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Abstract

The superior temporal sulcus (STS) is a critical region for multiple neural processes in the human 

brain (Hein and Knight 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 (MACM) 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 coactivate 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 subregion 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 coactivation maps across experiments and behaviors for 

different 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.
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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 (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 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 (Rauschecker and Tian 2000; 

Giese and Poggio 2003; Hickok and Poeppel 2007; Rauschecker and Scott 2009; 

Bornkessel-Schlesewsky et al. 2015; Bernstein and Liebenthal 2014; Allison et al. 2000; 

Haxby et al. 2000; Iacoboni 2005; Iacoboni and Dapretto 2006; Driver and Noesselt 2008; 

van Atteveldt et al. 2009; Beauchamp et al. 2004). 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; Nath and Beauchamp 2011; Bishop 

and Miller 2009; Turk-Browne et al. 2010; Noesselt et al. 2007; Powers et al. 2012; Sokolov 

et al. 2014; Simmons and Martin 2012; Turken and Dronkers 2011) or reported STS 

connectivity during the investigation of another area (Zhang et al. 2009; Beer et al. 2011; 

Margulies and Petrides 2013; Deen et al. 2011). While some studies have assessed resting, 

task-related, and structural connectivity of different STS regions (Habas et al. 2011; 

Lahnakoski et al. 2012; Shih et al. 2011; Beer et al. 2013; Blank et al. 2011; Noesselt et al. 

2012; 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 (Luppino et al. 2001; Yeterian and Pandya 1991; Seltzer and 

Pandya 1994, 1989; Rockland and Pandya 1981) or microstimulation (Petkov et al. 2015). 

However, differences may exist between human and macaque STS (Beauchamp 2005, 

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.
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Despite these shortcomings, previous studies in humans (Habas et al. 2011; Lahnakoski et 

al. 2012; Shih et al. 2011; Beer et al. 2013; Deen et al. 2015) and monkeys (Luppino et al. 

2001; Yeterian and Pandya 1991) agree that different STS sections have distinct connectivity 

patterns. Dual-stream models of audition and language (Hickok and Poeppel 2007; 

Rauschecker and Scott 2009; Rauschecker and Tian 2000; 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-stream regions, whereas anterior STS (aSTS) would 

coactivate primarily with ventral-stream regions.

In order 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; Zald 

et al. 2014; Laird et al. 2013). MACM has been used to examine functional coactivation in a 

number of brain areas (Cauda et al. 2011; Robinson et al. 2010; Zald et al. 2014; Robinson 

et al. 2012; Jakobs et al. 2012). 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.

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, 
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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 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 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 (Hickok and Poeppel 2007; Rauschecker and Scott 

2009; Rauschecker and Tian 2000), 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 
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Heschl’s gyrus with approximate Y ranges of −7 to 17. Following the STS 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.

The BrainMap functional database search

The BrainMap functional database was searched on 10/22/2013 using Sleuth, version 2.2 

(Fox et al. 2005; Fox and Lancaster 2002; Laird et al. 2005b). 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 thebrainmap.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.
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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. 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; Turkeltaub et al. 

2012; Eickhoff et al. 2009; Eickhoff 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 
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analyses are reported with a false discovery rate (FDR; Laird et al. 2005a) 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. 2005a) of 0.05 and 

cluster threshold of 100 mm3.

Figures were created using MRIcron. Figures 2–5 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.

Results

STS search results from the BrainMap functional database

The BrainMap search results for the six STS ROI searches are reported in Table 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.
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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 2 and Table 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 1). Here, LmSTS, 

LpSTS and 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 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.

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, Table 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. 
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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). 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 1) and for LmSTS as compared to 

RmSTS (Supplemental Figure 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., within the left frontal and temporal areas (Figure 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 1–3 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 5, Table 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 1). The 

RaSTS as compared to the RmSTS and RpSTS had more coactivation only in two auditory 

and language ventral-stream regions, one large coactivation cluster with ALE peaks in the 
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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). 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 2).

