

and Rauschecker (2012) have proposed that the mid-STG may correspond to the auditory 

lateral belt in non-human primates and Ghazanfar and Schroeder (2006) have suggested that 

auditory core and lateral belt are multisensory, responding to auditory, visual, and 

somatosensory input. Some previous experiments indicate that classical auditory areas in the 

STG may be involved in processing congruent AV speech signals. For example, others have 

shown modulation of auditory cortex during lip-reading (Calvert et al., 1997; Calvert and 

Campbell, 2003; Pekkola et al., 2005; Kauramäki et al., 2010), increased auditory cortex activity 

during congruent compared to incongruent stimulation of AV phoneme sounds presented with 

visual letters (van Atteveldt et al., 2004; van Atteveldt et al., 2007), increased auditory cortex 

activity with stimulation of congruent AV syllables compared to sounds only (Okada et al., 

2013), and face/voice integration in auditory cortex in non-human primates (Ghazanfar et al., 
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2008). While this analysis may provide preliminary evidence for the possibility of cross-modal 

validation of AV speech in regions more proximal to sensory areas as compared to frontal and 

parietal regions found for conflicting AV speech, future studies are certainly needed to further 

examine the interaction of different types of sensory inputs in sensory regions in humans, 

particularly concerning the mid-STG region. 

 

Limitations 

While we acknowledge that the conflicting versus validating framework may not capture all 

nuances of the processes involved in AV speech integration, this framework did allow for the 

broad quantitative examination of AV speech imaging experiments. Conflicting AV speech had 

more robust findings with the inclusion of 20 experiments and perhaps as a result, a higher 

degree of co-localization across experiments. This analysis included two experiments (#20, #21) 

using stimuli that paired speech sounds to letters, and we recognize it is likely there are 

differences in neural processing related to moving versus static/orthographic visual signals, 

particularly concerning attention effects and temporal components. However, both experiments 

did contribute to activation likelihoods found for conflicting AV speech, indicating that despite 

computational differences these AV integration processes may still localize to similar brain 

regions. The validating AV speech analysis had relatively less co-localization across 

experiments and less overall specificity to validating AV speech. Thus, the validating AV speech 

findings should be interpreted with caution pending more research in this area.  

 

Sub-analyses related to the isolation of specialized areas for different types of computations 

(synchrony versus congruency versus percept; moving versus static/orthographic visual signals) 

were not possible due to the relatively small number of studies reporting foci for each contrast 

type. Because of this limitation, and because we acknowledge that the computations required 

for comparisons of timing and content must differ, we have provided detailed information 
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regarding which specific contrast types contributed to each ALE cluster, demonstrating where 

these experiments co-localized and where they did not (Table 2.2; Table 2.3).  Notably, though, 

all 17 ALE peaks identified in the conflicting AV speech analysis were recruited by both content 

and timing contrast types (incongruent > congruent and either asynchronous > synchronous or 

non-fusion > fusion percept), suggesting that there may be broad co-localization of content and 

timing processes within those brain regions. It is also important to note that ALE operates at a 

relatively low spatial resolution (roughly similar to PET resolution), and that co-localization of 

activity from experiments testing different types of conflict or validation (e.g., content versus 

timing) does not necessarily indicate that these processes rely on the same neuronal 

populations. The general location of the activity is the same, but more specialized sub-regions 

within these broader areas may specifically process one type of input or another. Using these 

findings as a springboard, future studies using more precise methods can further examine these 

possibilities, likely in within-subject comparisons.  

 

Conclusions  

In this ALE meta-analysis of 33 experiments, 311 subjects, and 347 foci, we identified distinct 

brain regions involved in the integration of conflicting versus validating AV speech, confirming 

that different neural computations are likely responsible for the detection and resolution of 

inconsistent AV speech versus the validation of equivalent, complementary AV signals. 

Conflicting AV speech integration revealed a network of primarily dorsal-stream regions involved 

in the resolution of inconsistent sensory input. In contrast, validating AV speech integration was 

localized to ventral-stream visual areas of the occipital and inferior temporal lobe, suggesting 

functional properties related to the validation of complementary AV input. Future studies can 

assess whether these networks translate to other communication domains, such as face/voice 

integration, other sensorimotor functions, biological motion, or social-related processes. 
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Additionally, localization of AV speech integration networks for a normal, healthy population 

provides the foundation for future studies in populations where this network may be altered. 
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Figures 
 

 
Figure 2.1. Significant ALE clusters for conflicting and validating AV speech. Conflicting 

AV speech recruited primarily dorsal stream regions, such as bilateral posterior STG/STS/MTG, 

bilateral dorsal IFG, left IPL, and SMA (see Table 2.2), shown in purple. In contrast, validating 

AV speech generally localized to ventral-stream visual areas in the occipital and inferior 

temporal cortex, such as bilateral FFG and left inferior occipital lobe, as well as other regions, 

such as bilateral mid-STG, shown in green (see Table 2.3). Overlap between conflicting and 

validating AV speech is shown in white. One left STG validating cluster was not present if 

percept contrasts were excluded (Supplemental Figure 2.1). Results are displayed on Colin27 

brain with surface rendering of the left and right hemispheres, significant at FDR q < 0.01 with a 

cluster size > 100 mm3. Axial slices are presented in neurological convention with the 

corresponding MNI Z coordinate. 
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Tables 

 
  

  
 Conflicting AV Speech Validating AV Speech 

Study 
# Reference N Subjects' 

Language AV Stimulus Task Contrast # of 
foci Source Contrast # of 

foci Source 

1 
(Balk et al., 2010) 14 Finnish Vowels Target Detection Async > Sync 1 Author Email Sync > Async 6 Author 

Email 

2 (Benoit et al., 2010) 15 English McGurk 
Syllables 

Congruency 
Discrimination Incong > Cong 40 Table II None 0 None 

3 (Bishop and Miller, 2009) 25 English VCV + babble Speech Identification None 0 None Sync > Async 22 Table 1 

4 
(Fairhall and Macaluso, 
2009) 12 Italian Story Selective Attention  

Target Detection  None 0 None Cong > Incong 6 Table 1 

5 (Jones and Callan, 2003) 12 English McGurk VCV Consonant Discrimination  Incong > Cong 3 Results text Non-McG > McG 1 Results text 

6 
(Lee and Noppeney, 2011) 37 German Short 

sentences 

a) Passive 
viewing/listening (fMRI); 
b) Synchrony Judgments 

a) Async > Sync  
b) Non-Fus > Fus 22 a) Table S1 

b) Table 2 None 0 None 

7* (Macaluso et al., 2004) 8 English Nouns Target Detection  None 0 None Sync > Async 8 Table 1 

8 
(Miller and D'Esposito, 2005) 11 English VCV Synchrony Judgments a) Async > Sync  

b) Non-Fus > Fus 15 Table 1 Fus > Non-Fus 2 Table 1 

9 
(Murase et al., 2008) 28 Japanese Vowels Vowel Discrimination Incong > Cong 3 Figure 4 

(caption) None 0 None 

10** (Nath et al., 2011) 17 English McGurk 
Syllables  Target Detection  McG > Non-McG 3 Table 2 Non-McG > McG 7 Table 2 

11 
(Noesselt et al., 2012) 11 German Sentences Synchrony Judgments a) Async > Sync 

b) Non-Fus > Fus 42 a) Table 2 
b) Table 1, 3 

a) Sync > Async 
b) Fus > Non-Fus 12 a) Table 2 

b) Table 1, 3 

12 (Ojanen et al., 2005) 10 Finnish Vowels Stimulus Change 
Detection Incong > Cong 4 Table 1 None 0 None 

13 (Olson et al., 2002) 10 English McGurk Words Passive viewing/listening  
Button press end of block McG > Non-McG 2 Table 1 None 0 None 

14*** (Pekkola et al., 2006) 10 Finnish Vowels Stimulus Change 
Detection Incong > Cong 2 Table 3 None 0 None 

15 (Skipper et al., 2007) 13 English McGurk 
Syllables Passive viewing/listening Incong > Cong 30 Table 3 Cong > Incong 57 Table 4 

16 (Stevenson et al., 2010) 8 English Monosyllabic 
Nouns Semantic Categorization None 0 None Sync > Async 8 Table 2 

17 (Szycik et al., 2008) 12 German Disyllabic 
Words Target Detection None 0 None Cong > Incong 1 Table 2 

18 (Szycik et al., 2009) 8 German Disyllabic 
Nouns Target Detection Incong > Cong 9 Table 1 None 0 None 

19**** 
(Szycik et al., 2012) 7 German McGurk 

Syllables Syllable Discrimination a) Incong > Cong  
b)McG > Non-McG 23 a) Table 2 

b) Table 2, 3  None 0 None 

20 
(van Atteveldt et al., 2007) 
Study 2 13 Dutch Phonemes# 

Congruency 
Discrimination Incong > Cong 7 Table 4 None 0 None 

21 (van Atteveldt et al., 2010) 16 Dutch Phonemes# Target Detection Incong > Cong 4 Table 1 None 0 None 

22 (Wiersinga-Post et al., 2010) 14 Dutch McGurk VCV Syllable Discrimination None 0 None Non-McG > McG 7 Table 1 

 
Total: 311     20 210   13 137   
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Table 2.1. Studies, contrasts, foci, and categorized comparisons included in the ALE 

analysis. 

“a” and “b” designate separate contrast types from the same study and distinct group of 

subjects. Note that the references for the studies included in the ALE analysis are provided as a 

supplementary section. Symbols and abbreviations include: * = PET study; **= subjects were 

children; *** = only foci from controls were included; **** = while two of the included foci were 

from contrasts with n=12, n=7 was used for all foci for simplicity; # = phoneme speech sounds 

were paired with visual text of letters (only two studies #20, #21); Async = asynchronous; Cong 

= congruent; Fus = fusion percept; Incong = incongruent; McG = McGurk percept; Non-McG = 

non-McGurk percept; Non-Fus = non-fusion percept; Sync = synchronous; VCV= vowel-

consonant-vowel token. 
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      Conflicting 
Contributing 
Experiments 

Contrast Type AV Stimulus Type 
Nearby 
Validating 
Experiments Brain Region  Volume 

 (mm3) 
ALE 

 Value 
MNI  Stimulus 

Contrast Percept Contrast sub-
lexical word sentence 

x y z Async > 
 Sync 

Incong > 
 Cong 

Non-Fus > 
 Fus 

McG > 
 Non-McG 

1) Left 
STG/STS/MTG 2008 0.0256 -54 -44 8 6a, 9, 10, 11a, 

11b, 18, 19b 2 2 1 2 3 1 3 11b 

  0.0176 -52 -54 8 6a, 9, 10, 11a, 
11b, 18 2 2 1 1 2 1 3 11b, 15 

  0.0113 -56 -34 14 11a, 11b, 19a, 
19b, 21 1 2 1 1 3   2 None 

2) Left 
STG/STS/MTG 1424 0.0153 -62 -26 2 

1, 2, 6a, 9, 
11a, 18, 19a, 
19b 

3 4  1 5 1 2 4, 11b 

  0.0144 -64 -34 -4 2, 6a, 11b, 18, 
19a, 19b 1 3 1 1 3 1 2 4, 11b 

3) Left IFG/MFG 1104 0.0169 -44 16 28 2, 11a, 11b, 
12, 14, 20 1 4 1  4   2 None 

  0.0141 -42 10 36 2, 11b, 14, 15, 
20  4 1  4   1 None 

  0.0140 -46 22 24 11a, 11b, 12, 
14, 18, 20 1 4 1  3 1 2 None 

4) Right 
STG/STS/MTG 960 0.0160 54 -40 6 2, 6a, 8b, 9, 

11a, 19a 2 3 1  4   2 11a, 11b, 16 

  0.0142 58 -28 2 2, 6a, 9, 19a, 
19b 1 3  1 4   1 11b 

5) Right IFG 656 0.0143 48 20 22 11a, 11b, 18, 
19a, 20 1 3 1  2 1 2 None 

  0.0130 46 12 24 2, 8a, 11a, 18, 
19a, 20 2 4   4 1 1 None 

6) SMA 632 0.0155 0 24 48 2, 8a, 14, 18, 
20 1 4   4 1   None 

  0.0139 10 18 46 2, 8a, 14, 20 1 3   4     None 
7) Right 
Precentral Gyrus 240 0.0145 40 8 46 2, 11a, 11b, 

20 1 2 1  2   2 None 

8) Left IPL 192 0.0135 -44 -56 52 5, 8a, 15, 18 1 3   3 1   None 
9) Left IFG 160 0.0130 -30 26 -10 2, 11b, 18  2 1  1 1 1 None 
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Table 2.2. Conflicting AV speech ALE analysis results. MNI coordinates are reported with an 

FDR q < 0.01 and a cluster size > 100 mm3. Contributing experiments are reported within three 

standard deviations of the calculated localization uncertainty from a peak (see Materials and 

Methods section for details). We determined whether any foci from validating AV speech 

experiments were within three standard deviations from the calculated localization uncertainty of 

each conflicting AV speech ALE peak (“Nearby Validating Experiments”). Note that study 

numbers and abbreviations match those designated in Table 2.1. Additional abbreviations 

include: IFG = inferior frontal gyrus; IPL = inferior parietal lobule; MFG = middle frontal gyrus; 

MTG = middle temporal gyrus; SMA = supplementary motor area; STG = superior temporal 

gyrus; and STS = superior temporal sulcus. 
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      Validating 
Contributing 
Experiments 

Contrast Type AV Stimulus Type 
Nearby 
Conflicting 
Experiments Brain Region  Volume 

 (mm3) 
ALE 

 Value 
MNI  Stimulus 

Contrast Percept Contrast sub-
lexical word sentence 

x y z Sync > 
 Async 

Cong > 
 Incong 

Fus > 
 Non-Fus 

Non-McG > 
 McG 

1) Right STG 656 0.0176 64 -14 -4 4, 11b, 17  2 1    1 2 11a, 21 

2) Right FFG 344 0.0117 34 -68 -20 7, 10, 16, 
22 2   2 2 2   None 

  0.0107 28 -60 -18 1, 7, 10, 16 3   1 2 2   None 
3) Left STG/Inferior 
White Matter 192 0.0124 -34 -22 -6 3, 4, 10 1 1  1 2   1 13 

4) Left STG 168 0.0127 -62 -26 4 4, 11b  1 1      2 
1, 2, 6a, 9, 
11a, 18, 
19a, 19b 

5) Left FFG 152 0.0111 -24 -80 -16 1, 10, 15, 
22 1 1  2 4     None 

6) Left Inferior 
Occipital Lobe 128 0.0113 -40 -84 -2 3, 7, 15 2 1   2 1   2 

 
Table 2.3. Validating AV speech ALE analysis results. We determined whether any foci from conflicting AV speech experiments were within 

three standard deviations of the calculated localization uncertainty for each validating AV speech ALE peak (“Nearby Conflicting Experiments”). All 

other details match those listed in the Table 2.2 legend. Additional abbreviations include: FFG = fusiform gyrus. 
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CHAPTER 3 

 

META-ANALYTIC CONNECTIVITY MODELING OF THE HUMAN SUPERIOR 

TEMPORAL SULCUS2 

 

  

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
2 Erickson LC, Rauschecker JP, Turkeltaub PE (2016) Meta-analytic connectivity modeling of 
the human superior temporal sulcus. Brain Struct Funct. Published online 22 March 2016. (With 
permission of Springer) 

!

ORIGINAL ARTICLE

Meta-analytic connectivity modeling of the human superior
temporal sulcus

Laura C. Erickson1,2 • Josef P. Rauschecker2,3 • Peter E. Turkeltaub1,4

Received: 1 July 2015 / Accepted: 6 March 2016
! Springer-Verlag Berlin Heidelberg 2016

Abstract The superior temporal sulcus (STS) is a critical
region for multiple neural processes in the human brain

Hein and Knight (J Cogn Neurosci 20(12): 2125–2136,

2008). To better understand the multiple functions of the
STS it would be useful to know more about its consistent

functional coactivations with other brain regions. We used

the meta-analytic connectivity modeling technique to
determine consistent functional coactivation patterns

across experiments and behaviors associated with bilateral

anterior, middle, and posterior anatomical STS subregions.
Based on prevailing models for the cortical organization of

audition and language, we broadly hypothesized that across

various behaviors the posterior STS (pSTS) would coacti-
vate with dorsal-stream regions, whereas the anterior STS

(aSTS) would coactivate with ventral-stream regions. The

results revealed distinct coactivation patterns for each STS
subregion, with some overlap in the frontal and temporal

areas, and generally similar coactivation patterns for the

left and right STS. Quantitative comparison of STS sub-
region coactivation maps demonstrated that the pSTS

coactivated more strongly than other STS subregions in the

same hemisphere with dorsal-stream regions, such as the
inferior parietal lobule (only left pSTS), homotopic pSTS,

precentral gyrus and supplementary motor area. In contrast,

the aSTS showed more coactivation with some ventral-
stream regions, such as the homotopic anterior temporal

cortex and left inferior frontal gyrus, pars orbitalis (only

right aSTS). These findings demonstrate consistent coac-
tivation maps across experiments and behaviors for dif-

ferent anatomical STS subregions, which may help future

studies consider various STS functions in the broader
context of generalized coactivations for individuals with

and without neurological disorders.

Keywords Superior temporal sulcus ! Coactivation !
Meta-analytic connectivity modeling ! Connectivity !
Network ! Dorsal stream

Introduction

The superior temporal sulcus (STS) is a critical association

area of the brain that has been implicated in numerous
neural processes (Allison et al. 2000; Hein and Knight

2008; Beauchamp 2011), and neurological disorders, e.g.,

autism spectrum disorders (Redcay 2008; Shih et al. 2011;
Zilbovicius et al. 2006). The overlap of different functions

in the STS makes it an interesting and complex brain

region to study. Differential network coactivations for
various functions (Hein and Knight 2008) as well as con-

vergence of multisensory processes (Beauchamp 2015)

have both been suggested to support aspects of STS multi-
functionality. However, how the STS processes multiple
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Introduction 

The superior temporal sulcus (STS) is a critical association area of the brain that has been 

implicated in numerous neural processes (Allison et al., 2000; Hein and Knight, 2008; 

Beauchamp, 2011), and neurological disorders, e.g., autism spectrum disorders (Zilbovicius et 

al., 2006; Redcay, 2008; Shih et al., 2011). The overlap of different functions in the STS makes 

it an interesting and complex brain region to study. Differential network coactivations for various 

functions (Hein and Knight, 2008) as well as convergence of multisensory processes 

(Beauchamp, 2015) have both been suggested to support aspects of STS multi-functionality. 

However, how the STS processes multiple functions is still not well understood. A 

comprehensive examination of general STS connectivity, coactivation and network associations 

across functions may be useful to help clarify STS organization and processing capabilities. 

