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a b s t r a c t

Speech engages distributed temporo-fronto-parietal brain regions, however a compre-

hensive understanding of its intrinsic functional network architecture is lacking. Here we

investigate the human speech processing network using the largest sample to date, high

temporal resolution resting-state fMRI data, network stability analysis, and theoretically

informed models. Network consensus analysis revealed three stable functional modules

encompassing: (1) superior temporal plane (STP) and Area Spt, (2) superior temporal sulcus

(STS) þ ventral frontoparietal cortex, and (3) dorsal frontoparietal cortex. The STS þ ventral

frontoparietal cortex module showed the highest participation coefficient, and a hub-like

organization linking STP with frontoparietal cortical nodes. Node-wise analysis revealed

key connectivity features underlying this modular architecture, including a leftward

asymmetric connectivity profile, and differential connectivity of STS and STP, with fron-

toparietal cortex. Our findings, replicated across cohorts, reveal a tripartite functional

network architecture supporting speech processing and provide a novel template for future

studies.

© 2020 Published by Elsevier Ltd.
1. Introduction

Brain structures engaged during speech processing consist of

unimodal auditory structures in superior temporal cortex
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(STC), encompassing Heschl’s gyrus (HG), planum temporale

(PT), and lateral superior temporal gyrus (STG), multimodal

structures in superior temporal sulcus (STS), and heteromodal

structures within anterior temporal lobe (ATL), inferior pari-

etal, and prefrontal cortices (Tyler & Marslen-Wilson, 2008).
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Abbreviations

STP superior temporal plane

STS superior temporal sulcus

STC superior temporal cortex

HG Heschl’s gyrus

PT planum temporale

STG superior temporal gyrus

ATL anterior temporal lobe

IFG inferior frontal gyrus

POp pars opercularis

PTri pars triangularis

POrb pars orbitalis

SMG supramarginal gyrus

IPL inferior parietal lobule

MC motor cortex

AG angular gyrus

vFP ventral frontoparietal

dFP dorsal frontoparietal
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These brain areas have long been implicated in speech pro-

cessing based on neuropsychological evaluations in patients

with focal lesions of the cortex which have implicated left-

hemisphere temporal (Wernicke, 1874) and parietal regions

(Geschwind, 1970) as well as prefrontal contributions associ-

ated with classically defined Broca’s area (Bates et al., 2003).

Functional neuroimaging has provided corroborating evi-

dence that a distributed left-hemisphere network involving

the superior temporal, inferior parietal, and inferior frontal

gyrus (IFG) underlie speech processing (Peelle, Johnsrude, &

Davis, 2010; Price, 2010; Tyler & Marslen-Wilson, 2008).

Importantly, a number of factors in previous studies have

precluded a more comprehensive understanding of the orga-

nization of the speech processing network, including the use

of small sample sizes, a lack of comprehensive replication

analyses, and a focus on regional activation profiles rather

than network measures. Despite the overwhelming evidence

implicating multiple temporo-fronto-parietal regions for

speech processing (Fridriksson et al., 2016; Peelle et al., 2010;

Price, 2010), little is known regarding the large-scale network

organization of these brain structures.

Several theoretical models have been proposed to describe

functional cortical pathways linking STC and heteromodal

target regions associated with speech processing (Binder,

Desai, Graves, & Conant, 2009; Friederici, 2012; Hickok &

Poeppel, 2007; Price, 2010; Rauschecker & Scott, 2009; Turken

& Dronkers, 2011; Tyler & Marslen-Wilson, 2008). However,

the functional architecture elaborated by these models

diverge both at the level of the STC and their frontal and pa-

rietal targets. An important hypothesis emerging from these

models is that temporo-fronto-parietal structures diverge into

two streams of processing in a manner similar to dorsal-

ventral visual processing streams (Mishkin, Ungerleider, &

Macko, 1983). However, different auditory “dual stream”

models have specified divergent anatomical configurations for

these processing streams (Bornkessel-Schlesewsky,

Schlesewsky, Small, & Rauschecker, 2015; Hickok & Poeppel,
2007; Rauschecker & Scott, 2009). For example, an influential

model proposed by Rauschecker and Scott (Rauschecker &

Scott, 2009) is based on seminal research (Rauschecker &

Tian, 2000; Scott, Blank, Rosen, & Wise, 2000) and posits that

auditory processing streams diverge from auditory cortex

into: (i) an antero-ventral path, which extends anteriorly from

the STC into the inferior frontal gyrus (IFG) regions pars

opercularis (POp; Brodmann Area 44) and pars triangularis

(PTri; Brodmann Area 45), and (ii) a postero-dorsal path, which

extends posteriorly from auditory cortex into supramarginal

gyrus (SMG) of the inferior parietal lobule (IPL). These streams

are hypothesized to serve sound-to-meaning and auditory

spatial processing, respectively.

A different dual-stream model proposes a different orien-

tation of processing streams (Hickok & Poeppel, 2007). This

model specifies: (i) a ventral stream encompassing a broad

extent of temporal cortex, and (ii) a sensorimotor dorsal

stream, which includes frontoparietal brain systems instan-

tiated in POp and PTri, motor cortex (MC), and lateral IPL.