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 dualstream 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 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), 
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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 

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. 2014).

Previous studies have examined connectivity of different STS subregions (Habas et al. 2011; 

Lahnakoski et al. 2012; Shih et al. 2011; Beer et al. 2013; Blank et al. 2011; Noesselt et al. 

2012; 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 pSTS seed region derived from a contrast of biological motion and 
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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. 2004; Beauchamp et al. 2010), some coactivation between 

STS and early auditory and visual areas can be expected (Powers et al. 2012; Noesselt et al. 

2007; Nath and Beauchamp 2011; 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 (VI), 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 processing (Grossman et al. 2000), and others have shown that the left 

cerebellum has connectivity with the right STS (Sokolov et al. 2014; Sokolov et al. 2012). 

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 (Grezes 

et al. 2014; Iidaka et al. 2012). 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, the LaSTS and RpSTS 

both had more coactivation with the amygdala, as compared to the other STS subregions in 

the same hemisphere.

Erickson et al. Page 12

Brain Struct Funct. Author manuscript; available in PMC 2018 July 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



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 units. Also, the STS ROIs were subdivided anatomically using somewhat 

arbitrary boundaries. While there is some evidence for various STS functional subregions 

(Stevenson and James 2009; Beauchamp et al. 2004; Noesselt et al. 2012; Shih et al. 2011; 

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 (Hickok and Poeppel 2007; Rauschecker and Scott 2009; Rauschecker and Tian 

2000). Other STS coactivations outside of the dorsal/ventral streams were identified. These 

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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Fig.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 lpba140 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.

Erickson et al. Page 19

Brain Struct Funct. Author manuscript; available in PMC 2018 July 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig.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 1.
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Fig.3. Left STS subtraction ALE results.
Coactivation maps for the left STS subregions were directly compared through ALE 

subtraction analyses (see Table 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 (VI). 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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Fig.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 2; and number of 

experiments identified are listed in Table 1.
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Fig.5. Right STS subtraction ALE results.
Direct comparisons of the right STS subregion coactivation maps are presented (see Table 

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.
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Table 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.

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*
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Table 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 .

raw counts ROI proportion relative to BrainMap

Behavioral Category laSTS lmSTS IpSTS BrainMap laSTS lmSTS IpSTS

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

Co gnition.Memory.Explicit 6 10 15 927 0.93 0.75 0.71

Co gnition.Memory.Other 0 1 0 52 0 1.34 0

Co gnition.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
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raw counts ROI proportion relative to BrainMap

Behavioral Category laSTS lmSTS IpSTS BrainMap laSTS lmSTS IpSTS

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

*
(p < 0.01 and

**
p < 0.001)
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Table 3.
BrainMap behavioral classifications of experiments identified for each right STS ROI.

Same information as described in Table 2, except data represent the right STS ROIs.

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

Actio n.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**

CognitiomLanguage. 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

CognitionMusic 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

EmotiomDisgust 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

InteroceptiomBladder 0 1 0 42 0 1.39 0
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raw counts ROI proportion relative to BrainMap

Behavioral Category raSTS rmSTS rpSTS BrainMap raSTS rmSTS rpSTS

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 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.

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

 LIPL 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

 RIFG - 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

Abbreviations: L = left hemisphere; R = right hemisphere; SFG = superior frontal gyrus.
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Table 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 4.

Brain Region
Volume (mm3) Z value MNI

X y Z

RpSTS > (RaSTS & RmSTS)

1) RMTG 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

 RIFG - Orbitalis 3.29 47 20 −6

 RIFG - 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) RMFG 984 3.89 32 39 27

 RMFG 3.54 32 46 26

6) L MTG 696 3.43 −47 −54 12

 LMTG 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

 LMTG 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) RMTG Pole 10512 3.89 53 5 −16

2) L MTG 6376 3.89 −57 −1 −14

 L IFG - Orbitalis 3.54 −41 24 −15
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