 

In the literature, STS connectivity hypotheses have been incorporated into neuroanatomical 

network models of various perceptual and cognitive domains (Allison et al., 2000; Haxby et al., 

2000; Rauschecker and Tian, 2000; Giese and Poggio, 2003; Beauchamp et al., 2004b; 

Iacoboni, 2005; Iacoboni and Dapretto, 2006; Hickok and Poeppel, 2007; Driver and Noesselt, 

2008; Rauschecker and Scott, 2009; van Atteveldt et al., 2009; Bernstein and Liebenthal, 2014; 

Bornkessel-Schlesewsky et al., 2015). However, these neural processes are often considered in 

isolation (Hein and Knight, 2008), making it unclear how STS connectivity can be generalized 

across various functional processes. Previous connectivity studies have only assessed a portion 

of the STS (Buchsbaum et al., 2005; Noesselt et al., 2007; Bishop and Miller, 2009; Turk-

Browne et al., 2010; Nath and Beauchamp, 2011; Turken and Dronkers, 2011; Powers et al., 

2012; Simmons and Martin, 2012; Sokolov et al., 2014) or reported STS connectivity during the 

investigation of another area (Zhang et al., 2009; Beer et al., 2011; Deen et al., 2011; Margulies 

and Petrides, 2013). While some studies have assessed resting, task-related, and structural 

connectivity of different STS regions (Blank et al., 2011; Habas et al., 2011; Shih et al., 2011; 



!

! 48 

Lahnakoski et al., 2012; Noesselt et al., 2012; Beer et al., 2013; Deen et al., 2015), these 

studies were not particularly comprehensive, i.e., not all STS sections were evaluated, or they 

were narrowly focused on a specific cognitive function.  

 

The most intensive studies of STS connections have been performed in monkeys using 

anatomical tracer techniques (Rockland and Pandya, 1981; Seltzer and Pandya, 1989; Yeterian 

and Pandya, 1991; Seltzer and Pandya, 1994; Luppino et al., 2001) or microstimulation (Petkov 

et al., 2015). However, differences may exist between human and macaque STS (Beauchamp, 

2005b, 2012), which could potentially influence STS connectivity or coactivation maps (but see 

Frey et al., 2008). Thus, more examination of STS connections and coactivity is needed in 

humans.  

 

Despite these shortcomings, previous studies in humans (Habas et al., 2011; Shih et al., 2011; 

Lahnakoski et al., 2012; Beer et al., 2013; Deen et al., 2015) and monkeys (Yeterian and 

Pandya, 1991; Luppino et al., 2001) agree that different STS sections have distinct connectivity 

patterns. Dual-stream models of audition and language (Rauschecker and Tian, 2000; Hickok 

and Poeppel, 2007; Rauschecker and Scott, 2009; Bornkessel-Schlesewsky et al., 2015) 

suggest that different STS sections might segregate based on connectivity with dorsal versus 

ventral pathways. Indeed other studies (Hein and Knight, 2008; Liebenthal et al., 2014; Deen et 

al., 2015) suggest that the more posterior STS segment may have broad overlap of processes 

(e.g., biological motion, faces, semantic memory, etc.), whereas the more anterior segment may 

be more specialized to language-related processes. It is possible that the auditory and language 

dual-streams may be consistent across various cognitive processes that also recruit the STS. 

Based on these models, we hypothesized that across a broad sampling of experiments, not 

restricted to specific behaviors, posterior STS (pSTS) would coactivate primarily with dorsal-
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stream regions, whereas anterior STS (aSTS) would coactivate primarily with ventral-stream 

regions.  

 

To identify generalizable, consistent functional coactivation patterns associated with specific 

sections of the STS, we tested this hypothesis using a relatively new technique called meta-

analytic connectivity modeling (MACM). MACM identifies experiments that report activation foci 

in specific brain regions of interest (ROIs) regardless of task or behavior and uses the Activation 

Likelihood Estimation (ALE; Turkeltaub et al., 2002; Turkeltaub et al., 2012) coordinate-based 

meta-analysis method to determine the consistent whole-brain functional coactivations 

associated with those ROIs (Robinson et al., 2010; Laird et al., 2013; Zald et al., 2014). MACM 

has been used to examine functional coactivation in a number of brain areas (Robinson et al., 

2010; Cauda et al., 2011; Jakobs et al., 2012; Robinson et al., 2012; Zald et al., 2014). MACM 

coactivation results can be compared to other measures of structural and functional 

connectivity, but important differences should be noted. MACM provides complementary 

information to resting functional connectivity and structural white matter connectivity because it 

captures networks of brain regions that consistently process information in conjunction with 

each other across various active task conditions not restricted to specific neural processes. 

Thus, to provide the most comprehensive examination of human STS functional coactivation 

across the neuroimaging literature to date, we used MACM to assess and quantitatively 

compare coactivation maps of bilateral anterior, middle, and posterior anatomical STS 

subregions across diverse experiments and behaviors. 
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Materials and Methods 

Overview of the MACM approach  

See the BrainMap website (http://brainmap.org) and previous studies (e.g., Robinson et al., 

2010; Zald et al., 2014) for methodological details of MACM, which are summarized in the 

context of the current study below. Briefly, in the MACM method, a group of experiments that 

report activity within a pre-selected ROI are identified through a database search (e.g., 

BrainMap). Then, the ALE meta-analysis method is used on those experiments to identify areas 

throughout the brain that consistently coactivate with the pre-selected ROI. Thus, MACM can be 

viewed as a specialized usage of the ALE method. Typical meta-analyses use ALE to identify 

areas of concordant activity in experiments selected to isolate a specific cognitive function or 

task. In contrast, MACM instead uses ALE to identify a consistent coactivation map associated 

with a specific brain ROI across experiments irrespective of task or behavior. In this paper, we 

use the term MACM to refer to the entire process of meta-analytic connectivity modeling, and 

use the term ALE to refer specifically to the meta-analytic algorithm used to generate the 

coactivation maps.  

 

In this study, the MACM approach was applied to regions of the left and right STS. Six 

anatomical ROIs covering the anterior, middle, and posterior portions of bilateral STS were 

manually created in MNI space. Next, the BrainMap functional database (http://brainmap.org) 

was searched for experiments that reported activation foci located within each STS ROI. The 

results of these experiments, including all foci reported throughout the brain were exported. 

Lastly, to identify consistent coactivation patterns across experiments, ALE analyses 

(Turkeltaub et al., 2002; Turkeltaub et al., 2012), both single-study (“coactivation”) and 

subtraction ALEs, were performed on the exported experiments that activated each of the six 

STS ROIs. The coactivation analyses identified the overall coactivation pattern for each STS 

subregion. The main results are reported from the subtraction analyses, which quantitatively 
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compared STS subregion coactivation maps to identify brain regions that coactivated more for 

each STS subregion as compared to the other STS subregions in the same hemisphere.   

 

Bilateral anatomical STS ROIs 

Six STS ROIs were created using a combination of the lpba40 max probabilistic atlas (Shattuck 

et al., 2008), the AAL atlas (Tzourio-Mazoyer et al., 2002) in MRIcron 

(http://www.mccauslandcenter.sc.edu/mricro/mricron/), and the Colin27 template brain (Figure 

3.1). The ROIs were drawn along the STS following the trajectory and location provided by the 

lpba40 max probabilistic atlas, which was overlaid on the AAL atlas and co-registered to the 

Colin27 brain (using SPM8, http://www.fil.ion.ucl.ac.uk/spm/software/spm8/) for additional 

guidance. The location of Heschl’s gyrus was approximated using the AAL atlas and the Colin27 

brain anatomy. The STS ROIs were manually created, and converted to nifti (.nii) image files in 

MRIcron. 

 

The STS subregions were determined anatomically. Since the previous literature is inconsistent 

in the precise delineation of anterior versus posterior STS, and because the auditory and 

language dual-stream models predict that the ventral and dorsal streams emanate from primary 

auditory cortex (Rauschecker and Tian, 2000; Hickok and Poeppel, 2007; Rauschecker and 

Scott, 2009), we divided the STS into anterior, middle and posterior subregions based on the 

approximate location of Heschl’s gyrus. Specifically, the left and right STS were divided into six 

STS ROIs: left posterior STS (LpSTS), left middle STS (LmSTS), left anterior STS (LaSTS), 

right posterior STS (RpSTS), right middle STS (RmSTS), and right anterior STS (RaSTS). The 

LpSTS and RpSTS ROIs were drawn just posterior to Heschl’s gyrus with approximate Y ranges 

of -55 to -31 (LpSTS) and -56 to -31 (RpSTS). The LmSTS and RmSTS ROIs were drawn 

lateral to Heschl’s gyrus with approximate Y ranges of -31 to -7. The LaSTS and RaSTS ROIs 

were drawn anterior to Heschl’s gyrus with approximate Y ranges of -7 to 17. Following the STS 
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trajectory and location in the lpba40 max probabilistic atlas, the depth/medial extent of the STS 

ROIs were drawn to the edge of the defined temporal lobe depicted in the AAL atlas with the 

approximate X-coordinate of -46 (left ROIs) and 45 (right ROIs). In the lpba40 max probabilistic 

atlas, this edge generally coincided with a medial inflection point in the STS, and the medial 

edge of the defined atlas for the most posterior STS regions. The lateral edge of the ROIs in 

some cases extended beyond the lpba40 max probabilistic atlas to regions still within the AAL 

atlas. The left-hemisphere ROIs were drawn to approximate X-coordinates of -69 to -46 (LpSTS 

and LmSTS) and -64 to -46 (LaSTS). The right-hemisphere ROIs were drawn to approximate X-

coordinates of 45 to 67 (RpSTS and RmSTS) and 45 to 66 (RaSTS).  

 

The LaSTS and RaSTS had volumes of 2784 mm3 and 3488 mm3, respectively. The LmSTS 

and RmSTS had volumes of 4400 mm3 and 4579 mm3, respectively. The LpSTS and RpSTS 

had volumes of 4329 mm3 and 4588 mm3, respectively. The ROIs had a voxel size of 1 mm3. 

The right STS ROI volumes were slightly larger than the left STS ROI counterparts. Importantly, 

inter-hemispheric volumetric differences likely do not impact the main results, as the main 

results are the comparisons between STS subregion coactivation maps within the same 

hemisphere. Others have reported a depth asymmetry of the STS, where the right STS has 

been shown to have a deeper sulcus in the middle to posterior regions (Ochiai et al., 2004; 

Bonte et al., 2013; Leroy et al., 2015), regardless of handedness (Leroy et al., 2015), and 

overall more variability across individuals as compared to the left STS (Bonte et al., 2013). With 

respect to handedness, neither the lpba40 max probabilistic atlas (Shattuck et al., 2008) nor the 

AAL atlas (derived from a single subject; Tzourio-Mazoyer et al., 2002) reports handedness. 

However, the lpba40 max probabilistic atlas has an equal number of men and women, and 

represents various ethnicities; thus, overall the atlas has a good representative subject 

population.  
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The BrainMap functional database search 

The BrainMap functional database was searched on 10/22/2013 using Sleuth, version 2.2 (Fox 

and Lancaster, 2002; Fox et al., 2005; Laird et al., 2005a). At that time, the entire functional 

database contained 11,233 experiments, 2,355 papers, 45,448 subjects, and 90,159 locations. 

Each STS ROI was used as a search criterion, where only the experiments that reported foci 

within the searched STS ROI were identified. Search criteria included: STS ROI; experiments 

reported “activations only”; experiments were “normal mapping”; subjects were “normals”; and 

experiments used functional magnetic resonance imaging (fMRI) or positron emission 

tomography (PET) imaging modalities. In the BrainMap database, “normal mapping” 

experiments are classified as contrasts assessed in healthy controls only and “normal” subjects 

refers to controls (see the brainmap.org website for taxonomy specifics). To ensure a broad 

sampling of the functional neuroimaging literature reporting activation in the STS across diverse 

experiments, behaviors, and tasks, no other Sleuth search restrictions were included, e.g., 

“paradigm class,” “behavioral domain,” “gender”, “handedness”, etc.  

 

The search result for each STS ROI was exported to six text files of activation foci (LaSTS, 

LmSTS, LpSTS, RaSTS, RmSTS, RpSTS). Exported lists of foci in MNI space were grouped by 

experiment (Turkeltaub et al., 2012). Notably, although the experiments were identified because 

they reported foci within the STS ROI, all foci reported in the experiments throughout the brain 

were exported.  

 

Other experimental details were exported including the behavioral categories of the 

experiments, and citations. Each experiment in the BrainMap database is classified into relevant 

behavioral categories. Experiments can be labeled with multiple behavioral classifications in 

BrainMap (see (http://brainmap.org) and (Laird et al., 2009) for further details). For each STS 

ROI, the number of experiments classified per BrainMap behavioral category is reported. 
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Behavioral categories with zero experiments in BrainMap were not reported. As in Lancaster et 

al. (2012), we calculated an “other” behavioral classification to account for experiments 

classified in the domain but not categorized into a subcategory (i.e., we subtracted the 

experiment totals for each subcategory from the main category total to get the number of 

experiments in the “other” category). The ROI proportion of experiments classified per 

behavioral category compared to the BrainMap database proportion is also calculated, where 

the number of experiments in a behavioral category for an STS ROI out of the total number of 

experiments identified for that STS ROI is divided by the number of experiments in the same 

behavioral category in the BrainMap database out of the total number of experiments in the 

BrainMap database. Further, Pearson’s chi squared tests with Yates’ continuity correction were 

performed in R software (version 3.1.2), where we compared the number of experiments in a 

behavioral category and not in the behavioral category in an ROI vs. the number of experiments 

in a behavioral category and not in the behavioral category outside the ROI (i.e., rest of 

database). Lastly, in the supplemental material we further evaluated what behavioral categories 

may be statistically over-represented in each ROI, using the Mango Behavioral Analysis Plugin 

(Lancaster et al., 2012). This behavioral analysis was conducted on the STS ROIs accessing 

the BrainMap database at a later date (12-4-2015); thus it does not represent the exact group of 

experiments used in this MACM study. Nevertheless, it still can be used to determine whether 

activity associated with specific behavioral categories in the BrainMap database is more likely to 

occur within our ROIs than elsewhere in the brain. 

 

ALE analyses: Coactivations 

The ALE method is a meta-analytic technique that models the uncertainty in localization of 

activation foci as 3-dimensional Gaussian probability distributions and combines these 

distributions across neuroimaging experiments to determine brain regions of consistent 

activation; see previous published work for details (Turkeltaub et al., 2002; Eickhoff et al., 2009; 
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Eickhoff et al., 2012; Turkeltaub et al., 2012). To assess whole-brain coactivations for each STS 

subregion, we performed six single-study “coactivation” ALE analyses on the lists of foci 

exported from BrainMap as described above (LaSTS, LmSTS, LpSTS, RaSTS, RmSTS, 

RpSTS). These analyses produced maps of the areas throughout the brain that consistently 

activated during experiments that also activated subregions of the STS. All ALE analyses were 

conducted using GingerALE version 2.3.1 (http://brainmap.org) and using the “Turkeltaub Non-

Additive” ALE method (Turkeltaub et al., 2012). All coactivation ALE analyses are reported with 

a false discovery rate (FDR; Laird et al., 2005b) of 0.001, and cluster threshold of 100 mm3.  

 

Main ALE analyses: Subtractions 

For our main results, we quantitatively compared the coactivation maps of different STS 

subregions because some experiments reported foci in more than one STS subregion and the 

STS subregions displayed some overlap in coactivation. We performed a series of ALE 

subtraction analyses (Eickhoff et al., 2011) to identify the brain areas that were more 

consistently coactivated with one STS subregion as compared to the other two STS subregions 

in the same hemisphere. These contrast analyses allowed for the assessment of coactivation 

pattern specificity for one STS subregion compared to the rest of the STS in the same 

hemisphere. The following six ALE subtractions were conducted: 1) LaSTS > (LmSTS & 

LpSTS); 2) LmSTS > (LaSTS & LpSTS); 3) LpSTS > (LaSTS & LmSTS); 4) RaSTS > (RmSTS 

& RpSTS); 5) RmSTS > (RaSTS & RpSTS); and 6) RpSTS > (RaSTS & RmSTS). Since the 

number of experiments identified for each STS subregion varied, it is important to note that the 

subtraction ALE analysis uses a permutation significance test that takes into account 

differences in experiment number on each side of the subtraction (Eickhoff et al., 2011); 

http://brainmap.org). All subtraction ALE analyses were performed with 10,000 permutations, 

and are reported with an FDR (Laird et al., 2005b) of 0.05 and cluster threshold of 100 mm3.  
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Figures were created using MRIcron. Figures 3.2, 3.3, 3.4, and 3.5 present results shown on 

rendered and representative axial slices of the Colin27 template brain. All anatomical locations 

were determined using a combination of the AAL atlas via MRIcron, and the Colin27 brain 

anatomy. Coordinates are reported in MNI space.  
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Results 

STS search results from the BrainMap functional database 

The BrainMap search results for the six STS ROI searches are reported in Table 3.1. For the 

left STS, 434 unique experiments comprising 6071 subjects and 6415 foci were identified. For 

the right STS, 435 unique experiments comprising 6021 subjects and 6659 foci were identified. 

The number of unique experiments was defined as the number of experiments only counted 

once even if activations were identified in more than one STS ROI in that same hemisphere. 

Notably, some experiments were identified for more than one STS ROI, because they reported 

activation foci in more than one STS ROI. These experiments were not excluded from the 

analyses, because it would bias the results in favor of experiments that only reported activity 

within a single STS subregion, which would not be representative of the pattern of activity or the 

entire literature. To address this issue, the subtraction ALE analyses are reported as the main 

results of this study, which were conducted to isolate coactivation patterns specific to an STS 

subregion. Importantly, the majority of experiments in each STS ROI did not report activations in 

other ROIs in the same hemisphere, suggesting that there should be good power to detect 

coactivation differences across the ROIs in the subtraction analyses.  

 

The search criteria for experiments that reported activations in each of the STS ROIs were 

broad and search results were not restricted to a specific behavior. Thus, experiments identified 

for each STS subregion spanned a variety of behavioral categories. As expected, some 

behaviors had a larger proportion of experiments in the ROIs than in the BrainMap database as 

a whole (Table 3.2 and Table 3.3), reflecting some functional specialization within the ROIs, 

particularly for language and audition, but other categories as well. This relative functional 

specialization was also assessed with additional behavioral analyses on the STS ROIs 

accessing the BrainMap database at a later date (12-4-2015) using the Mango Behavioral 

Analysis plugin (Lancaster et al., 2012; Supplemental Table 3.1). Here, LmSTS, LpSTS and 
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RpSTS subregions were associated with language behavioral categories and LpSTS and 

RmSTS were associated with the auditory behavioral category. However, these assessments 

are reflective of relative over-representation of these functions compared to the rest of the brain 

and the BrainMap database as a whole. Importantly, in absolute terms for each STS ROI, a 

substantial number of experiments included in the analyses involved other functions. Overall, 

numerous behavioral categories per STS ROI were represented. This suggests that the results 

observed for each STS subregion may generalize to various kinds of behavioral experiments.  