These streams are hypothesized to serve sound-to-meaning

and sensorimotor processing, respectively. A critical facet of

this model is the identification of a temporoparietal region,

Area Spt, a brain region bordering the PT and infero-lateral

parietal cortex that was first identified in a study showing

that Area Spt is activated during both phonological perception

and production tasks (Buchsbaum, Hickok, & Humphries,

2001), suggesting a key role in sensory motor integration of

speech. Another study provided important information

regarding a potential role for Area Spt in connecting temporo-

frontal brain regions. This study examined perceptual and

phonological-articulatory aspects of verbal working memory

and results revealed increased task-based functional con-

nectivity between Area Spt and dorsal aspects of prefrontal

cortex (Buchsbaum, Olsen, Koch, & Berman, 2005). Conse-

quently, the Hickok and Poeppel dual streammodel (Hickok &

Poeppel, 2007) attributes a primary role for Area Spt in con-

necting superior temporal and inferior parietal regions to

dorsal aspects of IFG and MC (Buchsbaum et al., 2005).

Other models have proposed different configurations for

the cortical speech comprehension network. For example,

evidence from meta-analyses of speech and language

comprehension studies (Binder et al., 2009; Price, 2010), voxel-

based lesion-symptom mapping (Bates et al., 2003; Dronkers,

Wilkins, Van Valin, Redfern, & Jaeger, 2004), and structural

connectivity (Saur et al., 2008) have not only highlighted a

different collection of structures within the STC underlying

speech processing but have also specified a different set of

prefrontal and inferior parietal nodes in this network. These

models place a greater emphasis on distinctions in the

superior-to-inferior plane of STC, with a more central role for

the STS in the inferior aspects of STC compared to HG, PT and

other structures of the STP. Moreover, these models identify

pars orbitalis subdivision of the IFG (POrb; Brodmann Area 47)

and the angular gyrus (AG) subdivision of IPL as key targets of

the STS for speech comprehension.

An important factor contributing to the inconsistency of

extant models has been a lack of comprehensive high-

temporal resolution samples and methods for characterizing

the functional organization of this extensive cortical network.

However, research in other cognitive domains has shown that
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precise quantitative characterization of functional brain net-

works can provide novel insights into the organization of

these networks (Bressler & Menon, 2010; Bullmore & Sporns,

2009; Cai, Ryali, Chen, Li, & Menon, 2014; Greicius, Krasnow,

Reiss, & Menon, 2003; Power et al., 2011; Seeley et al., 2007).

Importantly, applying thesemethods to the speech processing

network may provide critical new insights into the functional

architecture of this cognitive network.

The goal of the current study is to address critical gaps in

our knowledge of the functional architecture of human

speech processing network and test competing models of

cortical speech processing. We first used network stability

analysis of resting-state fMRI data to probe the modular or-

ganization of the speech comprehension network. To better

understand the specific network features that contribute to its

modular organization, we then investigated intrinsic (resting-

state) connectivity of STP and STS subdivisions of the STC, as

well as the connectivity of STC along its anterior-posterior

axis, with multiple prefrontal and parietal targets implicated

in speech comprehension. We used these analytic techniques

to address five primary questions: (1) What is the community

structure of this network?; (2) Are there specific links in this

network that facilitate communication between functionally-

defined modules? (3) Do different STC sub-regions, including

STP and STS, show distinct connectivity profiles? (4) What are

the primary prefrontal and parietal targets of the STC?; and,

(5) Does connectivity between the STC and IFG and IPL targets

vary as a function of spatial proximity or cerebral hemi-

sphere? Importantly, we overcome crucial limitations in pre-

vious studies by using the largest sample to date in the speech

processing literature (N > 250), high temporal resolution fMRI

data from the HCP (Van Essen et al., 2013), comprehensive

replication analysis (Cai et al., 2014; Supekar et al., 2013), and

theoretically informed models.
2. Results

With the goal of presenting and highlighting reproducible re-

sults, only results replicated in both primary and replication

cohorts are reported and discussed.

2.1. Network analysis

The first goal of the studywas to use graph theoreticmeasures

to investigate the network structure of auditory functional

pathways linking STC with IFG and IPL. The nodes included in

this analysis consisted of STP and STS nodes extending from

posterior STC through temporal pole, prefrontal nodes of IFG

and MC, and inferior parietal nodes, including aSMG and AG

(Figs. 1a and 2a for node locations). Results for the primary and

replication cohorts were extremely similar, with below-

diagonal values in the connectivity matrices for primary and

replication cohorts (Fig. 1c, d) showing a correlation of r ¼ .96

(p ¼ 2.81 � 10�64).

Community detection analysis for both primary and

replication cohorts revealed that the 16 fronto-temporo-

parietal nodes in the speech processing network formed

three distinct communities: (1) an STP plus Area Spt module

(STP þ Spt), (2) an STS plus ventral frontoparietal (vFP)
module, which included all STS nodes, POrb, and PGp

(STS þ vFP), and (3) a dorsal frontoparietal (dFP) module that

consisted of POp, PTri, and MC of frontal cortex and aSMG and

PGp of parietal cortex (Fig. 1a, b). The weighted connectivity

matrices (Fig. 1c, d) show strong dissociation between STP and

STS nodes of the network, further highlighting distinctions

between these aspects of STC, and further show that the

STS þ vFP module has greater inter-modular communication

with the dFP module (see bottom center section of the con-

nectivitymatrices) compared to the STPþ Sptmodule (bottom

left section of the matrices). We computed the normalized

participation coefficient for each node and then within each

community in the network for each participant (seeMethods).