 

Coactivation patterns of left STS subregions 

ALE analyses examining coactivation patterns across the brain associated with the three left 

STS subregions revealed overlapping coactivation to varying degrees in the left frontal areas 

including the inferior frontal gyrus (IFG), precentral gyrus, and supplementary motor area 

(SMA), as well as regions in bilateral insula (Figure 3.2). This overlap may partly be related to 

experiments reporting activations in two (50 experiments) or three (5 experiments) left STS 

subregions. The LpSTS showed more bilateral and extensive coactivation of frontal areas, 

particularly the auditory and language dorsal-stream regions. Each left STS subregion displayed 

coactivation with the right superior temporal gyrus (STG) extending through the STS and into 

the middle temporal gyrus (MTG), generally including some areas relatively homotopic to that 

left STS subregion. Both the LpSTS and LaSTS had coactivation peaks in visual ventral-stream 

areas in left fusiform gyrus (FFG). Only the LpSTS had coactivation peaks in bilateral thalamus, 

and in auditory and language dorsal-stream regions in bilateral parietal areas including inferior 

parietal lobule (IPL). The LaSTS and LmSTS coactivated with the left superior parietal lobule 

(SPL) but to a much smaller degree. Coactivation peaks only found for the LaSTS were 

observed in the left midbrain, left amygdala, and right calcarine cortex (V1). In summary, while 

there were some regions of overlap, distinct coactivation patterns were revealed for different 

subregions of the left STS.  
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Left STS subtractions: Coactivation patterns specific to each left STS subregion 

To determine brain regions that were more consistently coactivated with one left STS subregion 

as compared to the other two, we conducted three ALE subtraction analyses (Figure 3.3, Table 

3.4): 1) LpSTS > (LaSTS & LmSTS), 2) LaSTS > (LmSTS & LpSTS), and 3) LmSTS > (LaSTS 

& LpSTS). Critically, these contrasts allowed for the isolation of coactivation patterns specific to 

that subregion in the context of the rest of the STS in the same hemisphere. Across the whole 

brain, several auditory and language dorsal-stream regions coactivated more with the LpSTS as 

compared to the LaSTS and LmSTS. Coactivation peaks included bilateral IPL, SMA, left 

precentral gyrus, right middle frontal gyrus (MFG), and right posterior STG/MTG. Coactivation 

peaks in the right IFG pars opercularis and orbitalis were also identified (note that while pars 

opercularis is considered part of the dorsal stream, pars orbitalis is generally considered part of 

the ventral stream). Compared to LmSTS and LpSTS, the LaSTS coactivated more with the 

right STG/MTG pole, left hippocampus extending in the amygdala, left midbrain, left cerebellum, 

and right cuneus. LaSTS compared to RaSTS had more coactivation with only one region in the 

left posterior MTG (Supplemental Figure 3.3). The LmSTS as compared to the LaSTS and 

LpSTS coactivated more with a small number of regions including peaks in the right middle STS 

and left calcarine cortex (V1). Notably, none of the left STS subtractions revealed coactivation 

peaks with the left IFG, perhaps due to extensive overlap of left STS subregion coactivation 

maps at that location. However, more coactivation was identified in the left IFG for LpSTS as 

compared to RpSTS (Supplemental Figure 3.1) and for LmSTS as compared to RmSTS 

(Supplemental Figure 3.2).  

 

Coactivation patterns of right STS subregions 

The right STS coactivation patterns were determined using the same method as the left STS. In 

general, the left and right homotopic STS subregions had similar coactivation patterns, e.g., 
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within the left frontal and temporal areas (Figure 3.4). There was also similar overlap across 

right STS subregion coactivation maps, which may in part be related to some experiments that 

reported activations in two (54 experiments) or three (5 experiments) of the right STS 

subregions. Qualitative differences between the left and right STS coactivation patterns were 

also identified. For example, generally the RpSTS and RmSTS had qualitatively more extensive 

coactivation in the right frontal areas compared to other STS subregions. Also, the RpSTS had 

coactivation peaks in visual dorsal-stream regions in the right MTG, visual ventral-stream 

regions in bilateral FFG, as well as bilateral hippocampi extending into the amygdalae. The 

RmSTS also coactivated with the left FFG. To summarize, the right and left homotopic STS 

subregions had generally similar coactivation patterns, with some qualitative differences (see 

Supplemental Figures 3.1-3.3 for quantitative ALE comparisons between left and right STS 

subregions). 

 

Right STS subtractions: Coactivation patterns specific to each right STS subregion 

Similar to the left STS, three ALE subtraction analyses were conducted on the right STS (Figure 

3.5, Table 3.5): 1) RpSTS > (RaSTS & RmSTS), 2) RaSTS > (RmSTS & RpSTS), 3) RmSTS > 

(RaSTS & RpSTS). Similar to the LpSTS, the RpSTS had more coactivation peaks as 

compared to the RaSTS and RmSTS in several auditory and language dorsal-stream regions, 

such as bilateral precentral gyrus, SMA, and the homotopic posterior STG/MTG, as well as in 

the right IFG pars opercularis and orbitalis (homotopic to a ventral-stream region). The RpSTS 

also had more coactivation with the right MTG in the vicinity of human MT+, the visual motion 

complex (Huk et al., 2002; Malikovic et al., 2007), and the right amygdala. While the LpSTS 

subtraction ALE identified more coactivation with bilateral IPL, no IPL coactivation peaks were 

found for the RpSTS subtraction ALE. However, RpSTS compared to LpSTS had more 

coactivation in right supramarginal gyrus (Supplemental Figure 3.1). The RaSTS as compared 

to the RmSTS and RpSTS had more coactivation only in two auditory and language ventral-
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stream regions, one large coactivation cluster with ALE peaks in the left anterior MTG and in the 

left IFG pars orbitalis. No other coactivation peaks were identified. Notably, none of the other left 

or right STS subtractions across ROIs in the same hemisphere identified coactivation peaks 

with the left IFG. Additionally, the RaSTS as compared to the LaSTS had more coactivation in 

bilateral posterior temporal regions (Supplemental Figure 3.3). The RmSTS had more 

coactivation as compared to the RaSTS and RpSTS in a cluster with ALE peaks in the left 

middle MTG and left Heschl’s gyrus, and a cluster with ALE peaks in the left precentral gyrus 

and in the postcentral gyrus. The RmSTS as compared to the LmSTS had more coactivation in 

multiple areas including bilateral subcortical areas, bilateral IPL, and the left calcarine cortex 

(Supplemental Figure 3.2).   
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Discussion 

Using the MACM approach, we identified distinct coactivation patterns for anterior, middle, and 

posterior anatomical STS subregions across experiments examining diverse behaviors. 

Quantitative ALE contrasts were conducted to determine the areas with more coactivation 

associated with each STS subregion, since substantial coactivation overlap, mostly in the frontal 

and temporal lobe, was identified among STS subregions. Our main findings revealed that 

across various experiments and behaviors pSTS coactivated more strongly than other STS 

subregions in the same hemisphere with auditory and language dorsal-stream regions. In 

contrast, aSTS coactivated more with some auditory and language ventral-stream regions, 

albeit less robustly. The homotopic left and right STS subregions displayed relatively similar 

coactivation patterns with some differences noted. Overall, by providing consistent and 

generalizable coactivation maps for STS subregions in humans across various experiments and 

behaviors, these findings have broad applicability for future studies and underscore the utility of 

nonhuman primate models for the study of brain organization in humans. 

 

Generalized STS coactivation with auditory/ language dual streams 

In general, across various behaviors the pSTS robustly displayed more coactivation with 

auditory and language dorsal-stream regions, whereas the aSTS displayed more coactivation 

with some ventral-stream regions. These findings support the hypothesis of segregated dual 

pathways for auditory and language processing in humans (Hickok and Poeppel, 2007; 

Rauschecker and Scott, 2009), which is based on analogous findings in nonhuman primates 

(Romanski et al., 1999; Rauschecker and Tian, 2000; Tian et al., 2001). Rauschecker and Scott 

(2009) proposed a dual-stream model where the ventral stream performs auditory object 

recognition (e.g., the identification of speech sounds; Leaver and Rauschecker, 2010; DeWitt 

and Rauschecker, 2012) and includes the “rostral belt” auditory cortex (Kaas and Hackett, 2000; 

Rauschecker and Tian, 2000), anterior superior temporal cortex (STC) and ventral IFG. The 
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dorsal stream processes sensorimotor and spatial signals, implementing predictive coding 

mechanisms (forward models), and includes the “caudal belt” auditory cortex (Kaas and 

Hackett, 2000; Rauschecker and Tian, 2000), posterior STC, IPL, premotor areas, and the 

dorsal IFG. The Hickok and Poeppel (2007) language dual-stream model is also consistent with 

our findings. This model proposed that the dorsal and ventral streams interact with bilateral 

middle to posterior STS regions, which are hypothesized to process phonological information 

(Hickok and Poeppel, 2007). These processing streams may accommodate other functions and 

processes as well (Rauschecker and Scott, 2009; see also Warren et al., 2005), which could 

help to explain the overlap of numerous STS functions in more posterior regions (Hein and 

Knight, 2008; Liebenthal et al., 2014; Deen et al., 2015), as well as the coactivation patterns 

presented here representing various behaviors. The suggestion that STS coactivations may be 

related to dorsal/ventral streams is hardly surprising when considering that dual-stream models 

are proposed for various neural processes including audition, language, and vision (see review 

Cloutman, 2013), all of which are associated with the STS (Hein and Knight, 2008). In our 

assessment of STS coactivation patterns, we aimed to identify generalizable coactivation 

patterns and did not restrict our analyses to specific experiment types targeting distinct neural 

processes. In our findings, while aSTS coactivation with ventral-stream regions is less strong 

and could benefit from future examinations, the robust finding that pSTS consistently 

coactivated more with dorsal-stream regions across various behaviors further suggests a more 

general role for this processing stream.  

 

The auditory/language dorsal-stream coactivation with pSTS and ventral-stream coactivation 

with aSTS reported in our study is well supported in the literature and complement previous 

connectivity findings in humans and nonhuman primates. Buchsbaum et al. (2005) reported that 

an auditory memory region in the planum temporale had more task-related functional 

connectivity with dorsal-stream regions, whereas a more anterior auditory memory region in 
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mid-STG/STS had more functional connectivity with ventral-stream regions. Frey et al. (2008) 

reported structural evidence suggesting that the middle/inferior longitudinal fasciculus 

connected posterior STC and parietal regions, and the superior longitudinal fasciculus 

connected parietal regions and the posterior part of Broca’s area (BA44). In addition, direct 

connections were found between posterior STC and BA44 in both humans and monkeys (Frey 

et al., 2008; Frey et al., 2014). By contrast, the extreme capsule connected anterior to mid-

STG/STS and the anterior part of Broca’s area (BA45) (Frey et al., 2008). Recently, 

microstimulation studies in monkeys (Petkov et al., 2015) have demonstrated that the aSTS 

region is most tightly connected with a region in ventrolateral prefrontal cortex. A human atlas 

based on diffusion MRI tractography findings (Catani and Thiebaut de Schotten, 2012) suggests 

that pSTS may overlap with the posterior segment of the arcuate fasciculus, which likely 

connects dorsal-stream regions. In a recent ALE meta-analysis of conflicting AV speech signals, 

we found significant activation likelihoods in dorsal-stream regions including SMA and left IPL 

along with bilateral pSTS (Erickson et al., 2014a). 

 

Previous studies have examined connectivity of different STS subregions (Blank et al., 2011; 

Habas et al., 2011; Shih et al., 2011; Lahnakoski et al., 2012; Noesselt et al., 2012; Beer et al., 

2013; Deen et al., 2015). Some connectivity with dorsal and ventral streams has been reported, 

including pSTS resting functional connectivity with dorsal-stream regions, such as SMA, 

precentral gyrus, and parietal cortex (Habas et al., 2011), pSTS steady-state functional 

connectivity with frontal and parietal regions in control children and adolescents (Shih et al., 

2011), and white-matter tracts connecting pSTS to parietal and frontal areas (Beer et al., 2013). 

A study of task-based functional connectivity associated with social processes demonstrated 

connectivity of pSTS with premotor cortex and MT+/V5, as well as other areas outside of the 

dorsal/ventral streams (see below; Lahnakoski et al., 2012). In parallel with our results, Deen et 

al. (2015) found similar resting functional connectivity patterns for aSTS and pSTS using a 
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pSTS seed region derived from a contrast of biological motion and an aSTS seed region derived 

from a contrast of language. Lastly, evidence from monkeys suggests that rostral vs. caudal 

STS has different connections with frontal cortex, i.e., F6/F7 and F7/F2, respectively (Luppino et 

al., 2001). 

 

Generalized STS coactivations with brain regions associated with other STS functions 

In this study, we found that other regions outside of the canonical auditory and language 

dorsal/ventral areas coactivated with the STS. It is likely that STS connectivity is more complex 

than a simple anterior to posterior division into dorsal and ventral streams, since the STS is 

involved in other neural processes (see STS review by Hein and Knight (2008)). Hein and 

Knight (2008) suggested that differential STS network coactivations might be critical in 

understanding how the STS is involved in various neural processes. Some of our findings 

support coactivations associated with other STS neural processes, some related to audition and 

language, others less so. For example, the auditory/language dual-stream models do not 

explicitly discuss AV integration, but since there is clear evidence that the STS is involved in AV 

processes (Beauchamp et al., 2004b; Beauchamp et al., 2010), some coactivation between 

STS and early auditory and visual areas can be expected (Noesselt et al., 2007; Nath and 

Beauchamp, 2011; Powers et al., 2012; Beer et al., 2013). Indeed, our study did identify STS 

coactivation with early visual and auditory areas, e.g., the LmSTS showed more coactivation 

with the left calcarine cortex (V1), and the RmSTS showed more coactivation with left Heschl’s 

gyrus. 

 

Less directly related to audition/language, the STS is involved in processing biological motion 

(Giese and Poggio, 2003) and faces (Haxby et al., 2000). Giese and Poggio (2003) proposed 

that the STS was part of the “form” and “motion” biological motion pathways, receiving input 

from V4 and MT+, respectively. The cerebellum has also been reported in biological motion 
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processing (Grossman et al., 2000), and others have shown that the left cerebellum has 

connectivity with the right STS (Sokolov et al., 2012; Sokolov et al., 2014). Haxby et al. (2000) 

proposed that the STS, FFG, and inferior occipital gyri were part of the “core” face network, 

where the pSTS processes “changeable aspects of faces,” e.g., “dynamic facial expressions” 

(Said et al., 2010). Several studies have reported structural and functional connectivity between 

the STS and FFG (Zhang et al., 2009; Turk-Browne et al., 2010; Blank et al., 2011; Lahnakoski 

et al., 2012). Our findings generally support these previous connectivity findings, identifying 

coactivation between the RpSTS and right MT+, between several STS subregions and the 

cerebellum, and between some STS subregions and FFG.  

 

The STS and amygdala have been implicated in social perception processes (Allison et al., 

2000). Structural connections between the STS and amygdala have been identified (Iidaka et 

al., 2012; Grezes et al., 2014). Lahnakoski et al. (2012) investigated the functional network 

related to social processing and found that different STS regions were connected to various 

areas, e.g., the aSTS showed functional connectivity with the amygdala, and the RpSTS 

showed functional connectivity with the right insula, right premotor cortex, right FFG, bilateral 

MT+/V5, and other STS subregions. In the present study, both the LaSTS and RpSTS had more 

coactivation with the amygdala, as compared to the other STS subregions in the same 

hemisphere.  

 

Limitations 

While this study provides strong evidence for differential functional coactivation of STS 

subregions, there are some other points to consider. First, we focused exclusively on the STS 

here since research in various cognitive and perceptual domains has specifically identified it as 

an important processing region (Hein and Knight, 2008). However, macrostructural anatomical 

features (e.g., gyri, sulci) do not generally coincide with functionally specialized processing 
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units. Also, the STS ROIs were subdivided anatomically using somewhat arbitrary boundaries. 

While there is some evidence for various STS functional subregions (Beauchamp et al., 2004b; 

Stevenson and James, 2009; Shih et al., 2011; Noesselt et al., 2012; Liebenthal et al., 2014; 

Deen et al., 2015), these studies are not conclusive. To provide a more complete examination of 

functional specialization and network connectivity in the region, future studies are needed to 

comprehensively test the possibility of functional subregions along the entire STS including 

neighboring areas of lateral temporal cortex, using data-driven parcellation techniques, such as 

coactivation-based parcellation, or other methods (Turk-Browne et al., 2010). Additionally, the 

STS is a complex structure that has varied sulcal patterns across individuals (Ochiai et al., 

2004) and may be obscured during normalization. This issue is common to STS studies and is 

perhaps strained when performing a meta-analysis. We addressed this issue by utilizing a 

probabilistic atlas (lpba40; Shattuck et al., 2008) to best estimate the trajectory and location of 

the STS. Lastly, the results more convincingly support pSTS coactivation with dorsal-stream 

regions than aSTS with ventral-stream regions. This may be related to the disproportionate 

number of experiments identified for pSTS (left: 255, right: 215) compared to aSTS (left: 78, 

right: 92), perhaps due to differences in ROI size. 

 

Conclusions 

Using the MACM approach, differential task-based functional coactivation patterns were 

revealed for bilateral anatomical STS subregions across experiments examining various 

behaviors. To the best of our knowledge, this is the first comprehensive, meta-analytic 

assessment of human STS functional coactivations. In general, across experiments and 

behaviors, the pSTS strongly coactivated with dorsal-stream regions, whereas the aSTS 

coactivated with some ventral-stream regions, as predicted by auditory/language dual-stream 

models (Rauschecker and Tian, 2000; Hickok and Poeppel, 2007; Rauschecker and Scott, 

2009). Other STS coactivations outside of the dorsal/ventral streams were identified. These 
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STS MACM findings have a broad relevance for future studies including those testing the 

hypothesized connectivity for various functions of the STS, as well as the potential to influence 

future unified STS processing models incorporating its multiple functions.  
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Figures 
 

 
 

Figure 3.1. Six anatomical STS ROIs. Six anatomical STS ROIs were manually created 

covering the anterior (a), middle (m), and posterior (p) subregions of the STS in each 

hemisphere, using the lpba40 max probabilistic atlas to estimate STS trajectory and location 

(see methods). Designations of a, m, and p subregions were estimated by proximity to Heschl’s 

gyrus, where the LpSTS (purple) and RpSTS (red) were drawn just posterior to Heschl’s gyrus, 

the LmSTS (yellow) and RmSTS (green) were drawn lateral to Heschl’s gyrus, and the LaSTS 

(cyan) and RaSTS (blue) were drawn anterior to Heschl’s gyrus. The STS ROIs are displayed 

on rendered hemispheres and coronal slices of the lpba40 max probabilistic atlas with the 

Colin27 template brain overlaid.  
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Figure 3.2. Left STS coactivation ALE results. Consistent coactivation maps associated with 

the LpSTS (purple), LmSTS (yellow), and LaSTS (cyan) are displayed. ALE analyses were 

conducted on each set of experiments to evaluate the brain regions that were consistently 

coactivated with different left STS subregions. All ALE results are reported with an FDR of 0.001 

and cluster threshold of 100 mm3. Number of experiments identified are listed in Table 3.1. 
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Figure 3.3. Left STS subtraction ALE results. Coactivation maps for the left STS subregions 

were directly compared through ALE subtraction analyses (see Table 3.4). The LpSTS (purple) 

as compared to the LaSTS and LmSTS had more coactivation in auditory and language dorsal-

stream regions, such as bilateral IPL. The LaSTS (cyan) as compared to the LmSTS and 

LpSTS had more coactivation in some auditory and language ventral-stream regions, such as 

the right STG/MTG pole. The LmSTS (yellow) as compared to the LaSTS and LpSTS had more 

coactivation in the right middle STS and left calcarine cortex (V1). The subtraction ALE analyses 

were conducted with 10,000 permutations, an FDR of 0.05 and a cluster threshold of 100 mm3.  
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Figure 3.4. Right STS coactivation ALE results. Consistent coactivation maps across 

experiments for the RpSTS (red), RmSTS (green), and RaSTS (blue) were identified. The ALE 

results are reported as in Figure 3.2; and number of experiments identified are listed in Table 

3.1.  
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Figure 3.5. Right STS subtraction ALE results. Direct comparisons of the right STS 

subregion coactivation maps are presented (see Table 3.5). The RpSTS (red) compared to the 

RaSTS and RmSTS had more coactivation in auditory and language dorsal-stream regions, 

such as bilateral precentral gyrus. The RaSTS (blue) compared to the RmSTS and RpSTS had 

more coactivation in auditory and language ventral-stream regions, including ALE peaks in the 

left anterior MTG and left IFG pars orbitalis. The RmSTS (green) compared to the RaSTS and 

RpSTS had more coactivation in left Heschl’s gyrus and left MTG. The subtraction ALE results 

are reported as in Figure 3.3.  
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Tables 

 

STS ROI Papers Subjects Experiments Foci 
LaSTS 65 1014 78 (49) 1339 
LmSTS 131 1794 161 (124) 2156 
LpSTS 182 2767 255 (206) 3906 
RaSTS 76 1034 92 (60) 1464 
RmSTS 133 1893 192 (147) 2906 
RpSTS 167 2616 215 (169) 3495 

Left STS Total*  6071* 434* 6415* 
Right STS Total*  6021* 435* 6659* 

 
 
Table 3.1. The BrainMap functional database search results identified for each STS ROI.  