Results reveal that the STS þ vFP community has the greatest

normalized participation coefficient among the three com-

munities (Fig. 1e, f; p < .0001 for both primary and replication

cohorts), suggesting that it plays a hub-like role in the speech

processing network. Together, results from graph theoretic

analysis shows that: (1) the community structure of the

speech processing network consists of STP þ Spt, STS þ vFP,

and dFP communities; and (2) the STS þ vFP community has

the greatest normalized participation coefficient among the

three communities, suggesting that it serves as a hub that

links auditory processing structures of STC with dorsal het-

eromodal regions of IFG and IPL.

2.2. Node-wise functional connectivity analysis along
the anterior-posterior axis of STP, STS, and Area Spt

The next goal of the analysis was to conduct fine-grained

analysis of connectivity profiles along the anterior-posterior

axis of STP and STS. This allowed us to probe the functional

organization of the STP and STS and identify features under-

lying the network results (Fig. 1). Functional connectivity an-

alyses were performed using four adjacent seeds within the

STP (Fig. 2b, left) as well as four adjacent nodes within the STS

(Fig. 2c, left). Together, these eight ROIs encompass a broad

anterior-posterior expanse of both STP and STS subregions to

enable a fine-grained analysis of connectivity profiles in STC.

Connectivity strength between each of these seeds and pre-

frontal (POp, PTri, POrb, and MC) and parietal targets (aSMG,

PGa, and PGp) were then entered into an omnibus 2 � 4 � 7

RMANOVA (STC subregion x Anterior-posterior STC seed

location x Prefrontal/Parietal targets; see SI Fig. 1 for RMA-

NOVA schematic and results). All seeds and targets in this

initial RMANOVA were located in the left-hemisphere.

2.2.1. Main Effects
For both primary and replication cohorts, results showed a

strong main effect of STC subregion, with the STS subregion

showing greater connectivity strength compared to the STP

[primary cohort: F (1, 122)¼ 185.93, p < .0001; Partial Eta2 ¼ .60;

replication cohort: F (1, 135) ¼ 179.43, p < .0001; Partial

Eta2 ¼ .57; see SI Fig. 1 for RMANOVA schematic and results].

There was also a main effect of seed location along the

anterior-posterior axis of the STC [primary cohort: F (3,

366) ¼ 22.99 p < .0001; replication cohort: F (3, 405) ¼ 16.66,

p < .0001], and pairwise comparisons showed that the pSTC

seeds had greater overall connectivity compared to pmSTC,

amSTC, and aSTC seeds (primary and replication cohorts:

https://doi.org/10.1016/j.cortex.2020.03.013
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Fig. 1 e Distinct communities within the cortical speech processing network. (a) Community detection analysis shows that

STC, IFG, and IPL nodes dissociate into three distinct modules: (1) an STP plus Area Spt module (STP þ Spt; orange), (2) an

STS plus ventral frontoparietal (vFP) module, which included all STS nodes, pars orbitalis subdivision of the IFG (POrb;

Brodmann Area 47), and PGp (STS þ vFP; purple), and (3) a dorsal frontoparietal (dFP; green) module that consisted of pars

opercularis (POp; Brodmann Area 44), pars triangularis (PTri; Brodmann Area 45), andmotor cortex (MC) of frontal cortex and

anterior supramarginal gyrus (aSMG) and PGp of parietal cortex. Results from community detection analysis were

consistent across primary and replication cohorts. (b) Spring diagram provides an additional visualization of the community

c o r t e x 1 2 9 ( 2 0 2 0 ) 4 1e5 644
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p � .001, Bonferroni corrected). Results from the omnibus

RMANOVA also showed a strong main effect of IFG/IPL target

[primary cohort: F (6, 732)¼ 54.27, p < .0001; replication cohort:

F (6, 810)¼ 52.68, p < .0001], and pairwise comparisons showed

that POrb of the IFG had greater connectivity compared to POp

and MC (primary and replication cohorts: p < .001), and PGp

had greatest connectivity compared to other parietal target

regions (primary and replication cohorts: p < .0001).

2.2.2. Comparing prefrontal and parietal connectivity
between STP and Area Spt
The next goal of the analysis was to test a prediction from a

dual-stream model (Hickok & Poeppel, 2007) regarding pat-

terns of connectivity between STP and Area Spt seeds and

prefrontal and parietal targets (SI Fig. 2). We first examined

STP and Area Spt connectivity with prefrontal targets with a

5 � 4 RMANOVA (STP and Area Spt seeds x Prefrontal targets;

see SI Fig. 2a for RMANOVA schematic and results). Results

from this analysis showed a main effect of seed [primary

cohort: F (4, 488) ¼ 22.80, p < .0001; replication cohort: F (4,

540) ¼ 22.22, p < .0001], and pairwise comparisons showed

greater connectivity between Area Spt and prefrontal targets

compared to all STP seeds (primary and replication cohorts:

p � .05). We next examined STP and Area Spt connectivity

with parietal targets with a 5� 3 RMANOVA (STP and Area Spt

seeds x Parietal targets; see SI Fig. 2b for RMANOVA schematic

and results), and results again showed a main effect of seed

[primary cohort: F (4, 488)¼ 8.68, p< .0001; replication cohort: F

(4, 540) ¼ 6.61, p ¼ .0002], and pairwise comparisons showed

greater connectivity between Area Spt and parietal targets

compared to amSTP and pmSTP seeds (primary and replica-

tion cohorts: p < .01).

2.2.3. Comparing prefrontal and parietal connectivity
between STS and Area Spt
While Area Spt showed greater prefrontal and parietal con-

nectivity compared to STP nodes (Results section 2.2.2),

omnibus RMANOVA results (Results section 2.2.1) showed a

strong effect of STS for prefrontal and parietal connectivity.