Several experiments reported foci in more than one ROI. The number in parentheses 

represents the number of experiments in each ROI that did not report activations in another STS 

ROI in the same hemisphere. The totals designated by an asterisk reflect the number of unique 

experiments across all ROIs in that hemisphere, where experiments were only counted once 

even if the experiments reported activations in more than one STS ROI in the same 

hemisphere. Thus, the cumulative totals reported do not match the overall sum of experiments 

across ROIs.  
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 raw counts 
ROI proportion relative to 

BrainMap 
Behavioral Category laSTS lmSTS lpSTS BrainMap laSTS lmSTS lpSTS 
Action.Execution.Other 0 5 10 952 0 0.37 0.46 
Action.Execution.Speech 3 7 18 342 1.26 1.43 2.32** 
Action.Imagination 0 2 2 129 0 1.08 0.68 
Action.Inhibition 1 8 10 379 0.38 1.47 1.16 
Action.Motor Learning 1 1 1 93 1.55 0.75 0.47 
Action.Observation 0 3 6 122 0 1.72 2.17 
Action.Preparation 0 0 0 50 0 0 0 
Action.Rest 0 0 0 267 0 0 0 
Cognition.Attention 6 17 33 1561 0.55 0.76 0.93 
Cognition.Language.Orthography 0 9 7 231 0 2.72* 1.33 
Cognition.Language.Other 5 3 3 168 4.29* 1.25 0.79 
Cognition.Language.Phonology 3 15 12 236 1.83 4.43** 2.24* 
Cognition.Language.Semantics 19 31 77 1125 2.43** 1.92** 3.02** 
Cognition.Language.Speech 15 29 69 915 2.36** 2.21** 3.32** 
Cognition.Language.Syntax 1 5 6 120 1.20 2.91 2.20 
Cognition.Memory.Explicit 6 10 15 927 0.93 0.75 0.71 
Cognition.Memory.Other 0 1 0 52 0 1.34 0 
Cognition.Memory.Working 1 11 14 954 0.15 0.80 0.65 
Cognition.Music 0 2 4 100 0 1.40 1.76 
Cognition.Other 11 12 11 1143 1.39 0.73 0.42* 
Cognition.Reasoning 0 3 2 218 0 0.96 0.40 
Cognition.Social Cognition 1 7 13 252 0.57 1.94 2.27* 
Cognition.Soma 1 0 0 89 1.62 0 0 
Cognition.Space 1 2 1 215 0.67 0.65 0.20 
Cognition.Time 1 1 2 61 2.36 1.14 1.44 
Emotion.Anger 3 1 4 81 5.33* 0.86 2.18 
Emotion.Anxiety 0 0 0 91 0 0 0 
Emotion.Disgust 2 0 4 142 2.03 0 1.24 
Emotion.Fear 2 1 3 253 1.14 0.28 0.52 
Emotion.Happiness.Humor 0 0 0 23 0 0 0 
Emotion.Happiness.Other 5 1 1 191 3.77* 0.37 0.23 
Emotion.Other 15 25 28 1922 1.12 0.91 0.64 
Emotion.Sadness 3 2 0 193 2.24 0.72 0 
Interoception.Air-Hunger 0 0 0 17 0 0 0 
Interoception.Bladder 0 0 0 42 0 0 0 
Interoception.Hunger 1 0 0 66 2.18 0 0 
Interoception.Other 0 0 3 27 0 0 4.89 
Interoception.Sexuality 0 0 1 111 0 0 0.40 
Interoception.Sleep 0 1 0 43 0 1.62 0 
Interoception.Thermoregulation 0 0 0 3 0 0 0 
Interoception.Thirst 0 0 0 24 0 0 0 
Perception.Audition 12 27 22 426 4.06** 4.42** 2.27** 
Perception.Gustation 3 1 3 191 2.26 0.37 0.69 
Perception.Olfaction 0 1 0 86 0 0.81 0 
Perception.Somethesis.Other 2 1 7 436 0.66 0.16 0.71 
Perception.Somethesis.Pain 2 1 1 366 0.79 0.19 0.12 
Perception.Vision.Color 0 0 0 22 0 0 0 
Perception.Vision.Motion 1 2 2 269 0.54 0.52 0.33 
Perception.Vision.Other 1 3 9 308 0.47 0.68 1.29 
Perception.Vision.Shape 1 2 6 467 0.31 0.30 0.57 

Total experiments identified 78 161 255 11233 
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Table 3.2. BrainMap behavioral classifications of experiments identified for each left STS 

ROI.  

For the left STS ROIs, this table provides “raw counts” of experiments for each BrainMap 

behavioral classification and the “ROI proportion relative to BrainMap” which is the comparison 

of experiments classified per behavioral category in each ROI and the BrainMap database. For 

“ROI proportion relative to BrainMap” results, behavioral categories with values greater than 1 

had a larger proportion of experiments classified as that behavior in the ROI as compared to the 

BrainMap database. Chi square analyses were also conducted (*p < 0.01 and **p < 0.001).  
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 raw counts 
ROI proportion relative to 

BrainMap 
Behavioral Category raSTS rmSTS rpSTS BrainMap raSTS rmSTS rpSTS 
Action.Execution.Other 3 5 11 952 0.38 0.31* 0.60 
Action.Execution.Speech 5 19 10 342 1.79 3.25** 1.53 
Action.Imagination 0 1 0 129 0 0.45 0 
Action.Inhibition 2 10 10 379 0.64 1.54 1.38 
Action.Motor Learning 0 0 0 93 0 0 0 
Action.Observation 2 3 7 122 2.00 1.44 3.00* 
Action.Preparation 0 0 0 50 0 0 0 
Action.Rest 0 0 0 267 0 0 0 
Cognition.Attention 13 25 42 1561 1.02 0.94 1.41 
Cognition.Language.Orthography 1 4 3 231 0.53 1.01 0.68 
Cognition.Language.Other 1 5 2 168 0.73 1.74 0.62 
Cognition.Language.Phonology 6 6 7 236 3.10* 1.49 1.55 
Cognition.Language.Semantics 17 39 40 1125 1.85 2.03** 1.86** 
Cognition.Language.Speech 21 40 47 915 2.80** 2.56** 2.68** 
Cognition.Language.Syntax 1 3 3 120 1.02 1.46 1.31 
Cognition.Memory.Explicit 5 11 10 927 0.66 0.69 0.56 
Cognition.Memory.Other 1 1 3 52 2.35 1.13 3.01 
Cognition.Memory.Working 2 7 10 954 0.26 0.43 0.55 
Cognition.Music 5 8 8 100 6.10** 4.68** 4.18** 
Cognition.Other 8 14 10 1143 0.85 0.72 0.46* 
Cognition.Reasoning 0 3 5 218 0 0.81 1.20 
Cognition.Social Cognition 3 3 7 252 1.45 0.70 1.45 
Cognition.Soma 0 2 0 89 0 1.31 0 
Cognition.Space 0 1 2 215 0 0.27 0.49 
Cognition.Time 0 2 4 61 0 1.92 3.43 
Emotion.Anger 2 0 3 81 3.01 0 1.94 
Emotion.Anxiety 0 0 0 91 0 0 0 
Emotion.Disgust 1 0 3 142 0.86 0 1.10 
Emotion.Fear 1 2 9 253 0.48 0.46 1.86 
Emotion.Happiness.Humor 0 0 0 23 0 0 0 
Emotion.Happiness.Other 1 3 2 191 0.64 0.92 0.55 
Emotion.Other 20 23 34 1922 1.27 0.70 0.92 
Emotion.Sadness 1 1 3 193 0.63 0.30 0.81 
Interoception.Air-Hunger 0 0 0 17 0 0 0 
Interoception.Bladder 0 1 0 42 0 1.39 0 
Interoception.Hunger 0 0 1 66 0 0 0.79 
Interoception.Other 0 3 0 27 0 6.50* 0 
Interoception.Sexuality 0 2 2 111 0 1.05 0.94 
Interoception.Sleep 0 1 0 43 0 1.36 0 
Interoception.Thermoregulation 0 0 0 3 0 0 0 
Interoception.Thirst 0 0 0 24 0 0 0 
Perception.Audition 22 40 24 426 6.31** 5.49** 2.94** 
Perception.Gustation 1 0 1 191 0.64 0 0.27 
Perception.Olfaction 0 2 1 86 0 1.36 0.61 
Perception.Somethesis.Other 0 5 5 436 0 0.67 0.60 
Perception.Somethesis.Pain 1 0 2 366 0.33 0 0.29 
Perception.Vision.Color 0 0 0 22 0 0 0 
Perception.Vision.Motion 0 0 5 269 0 0 0.97 
Perception.Vision.Other 2 9 8 308 0.79 1.71 1.36 
Perception.Vision.Shape 2 3 6 467 0.52 0.38 0.67 

Total experiments identified 92 192 215 11233 
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Table 3.3. BrainMap behavioral classifications of experiments identified for each right 

STS ROI. Same information as described in Table 3.2, except data represent the right STS 

ROIs. 
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Brain Region Volume 
(mm3) Z Value  MNI  x y z 

LpSTS > (LaSTS & LmSTS) 
    1) L MTG 10832 3.89 -56 -45 7 

2) R MTG 4272 3.89 56 -42 5 
3) R IPL 1640 3.89 37 -50 51 
4) L Insula 1528 3.89 -37 12 3 
5) L Precentral Gyrus 1336 3.54 -41 10 32 
        L Precentral Gyrus 

 
3.24 -42 8 42 

        L Precentral Gyrus 
 

3.16 -42 4 48 
        L Precentral Gyrus 

 
3.01 -48 4 46 

        L Precentral Gyrus 
 

2.99 -48 4 52 
6) L IPL 520 3.35 -38 -50 52 
        L IPL 

 
3.24 -36 -48 48 

7) L SMA 376 3.12 2 22 49 
        R Medial SFG  

 
2.95 6 26 46 

8) R MFG 352 3.89 46 0 53 
9) R IFG - Orbitalis 288 3.43 56 24 -8 
        R IFG - Orbitalis 

 
3.35 52 24 -8 

10) R IFG - Opercularis 152 3.04 46 12 8 

      LmSTS > (LaSTS & LpSTS) 
    1) L MTG 9960 3.89 -59 -19 -6 

2) R STS 2224 3.89 61 -14 -8 
        R STS 

 
3.72 70 -17 -4 

3) L Calcarine / Mid. 
Occipital Lobe 168 3.19 -16 -104 -2 

      LaSTS > (LmSTS & LpSTS) 
    1) L MTG 9408 3.89 -53 4 -18 

2) R MTG Pole 3832 3.89 53 8 -23 
        R MTG Pole 

 
3.72 50 10 -28 

3) L Hippocampus 1872 3.89 -28 -14 -20 
        L Hippocampus 

 
3.04 -30 -24 -12 

4) L Midbrain 248 3.19 -5 -25 -12 
5) L Cerebellum 120 3.35 -25 -61 -18 
6) R Cuneus 112 3.19 10 -77 33 

 

Table 3.4. Left STS subtraction ALE results. The ALE results are reported with an FDR of 

0.05 and cluster threshold of 100 mm3. The first cluster listed for each subtraction represents 

the co-localization of foci identified from the searched ROI.  

L = left hemisphere; R = right hemisphere; SFG = superior frontal gyrus.  
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Brain Region Volume 
(mm3) Z Value  MNI  

x y z 
RpSTS > (RaSTS & RmSTS) 
1) R MTG 11120 3.89 58 -44 9 
2) R Precentral Gyrus 2000 3.89 42 -4 49 
3) R Insula 1400 3.89 32 27 7 
        R IFG - Orbitalis 

 
3.29 47 20 -6 

        R IFG - Opercularis 
 

3.19 52 20 -2 
        R Insula 

 
2.97 40 22 -6 

4) L Precentral Gyrus 1088 3.89 -41 0 49 
        L Precentral Gyrus 

 
3.43 -48 6 52 

5) R MFG 984 3.89 32 39 27 
        R MFG 

 
3.54 32 46 26 

6) L MTG 696 3.43 -47 -54 12 
        L MTG 

 
3.35 -48 -52 13 

7) L Insula 688 3.54 -36 10 4 
        L Insula 

 
3.29 -38 12 0 

        L Insula 
 

2.99 -36 16 -6 
8) L SMA 432 3.12 -4 8 54 
        L SMA 

 
3.09 1 10 52 

9) R MTG 288 3.29 48 -72 5 
10) R Globus Pallidus 184 3.19 16 6 2 
11) R Amygdala 112 3.06 22 0 -18 
12) R IFG - Opercularis 112 2.99 40 2 27 
        R Precentral Gyrus 

 
2.81 48 4 28 

      RmSTS > (RaSTS & RpSTS) 
1) R STS 11248 3.89 56 -19 -4 
2) L MTG 4216 3.89 -58 -17 -3 
        L MTG 

 
3.72 -52 -15 -6 

        L Heschl's Gyrus 
 

3.09 -46 -12 4 
3) L Precentral Gyrus 520 3.19 -54 -5 35 
        L Postcentral Gyrus 

 
2.97 -46 -12 30 

      RaSTS > (RmSTS & RpSTS) 
1) R MTG Pole 10512 3.89 53 5 -16 
2) L MTG 6376 3.89 -57 -1 -14 
        L IFG - Orbitalis   3.54 -41 24 -15 

Table 3.5. Right STS subtraction ALE results. The ALE results are reported with an FDR of 

0.05 and cluster threshold of 100 mm3. The first cluster for each subtraction result represents 

the co-localization of foci identified from the searched ROI. Abbreviations match Table 3.4.   
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CHAPTER 4 

 

AUDIOVISUAL SPEECH PERCEPTION RELATES TO LESION LOCATION IN LEFT-

HEMISPHERE STROKE SURVIVORS AND GRAY MATTER VOLUME IN MATCHED 

CONTROLS3 

 

  

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
3 Erickson LC, Fama ME, Skipper-Kallal LM, Xing S, Lacey EH, Anbari Z, Rauschecker JP, 
Turkeltaub PE. Audiovisual speech perception relates to lesion location in left-hemisphere 
stroke survivors and gray matter volume in matched controls. (in preparation) 
!
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Introduction 

Typical speech perception results from neural processes that integrate incoming speech sounds 

and corresponding visual information. The critical interaction of auditory and visual cues on 

speech perception is best demonstrated by the McGurk effect (McGurk and MacDonald, 1976; 

MacDonald and McGurk, 1978). In the McGurk paradigm, disparate sound (e.g., “pa”) and 

visual (e.g., “ka”) speech inputs are presented and subjects may report that they perceive 

something other than the dominant auditory signal, typically either a percept that matches the 

visual input or a fusion percept that matches neither presented stimuli (e.g., “ta”). The timing 

and order of the presented AV speech cues is also integral to AV speech perception in the 

McGurk effect (Munhall et al., 1996; van Wassenhove et al., 2007). Generally, more 

asynchronous AV speech inputs lead to less integrated AV percepts (Munhall et al., 1996; van 

Wassenhove et al., 2007; Wiersinga-Post et al., 2010). Thus, timing manipulations of the 

auditory and visual signals in a McGurk paradigm offer some additional insight into AV speech 

processes.  

 

Most previous studies on the brain basis of AV speech integration have used functional 

neuroimaging methods, typically in healthy populations (e.g., Sams et al., 1991; Skipper et al., 

2007; Benoit et al., 2010; Nath and Beauchamp, 2012; Szycik et al., 2012; Erickson et al., 

2014a; Erickson et al., 2014b). These studies suggest that various regions across the brain are 

related to AV speech processes, particularly in the left posterior superior temporal gyrus (STG)/ 

superior temporal sulcus (STS). Further, activity and connectivity of the posterior STS has been 

shown to relate to narrowing of the temporal binding window for simple non-speech AV stimuli 

after training (Powers et al., 2012). Regions in the auditory/language dorsal-stream (Hickok and 

Poeppel, 2007; Rauschecker and Scott, 2009; Rauschecker, 2011; Bornkessel-Schlesewsky et 

al., 2015) may contribute to processing AV speech. Supporting this idea, in a recent meta-

analysis of functional neuroimaging experiments, we found that bilateral posterior STG/STS, left 
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inferior parietal lobule (IPL), and bilateral frontal areas were consistently activated when there 

was conflict between auditory and visual speech signals, suggesting that the dorsal stream may 

contribute to the resolution of disparate sensory inputs (Erickson et al., 2014a; Chapter 2). 

However, others have also argued that motor regions are not involved in AV speech integration 

per se but may contribute to other associated processes, e.g., response selection (Matchin et 

al., 2014). Thus, while functional experiments provide initial insight related to what brain regions 

may contribute to AV speech processes, uncovering causal evidence will be key to isolating 

various brain structures that are necessary for AV speech perception. 

 

Because prior studies have almost exclusively used correlational methods, causal evidence 

regarding the neural basis of AV speech processes is very limited. Two brain stimulation studies 

to date have probed the brain structure-AV speech relationship. Beauchamp et al. (2010) 

demonstrated that a temporary lesion to the left STS, via transcranial magnetic stimulation 

(TMS), produced a decrease in the fusion percept, indicating the left STS plays a causal role in 

AV speech integration in normal networks. Using transcranial direct current stimulation (tDCS), 

Marques et al. (2014) found that only anodal (excitatory) stimulation to bilateral posterior parietal 

cortex not STS produced significantly increased integration compared to sham, whereas 

cathodal (inhibitory) stimulation to bilateral STS compared to sham or anodal produced 

decreased fusion, although the comparison to sham only trended toward significance. These 

studies suggest that the left STS and bilateral parietal regions may causally contribute to AV 

speech processes.  