Therefore, our next goal was to compare the strength of pre-

frontal and parietal connectivity between STS nodes and Area

Spt. Results from 5 � 4 RMANOVA (STS and Area Spt seeds x

Prefrontal targets; see SI Fig. 3a for RMANOVA schematic and

results) showed a main effect of seed [primary cohort: F (4,

488) ¼ 18.60, p < .0001; replication cohort: F (4, 540) ¼ 26.63,

p < .0001], and pairwise comparisons showed greater con-

nectivity between pSTS and prefrontal targets compared to

Area Spt, amSTS, and aSTS (primary and replication cohorts:

p < .01). Moreover, pmSTS showed greater prefrontal con-

nectivity compared to Area Spt (primary and replication co-

horts: p < .015). Furthermore, results revealed a significant

effect of prefrontal target [primary cohort: F (3, 366) ¼ 34.02,

p < .0001; replication cohort: F (3, 405) ¼ 50.59, p < .0001] and
structure of the speech processing network. Importantly, PGp an

regions. (ced) Connectivity matrices for the 16 STP, STS, and FP

results from participation coefficient analysis. Results reveal th

participation coefficient among the three communities in the sp

significant paired t-test (P < .001, Bonferroni corrected).
pairwise comparisons showed greater connectivity in POrb of

IFG compared to all other prefrontal target regions (primary

and replication cohorts: p � .022). To examine the strength of

parietal connectivity between STS nodes and Area Spt, a 5 � 3

RMANOVA was performed (STS and Area Spt seeds x Parietal

targets; see SI Fig. 3b for RMANOVA schematic and results).

Results showed a significant main effect of seed for the pri-

mary cohort [F (4, 488) ¼ 4.96, p ¼ .001] but not the replication

cohort (p ¼ .10). Results also revealed a main effect of parietal

target [primary cohort: F (2, 244) ¼ 88.90, p < .0001; replication

cohort: F (2, 270) ¼ 74.22, p < .0001] and pairwise comparisons

showed greater connectivity in PGp of the IPL compared to

aSMG and PGa (primary and replication cohorts: p < .0001).

2.2.4. Connectivity fingerprints
Connectivity fingerprints were plotted to highlight similarities

and differences in prefrontal and parietal connectivity profiles

for anterior and posterior STC seeds and Area Spt (Fig. 2d, g).

Connectivity fingerprints highlight previous findings by

showing: (1) greater connectivity for aSTS compared to aSTP;

(2) greater connectivity for pSTS compared to Area Spt; (3)

greater POrb connectivity among IFG nodes; and (4) greater

PGp connectivity among IPL nodes (Fig. 2d, g).

2.3. Hemispheric differences in STC functional
connectivity profiles

A final goal of the seed-based functional connectivity analysis

was to examinewhether therewere hemispheric differences in

connectivity strength for this temporo-fronto-parietal network.

Hemispheric comparisons: Results from 2 � 2 � 4 � 7 RMA-

NOVA (Hemisphere x STC subregion x Anterior-posterior STC

seed location x Prefrontal/Parietal targets) showed a signifi-

cant main effect of Hemisphere [primary cohort: F (1,

122) ¼ 9.71, p ¼ .002; replication cohort: F (1, 135) ¼ 11.48,

p ¼ .001]; see SI Fig. 4 for RMANOVA schematic and results.

Given that previous ANOVA results identified POrb and PGp as

primary prefrontal and parietal targets, paired t-tests were

then computed to directly examine whether there were con-

nectivity differences between: (a) left versus right-hemisphere

STP to ipsilateral POrb and PGp, (b) left versus right-

hemisphere STS to ipsilateral POrb and PGp, and (c) left

versus right-hemisphere Area Spt to ipsilateral POrb and PGp.

Our replicable results demonstrate greater connectivity of left

aSTS and amSTS with ipsilateral POrb compared to right-

hemisphere aSTS and amSTS homologs (primary and repli-

cation cohorts: p < .001; Fig. 3c, e, left). Moreover, left-

hemisphere amSTS and pmSTS revealed greater connectiv-

ity to ipsilateral PGp compared to their right-hemisphere ho-

mologs (p � .001; Fig. 3c, e, right). Finally, right-hemisphere

Area Spt revealed greater connectivity to ipsilateral PGp

compared to its left-hemisphere homolog (p < .002; Fig. 3b, d,

rightmost bars).
d POrb serve as connector node linking the STS to other IFG

nodes used in the graph analyses. (eef) Bar graphs show

at the STS þ vFP module has greater normalized

eech processing network. Double asterisks indicate a

https://doi.org/10.1016/j.cortex.2020.03.013
https://doi.org/10.1016/j.cortex.2020.03.013


Fig. 2 e Omnibus connectivity results. (a) Anatomy of prefrontal (left; green) and parietal targets (right; red) implicated in

speech processing that were examined in the node-wise intrinsic connectivity analysis. (bed) Primary cohort results: (b)