 

Several case studies and small case series have examined the effects of lesions on AV speech 

integration, but these studies have provided no systematic evidence regarding relationships 

between lesion location and AV speech processing. One important study demonstrated the 

impact of a left STS lesion on right hemisphere functional activity related to AV speech 
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integration (Baum et al., 2012). Baum et al. (2012) reported that an individual with a chronic left 

STS lesion perceived the fusion percept and this was associated with increased activation in 

right STS compared to controls. These results suggest that in some cases reorganization after a 

lesion to left STS may recruit right STS activation to compensate for deficits in the AV speech 

network after damage. This case also raises the question of whether a unilateral lesion is ever 

sufficient to cause deficits in AV integration because of compensation by the uninjured 

hemisphere.  

 

Small behavioral studies have examined the McGurk effect in the context of aphasia (Campbell 

et al., 1990; Youse et al., 2004; Schmid et al., 2009; Hessler et al., 2012; Andersen and 

Starrfelt, 2015), but in some studies, accuracy on trials with congruent AV signals is 

low/inconsistent (Youse et al., 2004; Hessler et al., 2012; Andersen and Starrfelt, 2015), which 

suggests that subjects may not have understood the task. Critically, these studies assessed 

only behavioral outcomes of AV speech perception with no direct quantitative assessments 

correlating lesion location to behavior. Without an examination of the lesion-behavior 

relationship, little is revealed about the exact structures necessary for AV speech perception. 

Others have assessed the McGurk paradigm in cases with various lesion locations and 

diagnoses (Campbell et al., 1990; Soroker et al., 1995; Nicholson et al., 2002; Champoux et al., 

2006; Hamilton et al., 2006; Freeman et al., 2013). However, it is hard to establish an exact 

brain-behavior relationship across various case studies, particularly considering the individual 

variability in McGurk percepts in control populations (Benoit et al., 2010; Nath and Beauchamp, 

2012). Thus, it is unclear if a lack of McGurk effect for any given person relates to the specific 

lesion or if that person was a low McGurk perceiver prior to the lesion. While this confound may 

be an issue for all lesion studies of the McGurk effect, its impact can be minimized by 

comparing the behavioral responses to a McGurk paradigm in stroke survivors and controls, 

and using systematic lesion-behavior assessments across a larger lesion cohort.  
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Beyond lesion studies, there is a general lack of correlational structural evidence, e.g., gray 

matter volume (GMV), related to AV speech integration processes in the literature. Low-level AV 

integration and brain structure has been examined using the sound-induced flash illusion (de 

Haas et al., 2012), but no published studies to our knowledge have examined relationships 

between brain structure and AV speech integration in control participants. Demonstrating co-

localization of brain structure-AV speech processing relationships in controls and in people with 

lesions would provide powerful evidence regarding the neuroanatomy of AV speech processing, 

and would greatly inform a literature that has relied to date almost exclusively on functional 

neuroimaging methods.  

 

In this study, we examined AV speech perception in 33 LH stroke survivors and 39 matched 

controls, using a McGurk task adapted for people with language deficits. We first assessed 

broad behavioral differences in AV speech integration between LH stroke survivors and 

controls. Next, using a new multivariate support vector regression-based lesion symptom 

mapping method (Zhang et al., 2014) in the LH stroke cohort, we tested for relationships 

between LH lesion location and AV speech integration, including sensitivity to the timing of AV 

speech signals. Lastly, to compare LH lesion results to brain structure-behavior relationships in 

the matched controls, we conducted a complementary analysis using voxel-based morphometry 

(VBM) to identify areas in which GMV related to AV speech perception.  
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Materials and Methods 

Participants 

Thirty-three LH stroke survivors and 39 matched control participants met the inclusion criteria 

for this study as described below. Participants provided informed consent and were 

compensated as approved by Georgetown University Institutional Review Board. Demographic 

information for these participants is reported in Table 4.1. Forty-three LH stroke survivors were 

tested. LH stroke survivors were not tested if they could not comprehend the instructions of the 

behavioral task. Stroke survivors were included if they 1) had a chronic LH stroke (stroke 

occurred > 6 months prior to the study); 2) were a native English speaker; and 3) had at least 

80% accuracy at identifying congruent AV speech. We excluded two LH stroke survivors with 

additional significant damage outside of the LH, one LH stroke survivor because this person 

was not a native English speaker, and five LH stroke survivors because they could not identify 

at least 80% of the congruent AV speech trials correctly. One LH stroke survivor was excluded 

because her lesion could not be accurately traced due anatomical distortion. Additionally, we 

excluded an otherwise eligible subject with a posterior cerebral artery stroke to keep the cohort 

as homogenous as possible. Lastly, no stroke survivors reported using a hearing aid. Forty-four 

matched control participants were tested. Controls were included if they 1) were a native 

English speaker; and 2) had at least 80% accuracy at identifying congruent AV speech. Three 

matched controls were excluded because they reported using a hearing aid, one control was 

excluded because of an error that resulted in loss of behavioral data, and one control was 

excluded because of an incidental finding on the MRI. Stroke survivors for this study were 

recruited as part of a clinical trial of tDCS for aphasia (ClinicalTrials.gov Identifier: 

NCT01709383), and for cross-sectional multimodal MRI studies on outcomes of LH stroke (e.g., 

Grajny et al., 2016; Xing et al., 2016).  
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Audiometry 

Screening audiometry was performed to test for hearing loss using an Oscilla SM910 Screening 

Audiometer. The participants’ hearing thresholds in decibels were assessed at 500hz, 1000hz, 

2000hz, and 4000hz in each ear then averaged across ears. Audiometry was not obtained on 

one control participant. Since some degree of hearing loss is widespread in the typical age 

distribution of stroke survivors, we did not set a minimum hearing level threshold for inclusion. 

Rather, we tested for differences in hearing between the groups and for relationships between 

hearing and the VI-percept, which is the main behavioral result of interest (see below).  

 

Stimuli and task 

An adapted version of the McGurk paradigm (McGurk and MacDonald, 1976) was created to 

accommodate stroke survivors with language difficulties, utilizing meaningful word stimuli and 

pictures to report responses. AV recordings showed a female speaker (author MEF) saying the 

monosyllabic words “key”, “tea”, and “pea”. Some previous McGurk studies have also used 

word stimuli (e.g., Campbell et al., 1990; Sams et al., 1998; Setti et al., 2013). Using Adobe 

Premier Pro, congruent and incongruent AV stimuli were created. Stimuli were approximately 

two-seconds in duration. There were two kinds of congruent AV stimuli, “key” and “pea”, where 

the sound and video were equivalent. A third congruent AV stimulus type (“tea”) was only 

presented during practice trials, but not during the active task. These congruent AV stimuli were 

presented synchronously, reflecting typical AV speech. Incongruent AV stimuli were made in 

two steps. First, a synchronous version of the incongruent AV stimulus was created so that the 

acoustic signal “pea” was aligned to the silent video of the same female speaker saying “key”. 

Next, presentation of the auditory and visual cues was manipulated with respect to timing. 

Incongruent stimuli were created with seven timing offsets, where negative numbers indicate 

auditory information preceding visual information and positive numbers indicate visual 

information preceding auditory: -366ms, -233ms, -100ms, 33ms, 167ms, 300ms, 433ms. These 
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timing offsets were chosen based on previous studies which suggest that peak AV integration 

occurs when the visual stimulus slightly precedes the auditory signal (Munhall et al., 1996; 

Wiersinga-Post et al., 2010). In total, there were nine kinds of AV stimuli presented during the 

active task: two congruent AV stimuli and seven incongruent AV stimuli. 

 

Stimuli were presented using E-prime (version 2.0) on a laptop with headphones (Sennheiser 

HD555) set at a comfortable hearing level. The instructions displayed said “In the next videos, 

the words may sound less clear. Please choose the word that is closest to the word that you 

hear. Focus on her face. Ready?”. Before the task began, participants briefly practiced the task 

on six congruent AV trials to ensure that the instructions were understood. During the task, 81 

trials were presented in total, composed of 18 congruent AV trials and 63 incongruent AV trials. 

Nine trials of each AV stimuli type were presented. Stimuli were presented in blocks containing 

one of each trial type presented in random order. To encourage attention to the stimuli, a beep 

(100ms in duration) and a red oval at the location of the face of the speaker (33ms in duration) 

were presented briefly before the start of the AV stimulus (333ms and 33ms respectively). Once 

each AV stimulus was played, a new response screen was displayed with three picture options 

accompanied by the written word (“key”, “tea”, and “pea”). The participant indicated their 

reported perception for that trial using a button press.  

 

Behavioral analyses 

Behavioral data were organized and analyzed using R software (version 3.2.3). Trials were 

excluded as outliers if the reaction time (RT) of the trial was outside the range of the mean RT ± 

3*standard deviation. Congruent AV trials were scored for accuracy to confirm that participants 

could comprehend speech when the AV cues were not manipulated in content and timing, and 

that participants understood the task. As noted previously, only participants with at least 80% 

accuracy on the congruent trials were included in this study.  
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It is important to note that incongruent AV trials have no correct response. Each response can 

be interpreted as a different kind of perception. We refer to a response of “key” as the “visual 

percept” because it matches the visual information presented. “Pea” is the “auditory percept” 

because it matches the auditory information presented. “Tea” is the “fusion percept” (FUS-

percept) because it matches neither the auditory nor visual information presented, and reflects a 

merge of the mismatched AV inputs. The prior literature examines AV speech processing in two 

different ways using these percepts: using reports of the FUS-percept alone as a demonstration 

of the successful integration of AV speech signals; or grouping together any percepts that 

deviate from the auditory signal to examine the general influence of visual information on 

auditory speech perception (in this context, combining reports of the visual percept and the 

FUS-percept to give the “Visually Influenced” or VI-percept). Examining data from McGurk 

paradigms in these two different ways thus provides measures of slightly different aspects of AV 

speech processing; both approaches are frequently used in the literature (some examples: 

Beauchamp et al., 2010; Nath and Beauchamp, 2012; Szycik et al., 2012 vs. Sams et al., 1991; 

Munhall et al., 1996; Tiippana, 2014). For this study, our main behavioral measure of interest 

was the VI-percept. We chose this as the primary measure because controls reported a very 

high rate of VI-percepts on near-synchronous incongruent trials (93%); this relatively low level of 

natural inter-individual variability maximizes power to detect lesion-related differences in 

perception. Notably, others (Munhall et al., 1996; Tiippana, 2014) typically report this effect as a 

decrease in the auditory percept reflecting an increase in AV integration or McGurk effect. 

However, for ease of interpretation we prefer the VI-percept, for which an increase indicates an 

increase in AV integration. For a more complete evaluation of the neural basis of AV speech 

processes, we also included assessments of the FUS-percept as secondary analyses. 
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For analyses, the incongruent trials were categorized into three timing bins reflecting the order 

and timing of the presentation of AV speech cues: auditory lead (AL; -366ms and -233ms) in 

which the auditory information was presented first; middle range (MID; -100ms, 33ms, 167ms) 

in which auditory and visual information were near synchronous; and visual lead (VL; 300ms 

and 433ms) in which the visual information was presented first.  

 

For the incongruent trials, the proportions of the reported VI-percept and FUS-percept were 

calculated for each timing bin and in total (see Table 4.2). These proportions were then 

transformed using the arcsine square root transformation for proportions (see previous McGurk 

studies Green et al., 1991; Schmid et al., 2009). All statistical analyses of behavior, lesion and 

VBM were conducted using the arcsine transformed behavioral data. 

 

To confirm no significant hearing level differences between the stroke and control cohorts, a 

mixed analysis of variance (ANOVA) was performed with hearing threshold averaged across 

both ears as the dependent variable, frequency as the within-subjects factor (repeated-

measures), and group and sex as the between-subjects factors. Stroke survivors and controls 

demonstrated no significant group difference (F(1,67)=0.36, p = 0.55) or group interactions for 

hearing ability corrected by Greenhouse-Geisser non-sphericity where appropriate (group by 

frequency F(1.7,111.3)=0.53; p = 0.56; group by sex F(1,67)=0.51, p = 0.48 ; group by sex by 

frequency F(1.7,111.3)=0.23, p = 0.75), suggesting comparable hearing ability in both groups. 

For our main behavioral measure of interest (VI-percept), we further considered whether 

hearing averages correlated to overall VI-percept using Pearson’s product moment correlations. 

In the LH stroke cohort, there were no significant correlations for overall VI-percept and the 

following hearing averages: hearing 500hz average, p = 0.98; hearing 1000hz average, p = 

0.91; hearing 2000hz average, p = 0.93; hearing 4000hz average, p = 0.63. However, in 

matched controls, average 2000hz hearing threshold correlated to overall VI-percept (p = 0.026, 
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uncorrected). No other significant correlations for VI-percept and hearing averages were found 

(hearing 500hz average, p = 0.13; hearing 1000hz average, p = 0.12; hearing 4000hz average, 

p = 0.98). Although this relationship did not survive multiple comparison corrections, to be 

conservative, we controlled for hearing in the 2000hz range in the VBM analysis.  

 

Seven of the stroke survivors had a history of or current visual field (VF) cut. It is unclear 

whether visual field cuts impact AV speech processes. The right side of the speaker’s mouth, 

present in the left VF, has been demonstrated to be most important for AV speech integration 

(Nicholls et al., 2004). LH lesions result in right VF deficits, and typically spare the macula, thus 

subjects with VF cuts in our stroke cohort likely still receive the most salient speech information 

for AV integration. Regardless, in the stroke cohort, a mixed ANOVA was conducted with the VI-

percept as the dependent variable, timing bin (AL, MID, VL) as the within-subjects factor 

(repeated-measures), and group (VF cut vs. no VF cut) as the between-subjects factor. No 

significant group difference (F(1,31)=0.81, p = 0.38) or group interaction (F(1.5,45.7)=1.8 , p = 

0.19, Greenhouse-Geisser non-sphericity correction) was found for stroke survivors with and 

without VF cuts. Since no group difference related to VF cut was found, all stroke survivors are 

included together for the analyses. 

 

All 33 LH stroke survivors and 39 matched controls were included in the behavioral analyses. 

The main behavioral analysis was a mixed ANOVA conducted with the VI-percept as the 

dependent variable, timing bin (AL, MID, VL) as the within-subjects factor (repeated-measures), 

and group (stroke vs. control) and sex (male vs. female) as the between-subjects factors. Sex 

was included as a between-subject factor because we found a trend toward a difference in the 

male/female ratio between the stroke vs. control cohorts, using a Pearson’s chi-square test with 

Yates’ continuity correction (Chi-squared = 3.34; p=0.067). To provide additional behavioral 



!

! 92 

information, another mixed ANOVA was also conducted with the FUS-percept as the dependent 

variable and the same remaining factors as the main ANOVA above. 

 

Structural MRI scan 

Participants were scanned on a 3-Telsa MRI scanner (Siemens Magnetom TrioTim) at 

Georgetown University. A high-resolution T1-weighted scan (MPRAGE) was collected with the 

following parameters: TR=1900ms; TE=2.52ms; voxel size=1mm3; flip angle=9°; slice 

thickness=1mm. 

 

Support Vector Regression Lesion Symptom Mapping (SVR-LSM) in the LH stroke cohort 

A lesion map was created for each stroke survivor. Lesions were manually traced on the 

MPRAGE in native space using MRIcron (http://people.cas.sc.edu/rorden/mricron/index.html). 

All lesion maps were confirmed by two neurologists (authors PET, SX). Lesion maps were 

spatially normalized to an older person template in MNI standard space (Rorden et al., 

2012, https://www.nitrc.org/projects/clinicaltbx/), using the VBM8 toolbox in SPM8 (method is 

described in previous study, Xing et al., 2016). A lesion overlap map is displayed in Figure 4.1.  

 

To assess the relationship between LH lesion location and AV speech percept, we used a new 

multivariate technique called SVR-LSM (Zhang et al., 2014; version 0.1). SVR-LSM uses a 

machine learning algorithm that considers the entire lesion pattern across voxels to determine 

whether there is a relationship between lesion location and the behavioral measure. We 

assessed two main dependent measures: the VI-percept in the MID timing bin, and the VI-

percept frequency difference between the MID and AL timing bins. Additional secondary 

analyses assessed the following two dependent variables: FUS-percept in the MID timing bin, 

and the FUS-percept frequency difference between the MID and AL timing bins. SVR-LSM 

analyses were run on Matlab 2014b. Voxels were included if at least 10% of the stroke cohort 
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had a lesion there (i.e., minimum of 4 participants). Lesion size was controlled using a direct 

lesion volume correction (Zhang et al., 2014). Statistical significance was determined using 

10,000 random permutations, and the threshold was set at p < 0.005, and cluster volume > 

100mm3. Because SVR-LSM considers all voxels simultaneously in the analysis, no correction 

for multiple comparisons is required (Zhang et al., 2014). 

 

Additional comparison of lesion maps for people with high vs. low FUS-percept frequencies 

We also examined the MID timing bin for differences in lesion location between FUS-percept 

“perceivers” and “non-perceivers”. Based on the previous work by (Nath and Beauchamp, 

2012), the “perceivers” were defined as participants reporting the FUS-percept on at least 50% 

of trials in the MID timing bin, whereas “non-perceivers” reported the FUS-percept on less than 

50% of these trials. There were 14 “non-perceivers” and 19 “perceivers”. Lesion overlap maps 

were created for each group using MRIcron. Using SPM8 

(http://www.fil.ion.ucl.ac.uk/spm/software/spm8/), each lesion overlap map was transformed into 

percentage units, and then a simple subtraction was performed between the maps to yield a 

map in which voxel values represent the difference in the proportion of “perceivers” and “non-

perceivers” with lesions at that location. For example, if in a given voxel, 75% of the “non-

perceivers” had a lesion compared to 50% of the “perceivers”, this voxel would have a value of 

25% in the “non-perceivers” -“perceivers” lesion subtraction map. An arbitrary threshold of 25% 

was used to display maps for “non-perceivers” -“perceivers” and “perceivers” -“non-perceivers”. 

 

VBM in the matched control cohort 

To complement the lesion-symptom mapping results, we assessed the relationship between 

gray matter structure (i.e., GMV) and AV speech percepts in the control group using SPM8 

(Ashburner and Friston, 2000). Of the 39 control participants, 3 participants were missing data 

(2 missing a T1-weighted image and 1 missing audiometry data), and 5 were excluded during 
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preprocessing visual inspection (e.g., motion artifact or gross inaccurate segmentation). VBM 

analyses were conducted on the remaining 31 control participants. We followed standard VBM 

preprocessing steps (John Ashburner Tutorial, 

http://www.fil.ion.ucl.ac.uk/~john/misc/VBMclass10.pdf). First, each T1-weighted image was 

manually aligned to the anterior commissure and rotated as necessary to the SPM template. 

Using MRIcron, one participant’s T1-weighted image was additionally cropped to remove extra 

skull tissue to facilitate accurate segmentation. Using the “New Segment” toolbox, all participant 

images were then automatically segmented into tissue types including gray matter, white matter, 

and CSF. Next, using the DARTEL toolbox, subject images were iteratively compared and 

aligned to create a group template for gray and white matter. Lastly, subject images and the 

group template were spatial normalized to MNI standard space. The subject images were 

smoothed with a Gaussian of 8mm FWHM.  

 

The relationship between GMV and AV speech percept was examined using a multiple 

regression design. Here, we focused on GMV correlations and the VI-percept. The dependent 

measures included 1) the VI-percept frequency across all timing offsets, and 2) the VI-percept 

frequency difference between the MID and AL timing bins. As in the SVR-LSM analyses, we 

also assessed GMV correlations and the FUS-percept in secondary analyses. We controlled for 

age, sex, and hearing average across ears in the 2000hz range (see above). Our analyses were 

constrained to voxels using an absolute threshold of 0.2 (John Ashburner Tutorial, 

http://www.fil.ion.ucl.ac.uk/~john/misc/VBMclass10.pdf) and within an explicit mask. The explicit 

mask was created from the group gray matter template, which was smoothed with a Gaussian 

of 8mm FWHM and thresholded at 0.3. A voxel-wise threshold of p < 0.001 was used. Multiple 

comparisons were corrected at the cluster level using an AlphaSim Monte Carlo method 

implemented in the REST platform (version 1.8, http://restfmri.net/forum/REST_V1.8, Song et 

al., 2011), resulting in a cluster size/volume threshold of 166 voxels/ 560.25mm3 (corrected p > 



!

! 95 

0.01). In order to more accurately compare VBM results for the matched controls to the lesion 

results for the LH stroke survivors, the VBM results were co-registered to the older person 

template (Rorden et al., 2012).  
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Results 

Group behavioral results 

Mean proportions for the VI-percept, FUS-percept and visual percept at each timing bin are 

reported in Table 4.2 for the 33 LH stroke survivors and 39 matched controls. We conducted the 

main behavioral group analyses for the VI-percept. Using a mixed ANOVA, we identified 

significant main effects of group (F(1,68)=4.77; p = 0.032) and timing (F(1.28,87.4)=81.2; p = 

2.8x10-16, Greenhouse-Geisser non-sphericity correction; Figure 4.2). Overall, controls reported 

the VI-percept more frequently than stroke survivors. Across all participants, follow up t-tests 

revealed that the VI-percept was reported more frequently in the MID as compared to the AL 

timing bin (p= 1.1x10-15); and the VI-percept was reported more frequently in the VL as 

compared to the AL timing bin (p=1.1x10-12). There was no significant difference between the 

VI-percept frequency in the MID and VL timing bins.  

 

Second, for additional behavioral information, another mixed ANOVA assessed the frequency of 

the FUS-percept as the dependent measure. There was no significant group effect; however, 

there was a significant effect of timing (F(1.68,114.4)=42.9; p=3.9x10-13, Huynh-Feldt non-

sphericity correction). Follow up t-tests revealed similar timing effects identified for the VI-

percept with the addition of higher frequency reported for the FUS-percept in the MID timing bin 

as compared to the VL timing bin (p=0.04). 

 

Lesion locations related to decreased AV integration   

In the primary SVR-LSM analysis, we examined relationships between lesion location in the 

stroke cohort and the frequency of the VI-percept in the MID timing range. We focused on the 

MID timing bin to assess AV integration when the signals are near synchronous and integration 

should be maximal. Because controls reported the VI-percept on 93% of trials in the MID timing 

range, this measure is expected to have relatively little natural inter-individual variability, 
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providing maximal sensitivity to detect relationships between lesion location and percepts. 

Lesion to areas in the left parietal cortex with a center of mass in the angular gyrus (AG) 

extending into supramarginal gyrus (SMG), as well as small clusters in posterior middle 

temporal gyrus (MTG) and the white matter below the anterior superior temporal gyrus (STG), 

related to decreased VI-percept (Figure 4.3a; Table 4.3).  

 

In an additional SVR-LSM analysis, we also examined how LH damage relates to the FUS-

percept in the MID timing bin. Damage to a small region in the left posterior MTG/STS 

correlated to decreased FUS-percept (Figure 4.3b, Table 4.3), suggesting that this region may 

be necessary in the integration of AV speech cues.  

 

To further examine the lesions related to reduced FUS-percept, the LH stroke cohort was 

divided into two groups of people reporting low frequency FUS-percepts (“non-perceivers”) and 

high frequency FUS-percepts (“perceivers”) in the MID timing range (see Methods for more 

details). Subtraction of the percent lesion maps between the two groups revealed distinct 

patterns (Figure 4.3c). The “non-perceivers” group as compared to the “perceivers” group had a 

larger percentage of lesions in the more posterior left temporal regions, including areas in the 

STG/STS/MTG, left SMG, and left ventral precentral gyrus. These results support the results 

found for the SVR-LSM results for the FUS-percept above. In contrast, the “perceivers” group as 

compared to the “non-perceivers” group had a larger percentage of lesions in middle to anterior 

STG regions.  

 

Lesion locations related to reduced sensitivity to the timing of AV signals  

We next examined lesion locations related to the sensitivity of AV integration to timing 

differences between the auditory and visual signals. Previous behavioral studies in healthy 

controls have demonstrated a temporal binding window for AV integration in which AV speech 
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percepts are reported less frequently when AV cues are presented asynchronously (Munhall et 

al., 1996; van Wassenhove et al., 2007). The binding window is typically asymmetric, with a 

more rapid drop-off of integration when the auditory signal comes before the visual than vice 

versa. This asymmetry was observed in our group behavioral data, in which AV percepts were 

lower in the AL than the MID and VL bins. Because of this asymmetry, we examined timing 

effects by focusing on the difference in the proportion of VI-percepts between the MID and AL 

bins, using this difference as the dependent variable in an SVR-LSM analysis. Here, a large 

difference would mean typical AV timing sensitivity similar to controls, while a small difference 

(i.e., similar proportion of VI-percepts irrespective of timing) may reflect reduced sensitivity to 

the timing of the AV signals. The SVR-LSM analysis identified regions in the left postcentral 

gyrus and SMG in which lesions related to decreased difference in the VI-percept frequency 

(Figure 4.4a; Table 4.3). Next, we determined if this result was driven by low VI-percept in the 

MID timing bin, reflecting a generalized reduction in AV integration, or increased VI-percept in 

the AL timing bin, reflecting a true reduction in sensitivity to the timing of the AV signals. We 

examined SVR-LSM analyses of each of these measures at a reduced threshold (Figure 4.4b; 

p<0.05 uncorrected). The brain areas related to decreased AV timing sensitivity overlapped 

substantially with those related to increased VI-percept in the AL timing bin, and only slightly 

with those related to decreased VI-percept in the MID timing bin. This suggests that the lesions 

in the postcentral gyrus and SMG result in a true reduction in temporal specificity of integration 

rather than a generalized reduction in AV integration across all timings. Similar to VI-percept, a 

secondary analysis found that lesions to the left postcentral gyrus extending into the precentral 

gyrus and SMG correlated to decreased difference in the FUS-percept frequency in MID vs. AL 

timing bins (Figure 4.4c, Table 4.3). 
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Relationship of GMV to AV integration in matched controls 

To complement the LH lesion results found for the stroke survivors and in order to understand 

what structures may be important in AV speech perception in a typical population, we assessed 

GMV correlations in the matched controls using VBM. The VI-percept was examined across all 

timing offsets to take advantage of the greater variability in frequency (0.84 ± 0.15; Table 4.2), 

as the controls had a high VI-percept proportion mean in the MID timing bin (0.93 ± 0.12; Table 

4.2). A positive correlation between GMV and the total VI-percept frequency was identified in 

the AG bank of the left intraparietal sulcus (IPS) (Figure 4.5a, Table 4.3), overlapping with the 

location identified in the SVR-LSM analysis above in which lesions related to decreased VI-

percept in the MID timing bin. We also tested for correlations between GMV and overall FUS-

percept in matched controls but no results survived our threshold. Overall, these results provide 

converging evidence across two approaches and two populations (Figure 4.5b) that the left 

AG/IPS is critical in the general interaction of visual and auditory inputs on speech perception.    

 

Relationship of GMV to temporal sensitivity of AV integration in matched controls 

To examine relationships of GMV to temporal sensitivity of AV integration, we tested if the 

difference in the proportions of VI-percept between MID vs. AL related to GMV. No results met 

the statistical threshold. However, in a secondary analysis examining the difference in FUS-

percept between the MID and AL timing bins, we found that increased GMV in left STS related 

to a greater difference (Figure 4.6a, Table 4.3), suggesting increased AV timing sensitivity. This 

region was slightly more anterior to the left posterior STS area related to decreased FUS-

percept in the SVR-LSM analysis above. As for the lesion analysis of timing sensitivity above, 

we next investigated the VBM finding in the STS further by examining relationships between 

GMV and FUS-percepts in the MID and AL bins separately at a reduced threshold (p<0.05). In 

these results (Figure 4.6b), the STS area overlapped substantially with areas related to 

decreased FUS-percept in the AL timing bin, and comparably very little with the VBM results 
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related to increased FUS-percept in the MID timing bin. This suggests that increased GMV in 

left STS is related to a true increase in the temporal specificity of integration of AV signals. 
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Discussion 

We examined AV speech perception in a cohort of LH stroke survivors and matched controls, 

using the McGurk paradigm. Overall, we report converging evidence across two approaches 

(SVR-LSM and VBM) and two subject populations (LH stroke survivors and matched controls) 

suggesting that the left AG and posterior MTG/STS house neural mechanisms that support 

different aspects of AV speech processes. Across both cohorts, our main results reveal that the 

left AG/IPS is involved in producing the VI-percept, suggesting that this area is involved in the 

general influence of visual input on auditory speech perception. In additional analyses, we found 

that lesions of the MTG/STS reduce fusion of AV speech signals, suggesting that this region is 

necessary for the integration of AV speech cues. Evidence in controls demonstrated a positive 

correlation between GMV in a slightly more anterior part of the left STS and the sensitivity of 

fusion to the timing of the AV signals, indicating that the left STS may also support processes 

that narrow the AV temporal binding window. Further, we found that damage to left postcentral 

gyrus and SMG decreased AV timing sensitivity for both AV speech percepts, suggesting that 

these areas are necessary for preventing the integration of auditory and visual signals that 

occur at different times. Together, these findings provide novel insight into causal brain 

structure-AV speech perception relationships based on converging evidence from, to our 

knowledge, the first lesion-symptom mapping study and the first VBM study of the McGurk 

effect.  

 

The critical role of the left AG/IPS and left posterior STS in AV speech integration processes 

Auditory and language information are processed along the dorsal and ventral streams (Hickok 

and Poeppel, 2007; Rauschecker and Scott, 2009; Rauschecker, 2011; Bornkessel-

Schlesewsky et al., 2015). Our results suggest that dorsal-stream regions in the left AG and 

posterior STS are involved in AV speech integration processes. The dorsal stream may be key 

in processing AV speech since it is hypothesized to house processes related to multisensory 
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and sequence/order-sensitive functions that support the feed-forward (prediction) and feedback 

(prediction error) internal models for speech (Rauschecker and Scott, 2009; Rauschecker, 

2011; Bornkessel-Schlesewsky et al., 2015). A recent computational model suggested that 

predictive coding mechanisms may play a key role in the McGurk effect (Olasagasti et al., 

2015). Calvert et al. (1998) suggested that AV integration processes could depend on the kinds 

of inputs being compared, e.g., speech vs. flashes/beeps. While both the AG and STS are 

highly complex heteromodal regions involved in many functions (see reviews Hein and Knight, 

2008; Seghier, 2013), processing differences are likely related to their position in the dorsal 

stream processing hierarchy (Rauschecker and Scott, 2009). Thus, supporting our findings and 

others (Marques et al., 2014), it would follow that the AG, as a higher-level region, would have a 

more general role in AV speech processes perhaps exerting a top-down influence related to 

integrating visual inputs in a more general context (e.g., semantic, Obleser et al., 2007; 

Hartwigsen et al., 2015, or other language related function, Turkeltaub and Coslett, 2010; 

Seghier, 2013), and the STS would have a more specific perceptual role related to 

comparatively lower-level integration processes.  

 

In support of this general framework, we found that damage to left AG extending into the SMG 

related to decreased frequency of the VI-percept during near synchronous AV speech 

presentation. This result was corroborated in matched controls, where we found that increased 

GMV in the left IPS/AG significantly correlated to increased overall frequency of the VI-percept. 

Since the VI-percept combined reports of both the visual percept and the FUS-percept, this 

behavioral measure reflects neural processes for more general AV integration mechanisms 

related to visual influence on speech perception (see other studies that use this interpretation 

Sams et al., 1991; Munhall et al., 1996; Tiippana, 2014). A causal role for the AG in AV speech 

perception is supported by a prior study in which excitatory tDCS of bilateral posterior parietal 

areas increased the FUS-percept (Marques et al., 2014), and a case with right predominant 
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parietal hypoperfusion who demonstrated no McGurk effect along with impairment on other 

tasks suggesting a deficit in integrating AV speech (Hamilton et al., 2006). Other studies 

suggest that the right AG is involved in AV integration of various non-speech signals (Kamke et 

al., 2012; Maniglia et al., 2012; Hamilton et al., 2013), and the left AG may serve a similarly 

broad role in AV integration of speech due to the left lateralization of language networks 

(Seghier, 2013). Alternatively, differences in left and right hemisphere processing may relate to 

differences in the timescales of processing in the two hemispheres (see below). Together, our 

findings and the previous studies suggest that the left AG and IPS may be necessary for AV 

speech integration, allowing the visual signal to influence auditory speech perception processes.  

 

Consistent with a more specialized role for the posterior STS in AV integration during speech 

perception, damage to a small region of the left posterior MTG/STS resulted in decreased FUS-

percepts for near synchronous AV speech. The FUS-percept is more specific compared to the 

VI-percept, because it only considers the perception that matches neither AV input and so is 

thought to represent true integration, i.e., merging, of these signals (see other studies that focus 

on this interpretation, Beauchamp et al., 2010; Nath and Beauchamp, 2012; Szycik et al., 2012). 

Functional imaging studies of AV speech integration frequently activate the left posterior STS 

(e.g., Calvert et al., 2000; Nath and Beauchamp, 2012). Our findings extend previous causal 

evidence based on inhibitory TMS (Beauchamp et al., 2010) and inhibitory tDCS stimulation 

(Marques et al., 2014) suggesting that the left posterior STS is necessary for the integration of 

AV speech cues.  

 

The exact computations performed by the posterior STS remain unclear. Since the left posterior 

STS is thought by some to house phonological forms (Hickok and Poeppel, 2007; Turkeltaub 

and Coslett, 2010), perhaps auditory and visual information interact in this area to access a 

specific speech sound representation. This may explain the specific relationship between STS 
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lesions and the FUS-percept here, in that a failure of the interaction results in selection of a 

representation matching either the auditory signal or the visual, but not one reflecting a merge of 

both. However, the posterior STS has been implicated in a number of processes unrelated to 

speech (Hein and Knight, 2008; Liebenthal et al., 2014; Deen et al., 2015), so it is difficult to 

know whether our finding relates to a speech-specific computation or a more general one. Even 

within the findings from this study, we find some evidence for regional heterogeneity in the 

computations performed by the STS, in that different portions of the STS were implicated in 

perception of the FUS-percept during near-synchronous presentation in stroke survivors and in 

the sensitivity to timing differences of AV signals in controls. This speaks to the possibility that 

the STS contains functional subunits that contribute in multiple different ways to AV integration 

during speech perception (see also Stevenson et al., 2011). Further research investigating AV 

integration of both speech and non-speech signals in the same individuals would help to 

address this issue.  

 

There may be reorganization and plasticity mechanisms in the brain that can thwart disruption to 

the AV speech integration network, as reported in a previous case with a left STS lesion who 

had increased right STS activity compared to controls for McGurk stimuli (Baum et al., 2012). 

This prior case, perhaps the best-characterized lesion case in the AV integration literature, 

raised the question of whether unilateral lesions could cause long-lasting behavioral deficits in 

AV integration. Here, we clearly demonstrate that they can. Perhaps a small lesion to the STS 

causes a relatively mild behavioral deficit, and in people with larger lesions and more disruption 

of the LH AV speech network, right hemisphere compensation is inadequate to overcome the 

behavioral deficit. Alternatively, the Baum et al. (2012) case may have been an outlier, and right 

hemisphere compensation may not be effective for most people with LH stroke. More studies 

across various lesion distributions including the STS and parietal regions are needed to further 

investigate these specific recovery mechanisms. Multimodal investigations using fMRI, VBM, 
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and other measures to examine compensation and plasticity in remaining brain networks would 

also be valuable.  

 

Sensitivity to timing in AV speech integration  

We also identified dorsal-stream regions in the left STS and left postcentral gyrus/SMG that may 

be integral for neural processes related to AV temporal binding windows (Munhall et al., 1996; 

van Wassenhove et al., 2007). The STS finding in the VBM analysis suggests that this area 

performs neural processes that fine-tune and support a narrow temporal binding window 

enhancing more accurate AV speech integration.  

 

As VBM only correlates structure to behavior, it is possible that other regions are necessary for 

determining whether integration occurs based on the timing discrepancies or the order of the 

incoming AV cues. In the LH stroke cohort, we identified causal evidence that damage to the left 

postcentral gyrus and SMG results in a widening of the AV temporal binding window (see 

behavioral studies that demonstrate typical binding windows in controls Munhall et al., 1996; 

van Wassenhove et al., 2007). We suggest that the left STS may have neural computations that 

facilitate AV integration in a narrow, precise AV temporal binding window, whereas left 

postcentral gyrus/SMG may be necessary for common top-down functions that filter the correct 

sequence and order information from incoming AV signals (Bornkessel-Schlesewsky et al., 

2015) to tune processing in other lower-level regions, like left STS. Disruption of these 

processes could result in erroneous over-integration of highly asynchronous and unlikely AV 

speech signals, e.g., from different speech events. While the VBM results in controls and the 

lesion results in the stroke cohort do not converge on the same structure, we suggest that these 

techniques rely on different assumptions and provide different types of inferences, serving to 

isolate different parts of the network involved in AV integration processes related to timing 

sensitivity.  
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Our findings notably contrast with a prior case, discussed briefly above, with right predominant 

parietal hypoperfusion, in whom a failure of AV speech integration was attributed to a perceived 

mismatch in the timing of synchronous auditory and visual speech signals (Hamilton et al., 

2006). These findings were interpreted as demonstrating dysfunction in right hemisphere brain 

systems involved in timing (Wiener et al., 2010b; Wiener et al., 2010a), resulting in a failure to 

bind auditory and visual signals. The contrast of this case with the current results suggests that 

there are competing brain mechanisms that serve to narrow and widen the time window in 

which AV speech signals are integrated. The contrast of the right hemisphere predominance of 

hypoperfusion in this prior case and the LH lesions in the current study tentatively suggests that 

right dorsal stream regions may serve to widen temporal binding windows, while the LH dorsal 

stream narrows them. This hypothesis fits into the context of more general theories on 

hemispheric differences in temporal processing capabilities, in which the right hemisphere 

integrates signals on longer timescales than the left (Poeppel, 2003; Giraud and Poeppel, 

2012). Additional lesion studies involving both left and right hemisphere stroke survivors will be 

useful to address this hypothesis.  