Left: Four STP seeds, extending from posterior to anterior aspects of STC, and Area Spt were used in the seed-based

connectivity analysis. Center: Bar graph showing connectivity between STP and Area Spt seeds and four prefrontal target

regions. Right: Bar graph showing connectivity between STP and Area Spt seeds and three IPL target regions. Results show

weak intrinsic connectivity between STP seeds and IFG and IPL targets implicated in speech perception, with slightly

increased connectivity for Area Spt. (c) Left: Four STS seeds, extending from posterior to anterior aspects of STC, were used

in the seed-based connectivity analysis. Center: Bar graph showing connectivity between STS seeds and three IFG target

regions. Right: Bar graph showing connectivity between STS seeds and three IPL target regions. Results show strong

connectivity between multiple STS seeds and IFG targets, particularly for POrb, as well as the PGp of IPL. Similar to STP and

Area Spt seed results, STS seeds showed consistently weak connectivity with aSMG and PGa regions of IPL. (d) Top:

Connectivity fingerprints show that the aSTS seed (orange) has greater intrinsic connectivity with both IFG and IPL nodes of

the speech processing network relative to aSTP (burgundy). Note that the aSTP fingerprints are barely visible given their

relatively weak connectivity with IFG and IPL targets. (d) Bottom: Connectivity fingerprints for pSTS (orange) reveal greater

prefrontal and parietal connectivity compared to Area Spt. (eeg) Replication cohort results show the same pattern of

connectivity for both STP and Area Spt seeds and STS seeds as the Primary cohort. RMANOVA results from both Primary

and Replication cohorts indicate a significant main effect of STC subregion, with the STS subregion showing significantly

greater overall IFG and IPL connectivity compared to STP (P < .0001 for both primary and replication cohorts), and pairwise

c o r t e x 1 2 9 ( 2 0 2 0 ) 4 1e5 646
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3. Discussion

We examined the functional architecture and network orga-

nization of brain structures implicated in speech processing.

Network stability and consensus analysis revealed a novel

tripartite modular organization of the cortical speech pro-

cessing network. Network stability results further revealed

that STSþvFP formsadistinct functionalmodulewhichserves

as a critical link between superior temporal and dorsal fron-

toparietal circuitry, and suggests its role as a hub in the speech

processingnetwork.Consistentwith thesefindings, node-wise

connectivity analyses revealed that the STS has a distinct

connectivity profile, characterized by greater connectivity to

IFG and IPL relative to STP, and greater connectivity with POrb

and PGp relative to all other frontoparietal nodes. Importantly,

our results represent an advance compared to previous studies

as they employ a large sample size, high temporal-resolution

fMRI data, and replicability analyses. Our study comprehen-

sively characterizes the circuitry linking temporo-frontal-

parietal regions underlying speech processing and suggests

that refinement of extantmodels is required to provide amore

coherent synthesis of the speech comprehension network

(Binder et al., 2009; Turken&Dronkers, 2011).We first describe

the modular architecture revealed by our network analysis,

and then discuss our findings in the context of divergent

theoretical models in the literature.

3.1. Modular architecture of the speech processing
network

Network analysis using graph-theoretical procedures provide

new information regarding the organization of the speech

processing network. Community detection and replication

analyses revealed a tripartite functional architecture charac-

terized by distinct STP þ Spt, STS þ vFP, and dFP modules

(Fig. 1). Furthermore, the STS þ vFP module has the strongest

links to dorsal frontoparietal cortex, and the highest partici-

pation coefficient among these three modules, suggesting its

role as a hub linking superior temporal to frontoparietal cor-

tex. Results from seed-based analyses further clarify these

network findings by showing that a key feature underlying the

dissociation between STP þ Spt and STS þ vFP modules is the

enhanced STS connectivity profile with these ventral pre-

frontal and parietal targets (Fig. 2). Together, results from

graph theoretical and seed-based analyses highlight the

modular organization of the speech processing network, and

the network features underlying functional dissociations

within STP and STS subregions of the STC.

Results from community detection analysis further

revealed segregation of prefrontal nodes involved in speech

processing, highlighting dissociation between POp, PTri, and

PMC on the one hand and POrb on the other. Consistent with

previous reports (Cole et al., 2013; Crossley et al., 2013), a key

feature underlying this segregation is the strong functional

coupling between POp, PTri, and MC and the more dorsal pa-

rietal nodes of the speech processing network, instantiated in
comparisons in both cohorts showed greater prefrontal connec

Bonferroni corrected for multiple comparisons).
aSMG and PGa (Fig. 1aed). Importantly, in the domain of

speech processing, frontoparietal brain systems are often

conceptualized in terms of speech production, particularly

POp, PTri, andMC (Flinker et al., 2015; Hickok& Poeppel, 2007).

Missing from most models has been POrb, a brain area

important for processing semantic and syntactic structure in

speech (Abrams et al., 2011; Binder et al., 2009; Friederici,

2015). Our findings point to a clear divergence of prefrontal

cortex modular organization: while POp, PTri, and MC form a

module with the SMG and PGa, POrb forms a different module

with the STS and PGp. The distinct patterns of frontoparietal

connectivity are noteworthy because the SMG and PGa,

encompassing the more dorso-lateral aspects parietal cortex,

have been consistently implicated in verbal working memory

(Paulesu, Frith, & Frackowiak, 1993; Ravizza, Delgado, Chein,

Becker, & Fiez, 2004) while the PGp, in the posterior-ventral

aspect of the angular gyrus, forms part of default mode

network regions implicated in inner speech (Binder et al.,

2009; Greicius et al., 2003; Uddin et al., 2010). Taken together,

this connectivity pattern points to a dissociation in processing

streams, with one maintaining short-term working memory

for speech and the other linking brain areas involving se-

mantic processing of speech. More generally, findings suggest

that conceptualizing frontoparietal circuits in terms of unitary

functionmay be inappropriate, and that a tripartite functional

architecture may better capture the known domain-general

cognitive functions of frontoparietal cortical regions impli-

cated in speech processing.