 

Summary 

In this study of AV speech perception in LH stroke survivors and matched controls, we report 

converging results across two populations and approaches, suggesting that the left AG/IPS may 

be necessary for the general interaction of visual speech information on auditory speech 

perception. Additional analyses identified that the left posterior STS may support neural 

processes critical for the integration of AV speech cues. The left STS may also be critical for 

integration in a narrow AV temporal binding window. Further, we suggest that the 

auditory/language dorsal stream (Hickok and Poeppel, 2007; Rauschecker and Scott, 2009; 

Rauschecker, 2011; Bornkessel-Schlesewsky et al., 2015) may be important for AV speech 
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integration processes, including with respect to AV timing sensitivity. Understanding 

multisensory processes in the context of the lesion approach provides causal evidence that can 

influence not only future studies aimed at elucidating normal brain function in healthy controls, 

but also help to inform treatment approaches for people with speech deficits (Fridriksson et al., 

2009, see also review by Bolognini et al., 2013).  
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Figures 

 

 
 

Figure 4.1. Lesion overlap map of the stroke survivors. All lesion maps are summed in the 

standard space (n=33), where the number of lesions in a voxel is indicated by the color bar. The 

map is thresholded at a minimum of 4 lesions and presented on the older person template 

(Rorden et al., 2012). 
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Figure 4.2. Behavioral results in LH stroke survivors and control participants across 

timing bins for the VI-percept. Mean VI-percept proportions for stroke survivors and controls 

are reported for AL, MID, VL timing bins. The main effect for group was significant (p = 0.032), 

where controls reported VI-percept more frequently than stroke survivors across all timing bins. 

The main effect for timing was significant (p = 2.8x10-16). No other significant effects were 

identified. Error bars represent standard error of the mean. 
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Figure 4.3. Lesion related to decreased AV speech percepts in the MID timing range. A) 

Lesion to left AG was correlated to decreased VI-percept in the MID timing bin (red). B) Lesion 

to a small region in left posterior MTG/STS was correlated with decreased FUS-percept in the 

MID timing bin (yellow). Results for panels A and B are displayed at p<0.005 and cluster 

threshold > 100 mm3. C) Comparison of “non-perceivers” (cyan) vs. “perceivers” (violet) 

cumulative lesion maps in percentage units. “Non-perceivers” demonstrated a larger percentage 

of lesions in left posterior temporal and parietal regions; whereas, “perceivers” demonstrated a 

larger percentage of lesions in left middle to anterior temporal cortex. Cumulative lesion maps 

were thresholded at a 25% difference for each subtraction. Results are presented on the older 

person template (Rorden et al., 2012). 
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Figure 4.4. Lesion related to decreased AV timing sensitivity in AV speech perception. A) 

Lesion to left postcentral gyrus and SMG related to decreased VI-percept frequency difference 

between the MID and AL timing bins (green). B) Comparison of overlapping results restricted to 

a region-of-interest mask of the result reported in panel A. Lesion related to decreased VI-

percept in the MID timing bin overlapping with the finding in A is shown in yellow (p < 0.05 and 

no cluster threshold), and lesion related to increased VI-percept in the AL timing bin overlapping 

with the finding in A is shown in cyan (p < 0.05 and no cluster threshold). Result reported in 

panel A is shown in green. C) Similar the VI-percept results presented in panel A, left 

postcentral gyrus and SMG lesions correlated to decreased FUS-percept frequency difference 

between the MID and AL timing bins (violet). Results are presented on the older person 

template (Rorden et al., 2012) and panels A and C are displayed at p<0.005 and cluster 

threshold > 100 mm3. 
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Figure 4.5. Positive correlation between GMV and the VI-percept across all timing offsets 

in matched controls. A) Increased GMV in the left IPS including AG correlated to increased 

frequency of the VI-percept across all timing offsets (blue; voxel-wise p<0.001 and cluster-

corrected p<0.01). Results are presented on the group gray matter template created with the 

DARTEL toolbox. B) Comparison of VBM results in controls for the VI-percept across all timing 

offsets (blue; voxel-wise p<0.001 and cluster-corrected p<0.01) and SVR-LSM results in stroke 

survivors for the VI-percept in the MID timing bin (red; p<0.005 and cluster threshold > 

100mm3). The slight overlap in results is shown in violet. Results are displayed on the older 

person template (Rorden et al., 2012). 
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Figure 4.6. Positive correlation between GMV and timing sensitivity of the FUS-percept in 

matched controls. A) Increased GMV in the left STS was correlated with increased difference 

in FUS-percept when the AV speech cues were presented near synchronously (MID timing bin) 

as compared to asynchronously (AL timing bin) (green). B) Comparison of overlapping results 

restricted to a region-of-interest mask for the result in panel A. Regions where increased GMV 

related to increased FUS-percept in the MID timing bin that overlapped with the result in A are 

shown in yellow (t > 1.71, uncorrected p < 0.05 and no cluster threshold) and regions where 

increased GMV related to decreased FUS-percept in the AL timing bin are shown in cyan (t > 

1.71, uncorrected p < 0.05 and no cluster threshold). The result in panel A is shown in green. 

Results are displayed on the older person template (Rorden et al., 2012). 
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Tables 

 

 
stroke control 

N 33 39 
mean age ± SD in years 59.8 ± 10.4 58.6 ± 12.6 
# of females/ # of males 9/ 24 20/ 19 

self-reported handedness 
right/ left/ ambidextrous 

29/ 3/ 1 35/ 3/ 1 

mean education ± SD in years 16.3 ± 2.7 16.9 ± 2.8 
# with history of visual field cuts 7 NA 

stroke chronicity in months 
 mean ± SD 

range 

63.9 ± 55.2 
6.4 to 256 NA 

# ischemic strokes 28 NA 
# hemorraghic strokes 5 NA 

 

Table 4.1. Demographic information of included LH stroke survivors and matched control 

participants. Note one control did not report education. 
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group 

Timing Bin 
Reported 
Percept stroke (n=33) control (n=39) 

AL 
visual percept 0.24 ± 0.22  0.24 ± 0.25  
FUS-percept 0.33 ± 0.20  0.38 ± 0.31  
VI-percept 0.57 ± 0.27  0.62 ± 0.32  

MID 
visual percept 0.31 ± 0.21  0.30 ± 0.26  
FUS-percept 0.54 ± 0.20  0.63 ± 0.30  
VI-percept 0.85 ± 0.16  0.93 ± 0.12  

VL 
visual percept 0.28 ± 0.24  0.34 ± 0.24  
FUS-percept 0.52 ± 0.23  0.59 ± 0.29 
VI-percept 0.80 ± 0.21  0.93 ± 0.14  

TOT 
visual percept 0.28 ± 0.20  0.29 ± 0.22  
FUS-percept 0.47 ± 0.18 0.55 ± 0.26 
VI-percept 0.76 ± 0.18  0.84 ± 0.15  

 

Table 4.2.  Mean proportions of the VI-percept, FUS-percept, and visual percept for each 

timing bin and across all timing bins (TOT) for LH stroke survivors and matched controls. 

Both reports of the FUS-percept and the visual percept contribute to the VI-percept. All 

proportions were converted with the arcsine square root transformation for behavioral, lesion 

and VBM analyses in this study 
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center of mass MNI 

 
Result cluster size 

(mm3) x y z max p 
value 

a) Lesioned regions that were negatively correlated with reported percept 

negative correlation between lesioned regions and VI-percept in the MID timing bin 

L AG, SMG 5630 -44 -62 34 < 0.0001 

L anterior temporal lobe white 
matter  152 -44 -12 -22 0.0021 

L MTG, STS 132 -58 -58 14 0.0033 

L AG 118 -51 -68 26 0.0014 

negative correlation between lesioned regions and FUS-percept in MID timing bin 

L MTG, STS 142 -52 -54 10 0.0044 

negative correlation between lesioned regions and VI-percept timing sensitivity 

L SMG, postcentral gyrus 9258 -51 -26 30 < 0.0001 

L postcentral gyrus 942 -45 -15 36 0.0001 

negative correlation between lesioned regions and FUS-percept timing sensitivity 

L postcentral gyrus, precentral 
gyrus 4145 -48 -14 22 < 0.0001 

L SMG 655 -48 -44 45 < 0.0001 

L SMG 132 -56 -24 33 0.0012 

L postcentral gyrus 111 -38 -21 39 0.0008 

  
center of mass MNI 

 
Result cluster size 

(mm3) x y z max t value 

b) Regions with GMV positively correlated with reported percept 
 

positive correlation between GMV and VI-percept across all timing offsets 
 

L IPS, AG 831 -29 -67 31 4.17 

positive correlation between GMV and FUS-percept timing sensitivity 
 

L STS 1135 -53 -34 1 4.43 
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Table 4.3. Significant clusters identified in the SVR-LSM analyses in LH stroke survivors 

and VBM analyses in matched controls. Coordinates are reported in MNI and anatomic 

designations were determined based on the older person template (Rorden et al., 2012). 
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CHAPTER 5 

 

DISCUSSION 
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Recap of critical results 

In this dissertation, we have demonstrated using several different methodologies that the 

auditory/language dorsal stream (Rauschecker and Tian, 2000; Hickok and Poeppel, 2007; 

Rauschecker and Scott, 2009; Bornkessel-Schlesewsky et al., 2015) is involved in the 

processing of audiovisual (AV) speech, particularly with conflict present between the auditory 

and visual signals. The posterior superior temporal sulcus (pSTS) and the inferior parietal lobule 

(IPL) appear to be especially critical. We have shown that bilateral pSTS and left IPL are 

consistently recruited across conflicting AV speech experiments (Chapter 2), and the pSTS 

consistently coactivated with dorsal-stream regions across various cognitive functions (Chapter 

3). In Chapter 4, we found that various regions in the dorsal stream are necessary for AV 

speech perception including the left angular gyrus (AG), supramarginal gyrus (SMG) and pSTS. 

Analyses in matched controls also found a positive relationship between gray matter volume 

(GMV) in the left intraparietal sulcus (IPS)/AG and visually-influenced speech perception. 

Examinations into AV temporal binding windows revealed that damage to the left postcentral 

gyrus/SMG related to wide temporal binding windows, and that GMV in the left pSTS was 

related to more precise temporal binding windows. Overall, these findings across studies 

suggest a critical role for various auditory/language dorsal-stream regions in the processing of 

conflicting AV speech signals. 

 

The auditory/language dorsal stream and AV speech processes 

As discussed in the previous chapters, the auditory and/or language dual-stream models are the 

most prominent hypothesis of how speech is processed in the brain (Rauschecker and Tian, 

2000; Hickok and Poeppel, 2007; Rauschecker and Scott, 2009; Bornkessel-Schlesewsky et al., 

2015). The predominantly left-hemisphere (LH) auditory/language dorsal stream is proposed to 

incorporate various multimodal inputs and have predictive coding mechanisms between 

hierarchically-ordered sensorimotor regions that may function to reduce error during speech 
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processing (Rauschecker and Scott, 2009; Bornkessel-Schlesewsky et al., 2015). In this 

hierarchical model, higher-level regions process more general, complex information compared 

to lower-level regions (Bornkessel-Schlesewsky et al., 2015). Different regions in the dorsal 

stream may perform computations related to different kinds of information (Calvert et al., 1998) 

based on interactions with differing brain networks (Hein and Knight, 2008; Seghier, 2013) or 

location in the processing hierarchy (Bornkessel-Schlesewsky et al., 2015). Olasagasti et al. 

(2015) demonstrated that a predictive coding model could explain perceptions demonstrated in 

the McGurk effect, where conflicting multisensory inputs can lead to a unified percept, which 

suggests that the dorsal stream could be critical for AV speech processes.   

 

Notably, there are other prominent neuroanatomical AV speech models that can offer more 

clues into AV speech processes (Bernstein and Liebenthal, 2014; Peelle and Sommers, 2015). 

For example, Peelle and Sommers (2015) propose a model where AV speech is integrated at 

both early and late stages, in which visual information leads to prediction and constraint of 

speech perception. Others have suggested that feedback from heteromodal regions, such as 

the STS, could modulate processing in early auditory regions related to AV speech (Calvert et 

al., 1998; Peelle and Sommers, 2015; see Driver and Noesselt, 2008). However, AV speech 

processing may also involve other brain regions in the visual dorsal and ventral streams 

(Bernstein and Liebenthal, 2014). This needs to be investigated further as interactions between 

auditory and visual dual streams have not been well studied but are likely quite important for 

understanding AV speech.  

 

Overall, the findings in this dissertation can be best interpreted in the context of the 

auditory/language dual-stream model (Rauschecker and Tian, 2000; Hickok and Poeppel, 2007; 

Rauschecker and Scott, 2009; Bornkessel-Schlesewsky et al., 2015). Across the three studies, 

some broad and general interpretations can be put forth. First, we suggest that processes in 
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bilateral auditory/language dorsal-stream regions (Rauschecker and Tian, 2000; Hickok and 

Poeppel, 2007; Rauschecker and Scott, 2009; Bornkessel-Schlesewsky et al., 2015) are 

stressed when conflict is present between the auditory and visual speech signals and that there 

is a general network across cognitive functions that includes the pSTS and the 

auditory/language dorsal stream. Further, our findings indicate that various dorsal-stream 

regions may have different processing capabilities. We suggest that dorsal-stream regions in 

the left postcentral gyrus/SMG contribute to general sequence/order processes (Bornkessel-

Schlesewsky et al., 2015) related to processing incoming temporal alignment of AV speech 

cues, dorsal-stream regions in the left SMG/AG and pSTS contribute to more generalized 

processes related to visual influence on speech perception, and only the left pSTS is critical for 

specific perceptual processes related to AV speech integration of temporally coincident inputs.  

 

Various kinds of AV speech processes in the pSTS 

We have demonstrated that bilateral pSTS is important for AV speech processes across the 

four types of AV conflict that we classified in our meta-analysis (Chapter 2), and in LH stroke 

survivors, the left pSTS is necessary for various AV speech processes (Chapter 4). In Chapter 

4, we isolated different kinds of AV speech processes based on two common definitions of AV 

speech integration in the literature (see Tiippana, 2014). Any kind of percept different from the 

dominant auditory speech percept was interpreted to represent general processes related to the 

visual influence on auditory perception (see Tiippana, 2014), whereas isolating only the fusion 

McGurk percept was interpreted to reflect the specific comparison of the auditory and visual 

speech signals (see van Wassenhove et al., 2007). Interestingly, the regions in the left pSTS 

were necessary for both. Together, we suggest that the left pSTS has a ubiquitous role in AV 

speech perception that may be critical for processing various aspects of the signal, particularly 

during conflicting AV presentation. 
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Notably, while we found causal evidence in the LH stroke cohort for the necessity of the left 

pSTS in AV speech perception, in matched controls, no relationship with the STS was found in 

a complementary analysis of brain structure and frequency of AV speech percept. This lack of 

corroboratory evidence could be related to the use of different analysis techniques in the LH 

stroke and matched control cohorts that rely on different assumptions and thus, may isolate 

different processes/mechanisms. The multivariate lesion symptom mapping (Zhang et al., 2014) 

technique used in the LH stroke cohort reflects causal evidence where damage to brain regions 

including white and gray matter predicts reduced behavior. In contrast, the voxel-based 

morphometry (Ashburner and Friston, 2000) method used in the control cohort reflects 

correlative evidence where differences in brain structure volume, including only gray matter, 

correlates to a behavior. Thus, while the left pSTS is necessary for AV speech perception, the 

lack of significant results in the matched controls only reflects that the pSTS does not have 

GMV differences that relate to the overall frequency of AV speech perception.  

 

However, in the matched controls, while the STS GMV did not have a relationship to AV speech 

percept, increased left STS GMV was related to more precise AV temporal binding driven by 

decreased AV integration during asynchronous AV speech presentation. The specific area in 

the left pSTS was slightly anterior to the regions found for the LH stroke cohort. Together, these 

findings are consistent with the idea that the left pSTS is necessary for AV integrative 

processes. This additional finding in controls suggests that some regions of the left pSTS may 

have increased neural resources associated with more precise temporal binding, perhaps 

reflecting more inhibitory computations during irrelevant/ temporally offset AV cues due to a top-

down influence (see discussion below). 

 

 

 



!

! 123 

General AV processes in the left AG and SMG 

We also provide substantive evidence for the left IPL in processing conflicting AV speech 

(Chapter 2; Chapter 4) and bilateral IPL general coactivation with left pSTS across cognitive 

processes (Chapter 3). The most convincing finding for the role of the IPL in AV speech 

processes was identified in Chapter 4. Converging results were found across two populations 

and methods, where the left AG was determined to be necessary for and have a positive 

correlation with increased visual influence on speech perception. Overall, these results suggest 

that some dorsal-stream regions, such as in the left AG, likely contribute to more generalized 

processes related to the influence of visual information when AV signals are in conflict.  

 

Interestingly, our results also suggest that the SMG and AG within the IPL may have distinct 

roles in AV speech processes. GMV differences in the left IPS/AG, but not in the left SMG or left 

pSTS, positively related to visually-influenced speech perception in matched controls; and 

damage to mainly the left SMG, not the AG, was related to wide AV temporal binding windows, 

suggesting incorrect over-integration of highly asynchronous AV speech signals (see Munhall et 

al., 1996; van Wassenhove et al., 2007). Others have reported a dissociation between SMG vs. 

AG processing where inhibitory TMS to the right AG but not the right SMG interrupted low-level 

AV integration as demonstrated by decreased AV binding in the sound-induced flash illusion 

(Kamke et al., 2012; Hamilton et al., 2013). However, these studies used simplistic, non-speech 

stimuli and it is possible that AV integrative processes may be different for more complex 

speech stimuli, particularly since temporal binding windows for speech allow for more temporal 

asynchrony (Calvert et al., 1998). Another study showed that TMS disruption of right, but not 

left, AG resulted in decreased low-level AV integration, using another AV illusion (Maniglia et al., 

2012). Seghier (2013) has suggested that the left AG may be preferentially recruited for 

language-related tasks, whereas the right AG may be recruited for other processes; this idea 

may extend to the SMG as well. Thus, while our results suggest subtly different AV speech 
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processes for the SMG and AG, future studies will be needed to understand the exact roles of 

left SMG vs. AG, as well as the lateralization of their functions. 

 

AV processes related to the temporal alignment of AV speech signals in the left postcentral 

gyrus and SMG 

One of the most interesting findings in this dissertation is from Chapter 4. Here, in the LH stroke 

cohort, we found that damage to dorsal-stream regions in the left postcentral gyrus/SMG was 

related to AV integration across a wide temporal binding window. In contrast, in the matched 

control cohort, we found that the GMV in the left pSTS was positively correlated to more precise 

temporal binding of AV speech cues. While these results were derived from two techniques and 

populations, we suggest broadly that it is possible that different regions in the dorsal stream 

contribute to different processes related to the temporal alignment of incoming AV speech 

signals. These findings suggest that the left SMG/postcentral gyrus may be necessary for 

determining the alignment/order of the incoming AV sensory cues in time (see Bornkessel-

Schlesewsky et al., 2015), ensuring correct AV temporal binding by providing top-down signals 

to lower-level dorsal-stream regions important for perceptual integration, such as the left STS. 