3.2. The STS shows a distinct connectivity profile
characterized by enhanced IFG and IPL connectivity

A major finding of the current study is that, compared to STP,

the STS shows a distinct connectivity profile characterized by

greater connectivity with prefrontal and parietal targets

(Fig. 2). Additionally, STS nodes showed greater prefrontal

connectivity relative to Area Spt, a node highlighted in a dual

stream model (Hickok & Poeppel, 2007) (SI Fig. 3a). A distinc-

tion between STP and STS regions is an important feature of

several conceptualizations of the speech processing network

(Bates et al., 2003; Binder et al., 2009; Hickok & Poeppel, 2007).

These models propose that STP underlies spectrotemporal

processing of incoming speech signals, and provides an input

for the STS, where phonological analysis of the speech signal

is performed (Binder et al., 2000; Liebenthal, Binder, Spitzer,

Possing, & Medler, 2005). Our results provide new informa-

tion by showing that a critical aspect of STP versus STS

dissociation is the enhanced prefrontal and parietal connec-

tivity profile of the STS. One interpretation of our connectivity

results is that STP and Area Spt provide local processing of

speech for spectrotemporal and sensorimotor processing,

respectively, however subsequent prefrontal processing relies

on a direct connection with the STS. This interpretation is

consistent with an influential model stating that the STS is a

key node of the speech processing network that connects low-

level auditory regions (i.e., STP) with brain systems involved in
tivity for pSTS and pmSTS compared to Area Spt (p < .015;

https://doi.org/10.1016/j.cortex.2020.03.013
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Fig. 3 e Asymmetric connectivity profiles of STC and Area Spt. (a) Anatomy of prefrontal (left; green) and parietal targets

(right; red) implicated in speech processing that were examined in the node-wise connectivity analysis. (bec) Primary

cohort results. (b) Left: Four STP seeds, extending from posterior to anterior aspects of STC, and Area Spt were used in the

seed-based connectivity analysis. Center: Bar graphs show connectivity of left (solid green) and right STP (green and black

stripes) to ipsilateral POrb of IFG for all STP seeds along the anterior-posterior axis of STC. Right: Bar graphs show

connectivity of left (solid red) and right STP (red and black stripes) to ipsilateral PGp of IPL for all STP seeds along the

anterior-posterior axis of STC. (c) Left: Four STS seeds, extending from posterior to anterior aspects of STC, were used in the

seed-based connectivity analysis. Center: Bar graphs show connectivity of left (solid green) and right STS (green and black

stripes) to ipsilateral POrb of IFG for all STS seeds along the anterior-posterior axis of STC. Right: Bar graphs show

connectivity of left (solid red) and right STS (red and black stripes) to ipsilateral PGp of IPL for all STS seeds along the

anterior-posterior axis of STC. Results show that left-hemisphere asymmetry for ipsilateral prefrontal and parietal

connections are largely restricted to STS seeds. (dee) Replication cohort results show similar patterns of connectivity for

both STP and Area Spt seeds and STS seeds as the Primary cohort. Double asterisks indicate significant paired t-test (P < .01,

Bonferroni corrected).
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speech, affect, and vocal analysis (Abrams et al., 2016;

Abrams, Lynch, et al., 2013; Abrams et al., 2019; Belin,

Bestelmeyer, Latinus, & Watson, 2011). Here, we provide

additional evidence from connectivity and modularity ana-

lyses that the STS serves as a hub in the speech processing

network for linking superior temporal regions to lateral pre-

frontal and parietal targets.

Results also provide new information regarding hierarchi-

cal models of auditory cortex. While these models state that

STS is at a higher hierarchical level relative to structures of the

STP (e.g., belt and parabelt subregions) (Kell, Yamins, Shook,

Norman-Haignere, & McDermott, 2018; Leaver & Rau-

schecker, 2010), they do not identify differential connectivity

profiles of distinct prefrontal regions implicated in human

speech processing. The current study demonstrates that a

prominent feature of the auditory cortical hierarchy is that a

hierarchically higher subdivision of auditory cortex, STS,

shows greater prefrontal connectivity relative to structures of

the STP, encompassing belt and parabelt subdivisions (Sweet,

Dorph-Petersen, & Lewis, 2005). Finally, results are consistent

with findings froma recentmulti-modal parcellation of human

cortex, which showed that STS connectivity is distinct from

STP regions (Glasser et al., 2016). Here, we characterize key

features underlying this distinction by showing that STS has

greater connectivity with IFG and IPL nodes compared to STP.

A second major finding is that connectivity profiles of the

STS (and STP) are relatively constant for nodes along the

anterior-posterior axis of STC, including the ATL (Fig. 3). This

result does not support an implicit prediction of one of the

dual-stream models, which would predict differential con-

nectivity along the anterior-posterior axis of STC

(Rauschecker& Scott, 2009). An interesting question is why do

multiple nodes along the anterior-posterior axis of STS have

similar access to prefrontal and parietal brain structures? One

possibility is that the STS represents a single functional

module, which is a reasonable hypothesis given how uni-

formly this structure is activated during voice-based tasks

(Binder et al., 2000; Humphries, Binder, Medler, & Liebenthal,

2007; Obleser, Wise, Dresner, & Scott, 2007). An arguably

more plausible explanation is that STS is subdivided into

multiple functional units (Deen, Koldewyn, Kanwisher, &

Saxe, 2015) that serve different aspects of human speech

perception (DeWitt & Rauschecker, 2012), each of which re-

quires similar access to prefrontal and parietal targets.

A third finding with regards to STS connectivity is that the

strength of ipsilateral connections between STS and primary

prefrontal and parietal targets is greater for left compared to

right-hemisphere connections, and leftward asymmetry was

specific to STS connectivity profiles. Results are consistent

with previous intrinsic connectivity results (Liu, Stufflebeam,

Sepulcre, Hedden, & Buckner, 2009) and conceptualizations

of the speech processing network (Bates et al., 2003; Binder

et al., 2009), and suggest that these asymmetries reflect left-

hemisphere dominance for language processes. Our results

provide new insights into the lateralization of the human

speech processing network by showing that these asymme-

tries are evident across a wide expanse of STS (but not STP),

and that left asymmetric connections are evident in key pre-

frontal and parietal targets in the speech processing network,

including POrb and PGp.
Importantly, findings from intrinsic functional connectiv-

ity analyses show convergence with key observations from

structural connectivity analyses of lateral temporo-fronto-

parietal cortex (Saur et al., 2008; Turken & Dronkers, 2011).

Specifically, results from a comprehensive study of the white

matter tracts connecting nodes of the speech comprehension

network revealed that MTG/STS has a central position within

this network characterized by at least five major white matter

tracts running beneath it (Turken & Dronkers, 2011). White

matter tracts identified in this previous study provide a

structural link between many of the key functional connec-

tions described in the current study, including: (1) the middle

longitudinal fascicle (MdLF), which extends from aSTS

through pSTS and ventral portions of AG (likely including

PGp), (2) the inferior occipito-frontal fascicle (IOFF), which

connects MTG/STS to POrb; (3) the direct segment of the

arcuate fasciculus (AF), which makes connections between

MTG/STS with dorsal aspects of prefrontal cortex; and (4) the

indirect segment of the AF, which connects STS/MTG with

lateral aspects of IPL. Together, results from intrinsic func-

tional and structural connectivity analyses (Turken &

Dronkers, 2011) provide complementary information and a

detailed architecture of the temporo-fronto-parietal speech

processing network.

3.3. POrb is a key connector node linking STS and IFG

Signaling between left-hemisphere STC and IFG is a core

feature in influential cortical models of speech processing.

Several models predict a primary role for POp and PTri in

speech processing (Bornkessel-Schlesewsky et al., 2015;

Friederici, 2012; Hickok & Poeppel, 2007, 2016; Rauschecker &

Scott, 2009) and a surprising aspect the current findings is

that STS þ vFP nodes formed a distinct module within the

speech processing network and STS showed significantly

greater intrinsic connectivity with POrb relative to POp and

PTri. Connectivity results suggests that POrb may serve as a

key connector node linking STC with the rest of IFG, a hy-

pothesis that is supported by structural results showing that

white matter tracts originating in POrb serve as an input to

other IFG structures (Saur et al., 2008). Critically, our findings

converge on and extend previous proposals (Friederici, 2015;

Saur et al., 2008) by demonstrating that POrb circuits provide

a crucial link between STC and POp and PTri, which play a key

role in higher-order computations linking the semantic as-

pects of speech perception with production (Bornkessel-

Schlesewsky et al., 2015; Friederici, 2012; Hickok & Poeppel,

2007, 2016; Rauschecker & Scott, 2009).

3.4. The PGp is a primary parietal target in the speech
processing network

Models of cortical speech processing vary in their view of the

contribution of IPL structures to this network (Binder et al.,

2009; Dronkers et al., 2004; Tyler & Marslen-Wilson, 2008).

Results from seed-based connectivity and network analyses

provide new information by showing that the STS has a high

degree of intrinsic connectivity with the PGp subdivision of

the AG and weaker connectivity with PGa and aSMG. Results

are consistent with a previous study which showed that PGp

https://doi.org/10.1016/j.cortex.2020.03.013
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has greater connectivity with STC compared to PGa (Uddin

et al., 2010), and provide new information by showing disso-

ciation between connectivity profiles of PGp and aSMG.

Moreover, results from network analyses show an interesting

connectivity profile for the aSMG, a structure which has long

been associated with language tasks (Petersen, Fox, Posner,

Mintun, & Raichle, 1988). Specifically, results identify weak

intrinsic connectivity between aSMG and PGp and relatively

strong connectivity between aSMG and dorsal IFG regions,

including POp and PTri (Fig. 1a). Given SMG’s connectivity

profile, it remains a distinct possibility that activation of SMG

during language tasks is mediated by prefrontal cortex con-

nections rather than by connections from STC to SMG as

predicted by some models.