Thus, while distinct dorsal stream regions may be critical for correct AV temporal binding, both 

of these regions likely contribute to the processes in different ways.  

 

The auditory/language ventral stream and AV speech processes 

While the focus of this dissertation has been on the role of the auditory/language dorsal stream 

(Rauschecker and Tian, 2000; Hickok and Poeppel, 2007; Rauschecker and Scott, 2009; 

Bornkessel-Schlesewsky et al., 2015) in AV speech processing, the auditory/language ventral 

stream is also likely involved (Bernstein and Liebenthal, 2014). The auditory/language ventral 

stream is proposed to process auditory object information with increasing complexity proceeding 

rostrally along the superior temporal gyrus, merging various speech features (Bornkessel-
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Schlesewsky et al., 2015). Hickok and Poeppel (2007) has suggested that the left and right 

ventral streams process speech information in parallel, where the right hemisphere (RH) 

processes signals across “longer time scales” and both hemispheres process signals across 

“shorter time scales”. In Chapter 3, while we did not explicitly probe whether general 

coactivation patterns of the STS were bilateral, we did find that the right anterior STS 

coactivated with ventral-stream regions in the left inferior frontal gyrus and left anterior superior 

temporal gyrus. However, this is not strong evidence for bilateral processing of ventral-stream 

regions. Future work will need to examine this possibility further. 

 

Further, our results in Chapter 4 demonstrated that a higher percentage of lesions were 

identified in ventral-stream regions in participants who perceived the fusion McGurk percept 

more frequently. This suggests that ventral-stream regions may not be critical for processes 

involved in resolving conflict between AV cues, but may have a different role instead. It could be 

that ventral-stream auditory regions contribute to the primary processing of the auditory input. If 

this processing is disrupted, then other mechanisms that integrate various sensory inputs may 

become more critical for the understanding of speech, leading to increased fusion McGurk 

percepts. However, these results were derived from a simple subtraction of lesion patterns, so 

we caution against too much interpretation. Notably, the various interactions of dorsal- and 

ventral-stream regions in speech processing have not been well studied. Bornkessel-

Schlesewsky et al. (2015) has suggested that dorsal and ventral processes are integrated in the 

prefrontal cortex, where information from the ventral stream can later influence the dorsal 

stream as a top-down signal and vice versa. Further, they suggest that there are likely other 

interactions between processes in the two streams, including feedback loops, and crosstalk at 

various other levels. Regardless, this unexpected finding does bring up interesting new 

questions related to how the ventral stream is involved in AV speech processing, including 

whether AV speech information is processed bilaterally in the ventral stream (see Hickok and 
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Poeppel, 2007), and how the ventral stream may interact with the dorsal stream in AV speech 

processing (see Bornkessel-Schlesewsky et al., 2015).  

 

Future directions 

While this collection of studies has provided considerable evidence related to AV speech 

processes, more work is needed to clarify and build on these results. For example, Chapter 3 

focused on the general coactivations of anatomical STS subregions. Future studies can explore 

general coactivation patterns of critical AV speech regions. These experiments can further 

address the broad question of whether regions important for resolving conflict in AV speech in 

bilateral posterior temporal and inferior parietal regions recruit auditory/language dorsal-stream 

networks across cognitive processes, or if various ventral-stream regions are also activated. 

Future experiments using meta-analytic connectivity modeling could investigate the general 

coactivation patterns for various AV speech regions identified from our conflicting AV speech 

ALE meta-analysis in Chapter 2, as well as from our causal lesion evidence in Chapter 4.  

 

One limitation in Chapter 4 was that the McGurk stimuli were only composed of the sound “pea” 

presented with the visual “key”, where the vowel sounds were matched, which only represented 

minimal conflict between the auditory and visual signals. This limitation can be addressed in 

future experiments that test whether the lesion-AV speech behavior relationships found here 

can generalize to AV speech percepts when there is more conflict between the auditory and 

visual signals. Munhall et al. (1996) demonstrated that there is decreased AV speech integration 

when McGurk stimuli have mismatched vowels (sound “aba” and visual “igi”), as compared to 

matched vowels (sound “aba” and visual “aga”). Follow up experiments could utilize McGurk 

stimuli with matched and mismatched vowels. The challenge will be to find mismatched words 

that also correspond to easily recognizable pictures, which are helpful for comprehension in the 

LH stroke survivors. Based on the findings in Chapter 2 and 4, it could be predicted that similar 
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brain regions are necessary for processing conflicting AV speech inputs regardless of the level 

of conflict in the AV signals (e.g., more conflict for mismatched vowel McGurk stimuli). 

 

Further, in Chapter 4, we did not explicitly probe whether subjects perceived the temporal offset 

of the AV cues. Thus, whether the same regions are necessary for the identification of speech 

and the perception of the timing of sensory events is an open question. While we did prepare 

the participants for the possibility of the perception of temporally offset AV cues by stating in the 

instructions that “the words may sound less clear”, it would have been informative to know 

whether the participants detected the mismatch in the temporal information between the 

auditory and visual inputs, and whether that influenced AV speech integration. Future 

experiments can test the relationship between lesion location and the identification of AV 

speech percept, as well as the explicit synchrony detection of AV speech (see van Wassenhove 

et al., 2007). Our results suggest that damage to the left SMG/postcentral gyrus relates to over-

integration across a wide temporal binding window; thus, it could be predicted that a reduction in 

correct asynchrony judgments of AV speech may also be related to damage in the left 

SMG/postcentral gyrus. Further, one could test whether the same brain regions are necessary 

for judging the synchrony of non-speech AV stimuli with both similar and different temporal 

binding windows to determine if these processes are more general.   

 

Also, in Chapter 4, only LH stroke survivors were examined. It would be interesting to test AV 

speech perception in a mixed cohort of LH and RH stroke survivors, where language is left-

lateralized, to determine whether AV speech is processed in bilateral regions (based on findings 

from Chapter 2). For example, it could be predicted that RH stroke survivors would have some 

behavioral deficit in AV speech processing, if RH regions are necessary for AV speech 

perception. On the other hand, if RH regions are not necessary, then RH stroke survivors may 

demonstrate typical AV speech perception, similar to controls. Further, in RH stroke survivors 
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with right-lateralized language, it would be informative to know if the same regions in the RH are 

critical for AV speech, e.g., the right AG, SMG, pSTS, and postcentral gyrus.  

 

While this dissertation provides some causal evidence related to the roles of specific dorsal-

stream regions in the left pSTS, AG, SMG, and postcentral gyrus, future experiments using 

stimulation techniques can provide further causal evidence in both damaged and intact AV 

speech regions. While one study (Baum et al., 2012) has investigated AV speech perception 

and functional activation related to left pSTS damage, this study was only correlational. To 

expand on previous studies (Beauchamp et al., 2010; Baum et al., 2012; Marques et al., 2014) 

and the findings in Chapters 2 and 4, we predict that the homotopic RH regions can 

compensate for AV speech function. Using stimulation techniques, like transcranial magnetic 

stimulation (TMS) or transcranial direct current stimulation (TDCS), future experiments can test 

reorganizational theories and evaluate if a particular homotopic RH region is truly necessary 

across large cohorts of LH stroke survivors with various lesion patterns. Using both TMS and 

TDCS, as these techniques differ on intensity and resolution, future experiments in a LH stroke 

cohort can test if right AG, SMG and pSTS can decrease AV speech percepts with inhibitory 

stimulation or increase AV speech percepts with excitatory stimulation. Inhibitory TMS can also 

be used in healthy young controls to probe the necessity of intact AV speech regions, including 

functional differences in SMG vs. AG, as well as laterality of AV speech processes (see Kamke 

et al., 2012; Maniglia et al., 2012; Hamilton et al., 2013). For example, in controls one can test 

whether inhibition of the left AG or SMG or pSTS but not the right would significantly reduce AV 

speech percepts (see left STS TMS study by Beauchamp et al., 2010), or whether inhibition of 

both RH and LH regions at the same time would potentially reduce AV speech percepts further. 

Overall, future studies assessing the necessity of bilateral AV speech regions in the dorsal 

stream are needed in both stroke and matched control cohorts. !
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Utilization of resting-state functional connectivity methods to parcellate processing units is 

another way to investigate what could be happening at various dorsal-stream levels in the 

posterior temporal lobe extending to the IPL. Based on our results, it is possible that there are 

distinct connectivity patterns for the pSTS, SMG, and AG. Within these broader regions, smaller 

subunits with differential patterns may be present, however, the best way to determine the 

optimal number of subregions based on connectivity patterns could prove challenging. Overall, 

determining the connectivity patterns of various heteromodal areas will inform hierarchical 

processing related to multisensory computations, and the dorsal-stream network as a whole.  

 

Lastly, it is important to address the lack of structural studies related to AV speech perception in 

healthy control populations. These structural studies are critical because they can examine 

individual differences present in AV speech perception (Nath and Beauchamp, 2012; Chapter 

4). Comprehensive studies into the relationship of brain structure differences and AV speech in 

healthy populations are needed as a foundation to understand AV speech processes when 

critical regions are damaged. Further, it is important to note that the study presented in Chapter 

4 only investigated correlations of GMV with AV speech processes in matched controls, and not 

in the LH stroke cohort. Based on our findings and Baum et al. (2012), we predict that LH stroke 

survivors with a high frequency of AV speech percepts may have increased GMV in the right AG 

and pSTS, compensating for the damage in the LH AV speech network. Our lab has previously 

demonstrated such RH compensation for speech production processes (see Xing et al., 2016), 

and follow up experiments can similarly examine RH structural changes related to AV speech 

perception in a LH stroke cohort. 

 

Overall conclusions 

This dissertation examined AV speech processes and the STS across multiple complementary 

approaches. Together, while various auditory/language dorsal-stream regions (Rauschecker 
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and Tian, 2000; Hickok and Poeppel, 2007; Rauschecker and Scott, 2009; Bornkessel-

Schlesewsky et al., 2015) process AV speech, it is likely that different regions are responsible 

for computations impacting AV speech processes in distinct ways (Rauschecker and Scott, 

2009; Marques et al., 2014).  

 

Overall, AV speech perception is necessary for everyday life. While the studies in this 

dissertation provide insight into AV speech processes at various levels of the auditory/language 

dorsal stream, we can only offer speculation into the exact interactions and processing 

capabilities of these regions. Future research comprehensively evaluating the basic 

mechanisms related to AV speech integration at multiple hierarchical levels of heteromodal 

processing will provide a solid foundation for elucidating other related integrative speech 

processes and other kinds of multisensory perception processes, and for understanding how to 

utilize remaining AV speech network components to optimize speech perception after damage.  

 

  



!

! 131 

APPENDIX: SUPPLEMENTAL INFORMATION 

 

Chapter 2 

 

 
 

Supplemental Figure 2.1. The comparison of significant ALE clusters for conflicting and 

validating AV speech with the inclusion of all contrasts and with the exclusion of percept 

contrasts. For conflicting AV speech (A) and validating AV speech (B), two ALE analyses are 

overlaid: 1) inclusion of all contrasts (red), and 2) exclusion of percept contrasts (blue), i.e., 

McGurk vs. non-McGurk percept, and non-fusion vs. fusion percept. The regions of overlap are 

shown in purple. When percept contrasts were excluded, both conflicting and validating AV 

speech findings remained largely the same with discrepancies mainly limited to cluster extent or 

a slight shift in ALE peak location likely due to lower power. Clusters marked with a green arrow 

were present with the exclusion of percept contrasts, if the threshold was relaxed to FDR q < 

.05. The location of the left FFG ALE peak with the exclusion of percept contrasts was shifted 

more superior and anterior at FDR q < .05. The cluster marked with a yellow arrow was present 



!

! 132 

with the inclusion of all contrasts, if the cluster extent threshold was relaxed to 80 mm3. One 

important difference was found for validating AV speech, where the left STG cluster (marked by 

an orange arrow) was not recruited when percept contrasts were excluded. This finding can be 

expected, since only two experiments contributed to this cluster (Table 2.3), including one 

percept experiment. This finding may also help to explain the overlap in the left STG of 

conflicting and validating AV speech found in the main ALE analysis for all contrast types 

(Figure 2.1). The ALE results are displayed on Colin27 brain with an FDR q < .01 and cluster 

extent threshold > 100 mm3.  
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Chapter 3 

Materials and Methods  

Supplemental Figures. Across hemisphere analyses presented in Supplemental Figures 3.1-3.3 

were performed with the same methods as described for the main ALE subtraction analyses 

with an FDR of 0.05 and a cluster threshold of 100 mm3.  
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Supplemental Figure 3.1. The comparison of posterior STS in the left and right 

hemispheres. The LpSTS (purple) had more coactivation than the RpSTS in areas such as the 

left IFG and left anterior STG. In contrast, the RpSTS (red) had greater coactivation compared 

to the LpSTS in areas such as right precentral gyrus and right supramarginal gyrus. 
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Supplemental Figure 3.2. The comparison of middle STS in the left and right 

hemispheres. The LmSTS (yellow) had more coactivation compared to the RmSTS in regions 

such as the left IFG and left posterior MTG. In contrast, the RmSTS (green) compared to the 

LmSTS had more coactivation in multiple regions, such as bilateral subcortical regions, bilateral 

precentral/postcentral gyrus, bilateral IPL, and left calcarine cortex. 
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Supplemental Figure 3.3. The comparison of anterior STS in the left and right 

hemispheres. The LaSTS (light blue) as compared to the RaSTS had more coactivation only in 

left posterior MTG. In contrast, the RaSTS (dark blue) as compared to the LaSTS had more 

coactivation in bilateral posterior STG and left postcentral gyrus. 
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Supplemental Table 3.1. Behavioral analysis of STS ROIs. Behavioral categories were 

statistically over-represented in the ROI if Z scores were ≥ 3.0, suggesting that the behavioral 

Supplemental Table 1.

Behavioral Category LaSTS LmSTS LpSTS RaSTS RmSTS RpSTS
Action.Execution (Other) -3.52 -3.70 -1.24 -3.36 -3.66 -3.70
Action.Execution (Speech) -0.61 0.19 1.52 0.06 -0.62 0.66
Action.Imagination -1.55 0.11 0.15 -1.72 -0.25 -0.72
Action.Inhibition -2.18 -0.67 0.70 -0.26 -0.97 2.12
Action.Motor Learning 0.22 0.51 -0.05 -0.94 -1.05 -1.05
Action.Observation -1.45 -0.55 1.68 -0.84 -1.08 2.76
Action.Preparation -0.84 -1.05 -1.03 -0.94 -1.04 -0.07
Action.Rest -0.42 -0.52 -0.51 -0.46 -0.51 -0.52
Cognition.Attention -3.01 -1.39 0.50 -2.29 -0.07 1.82
Cognition.Language (Orthography) -1.66 1.07 2.15 -0.16 -0.45 -0.47
Cognition.Language (Other) 1.56 0.56 2.03 1.42 0.58 -0.47
Cognition.Language (Phonology) 0.51 2.33 2.53 0.26 0.31 0.59
Cognition.Language (Semantics) 1.31 3.42 7.26 1.43 2.13 2.52
Cognition.Language (Speech) -0.24 1.98 6.13 0.36 1.78 3.58
Cognition.Language (Syntax) -0.10 2.21 2.80 0.31 1.25 0.92
Cognition.Memory (Explicit) 0.36 0.36 0.77 0.06 -0.90 0.02
Cognition.Memory (Other) 0.77 -0.09 -1.05 0.07 -0.08 -0.09
Cognition.Memory (Working) -2.49 -0.72 0.44 -2.58 -1.75 0.01
Cognition.Music -0.70 -1.18 -0.60 -0.36 0.54 0.52
Cognition.Other -0.49 -0.62 -0.21 -2.15 0.59 -0.95
Cognition.Reasoning -0.25 0.88 0.16 0.17 0.67 -0.19
Cognition.Social Cognition -0.48 2.13 2.67 1.67 1.59 1.14
Cognition.Soma -0.93 -1.16 0.39 -1.03 -1.15 -0.22
Cognition.Space -1.02 -1.06 -0.58 -1.27 -2.16 -1.06
Cognition.Time 0.20 -0.10 0.93 -0.96 -0.09 1.26
Emotion.Anger 1.20 0.53 1.62 0.10 -1.03 2.32
Emotion.Anxiety -0.78 -0.98 -0.96 -0.87 -0.97 -0.98
Emotion.Disgust 0.41 -1.40 0.87 -0.34 -0.54 0.03
Emotion.Fear 0.08 -0.95 1.09 -0.71 0.46 1.32
Emotion.Happiness (Humor) 1.31 -0.43 -0.42 -0.38 -0.43 -0.43
Emotion.Happiness (Other) 1.74 -0.02 0.83 0.20 0.81 2.11
Emotion.Other -0.63 0.38 1.27 -0.91 0.88 0.26
Emotion.Sadness 0.45 0.53 -0.47 -1.21 -0.48 -0.50
Interoception.Air-Hunger -0.67 -0.84 -0.83 0.35 -0.83 0.23
Interoception.Bladder -0.76 -0.95 -0.93 0.78 -0.94 0.65
Interoception.Hunger 0.60 -0.70 0.44 -0.62 -0.69 0.43
Interoception.Other -0.61 -0.75 1.63 -0.67 -0.75 0.35
Interoception.Sexuality 0.93 -1.66 0.52 -1.48 0.50 0.11
Interoception.Sleep -0.67 0.79 -0.82 -0.75 -0.83 -0.84
Interoception.Thermoregulation -0.24 -0.30 -0.29 -0.27 -0.30 -0.30
Interoception.Thirst -0.64 0.29 -0.79 0.40 -0.79 0.29
Perception.Audition 1.86 2.91 3.22 2.03 3.31 2.91
Perception.Gustation 0.92 -0.91 0.84 -0.67 -1.65 -0.91
Perception.Olfaction -0.87 -0.12 -1.07 0.62 0.47 -0.12
Perception.Somesthesis (Other) -0.56 -1.68 0.55 -1.31 -1.25 -1.28
Perception.Somesthesis (Pain) -1.82 -2.50 -1.29 -2.13 -2.95 -2.08
Perception.Vision (Color) -0.59 -0.74 -0.73 -0.66 -0.73 -0.74
Perception.Vision (Motion) -1.52 -2.15 -1.24 -1.81 -2.65 -1.70
Perception.Vision (Other) -1.43 0.36 0.41 -0.80 0.38 -0.48
Perception.Vision (Shape) -2.27 -2.33 0.54 -1.98 -0.80 -1.50

Z score
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category had more clustering of foci than predicted by equal distribution of all foci across the 

brain (see Lancaster et al. (2012) for more details on this method). This analysis was conducted 

on 12-4-2015 after the original BrainMap search, and these results reflect a different 

composition of behavioral categories as the BrainMap database has likely changed since the 

original search, e.g., more experiments added. While this analysis demonstrates that certain 

behaviors engage these ROIs more often than the rest of the brain, Tables 3.2 and 3.3 

demonstrate that our dataset includes experiments involving a wide variety of behaviors. Thus, 

the MACM results reflect general patterns of coactivation across experiments and behaviors. 

This is supported by STS coactivation findings that are consistent not only with 

auditory/language models, but also other cognitive functions involving the STS (See 

Discussion).  
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