3.5. Implications for models of speech processing

An important goal for our study was to examine the intrinsic

architecture of temporo-frontal-parietal circuitry as a means

of testing key predictions of influential models of speech pro-

cessing. Notably, extant models make different, and contra-

dictory, sets of predictions regarding functional cortical

pathways linking STC and heteromodal target regions

(Bornkessel-Schlesewsky et al., 2015; Hickok & Poeppel, 2007;

Rauschecker & Scott, 2009). The Rauschecker and Scott dual

stream model (Rauschecker & Scott, 2009) proposes: (i) an

antero-ventral path, which extends anteriorly from the STC

into the POp and PTri, and (ii) a postero-dorsal path, which

extends posteriorly from auditory cortex into SMG. Broadly

consistentwith thismodelwe found strong connectivity of the

dorsal IPL nodes with MC and anterior STC connectivity with

IFG. However, this model proposes distinct ventral and dorsal

processing streams emanating from primary auditory cortex

targeting prefrontal and parietal cortical regions, respectively,

andresults fromouranalysesdidnotprovideevidence for such

pathways. First, network modularity analysis did not reveal

separate ventral and dorsal communities along the anterior-

posterior axis of STC (Fig. 1aed). Second, fine-grained seed-

based analysis of STP and STS did not reveal greater prefrontal

connectivity for anterior versus posterior temporal lobe seeds,

nor did it reveal greater parietal connectivity for posterior

versus anterior temporal lobe seeds. These findings argue

against distinct antero-ventral and posterior-dorsal pathways

emanating from primary auditory cortex.

In contrast to the Rauschecker and Scott model, the Hickok

and Poeppel’s dual stream model (Hickok & Poeppel, 2007)

proposes: (i) a ventral stream that originates in primary

auditory cortex, descends into more ventral aspects of tem-

poral cortex, and then extends into prefrontal cortex, and (ii) a

dorsal stream that encompasses frontoparietal regions

instantiated in the IFG, MC, and lateral IPL. Our results are

consistent with the ventral stream organization suggested by

the Hickok and Poeppel model: we found weak connectivity

between STP and IFG while more ventral aspects of temporal

cortex (i.e., STS) showed strong connectivity with IFG. More-

over, consistent with the proposed organization of the dorsal

stream, we found a high degree of connectivity between

frontoparietal brain systems, particularly POp, PTri, MC, and

lateral parietal cortex. A key aspect of the Hickok and Poeppel

model that was not supported by the current findings is a
pronounced role for Area Spt for connecting superior temporal

regions to prefrontal and lateral parietal targets. Our analysis

revealed that Area Spt had weaker prefrontal and parietal

connectivity relative to STS regions and formed a community

with STP nodes rather than either prefrontal or parietal nodes.

Our findings suggest that POrb in ventral prefrontal cortex

together with the STS, rather than Area Spt, are the key

connector nodes linking dorsal prefrontal (POp, PTri, MC) and

parietal structures (SMG, PGa) in the speech processing

network.

Moving beyond these two dual streammodels, we observed

a strong alignment with speech processing networks based on

meta-analyses of speech and language comprehension studies

(Binder et al., 2009; Price, 2010) and voxel-based lesion-symp-

tom mapping (Bates et al., 2003; Dronkers et al., 2004). These

studies have suggested that: (a) STS, POrb, and PGp are key

nodes in the speech processing network; (b) the STS represents

a distinct region of STC relative to STP. Results from our con-

nectivity and modularity analyses support these conceptuali-

zations by showing that POrb and PGp are integrated into a

community with the STS, and, given that the STS is widely

attributed a primary role in speech processing, suggests that

POrb and PGp are important nodes in this network. Moreover,

community detection results are consistent with the latter

hypothesis by identifying the STS as a distinct region of STC

relative to STP. Taken together, results from our study repli-

cated across two datasets, help refine and extend key elements

of extant models of the human speech processing network.

3.6. Relating the human speech processing network to
behavior

An important and unanswered question is whether specific

features of the speech processing network are related to

behavioral aspects of speech production or perception. How-

ever, none of the behavioral tasks collected by the HCP are

proximal to the study of speech processing (Barch et al., 2013).

The closest behavioral tasks in the HCP to the domain of

speech processing are Oral Reading Recognition and Picture

Vocabulary (Barch et al., 2013), both of which are based on

visual rather than auditory stimuli. In the absence of a prox-

imal and easily interpretable measure of speech processing

behavior, the current study did not include an analysis of

brain-behavior relations. We suggest that future studies will

need better behavioral measures to probe the relationship

between the functional organization of the speech processing

network as identified here and key aspects of speech pro-

duction and comprehension.

3.7. Reproducibility in speech neuroscience studies

Reproducibility represents a major challenge in neuroimaging

research, and large sample sizes with replication cohorts have

been sparse in previous studies of speech processing. Here we

used two large cohorts (N > 250) and replicated all reported

results. An important direction for future studies is to employ

large task-based fMRI datasets to examine how the intrinsic

modular architecture identified here regulates speech pro-

cessing, with a focus on the robustness and replicability of

findings.
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3.8. Conclusion

In conclusion, we identified several replicable organizational

properties of the distributed speech processing network. Our

findings, replicated across two cohorts, provide evidence for a

tripartite modular architecture of structures supporting

speech processing in the human brain. Findings highlight

convergence and divergence from current models and

strongly suggest that the STS plays a pivotal role in linking

STC with prefrontal and parietal brain structures, and that

POrb and PGp serve as primary hubs linking STC with fron-

toparietal circuitry. This model provides a novel and robust

template for investigations of how the intrinsic functional

architecture of the human speech network is reconfigured

during language comprehension and production.
4. Materials and methods

Data acquisition for the HCPwas approved by the Institutional

Review Board of The Washington University in St. Louis (IRB #

201204036), and all open access data were deidentified.

4.1. Participants

Two cohorts of participants were used in the data analysis and

consisted of imaging data collected for the HCP (https://db.

humanconnectome.org): primary and replication cohorts.

The replication cohort was used to examine robustness and

replicability of results using functional brain imaging data

collected in a different sample of participants. No part of the

procedures or analysis were pre-registered prior to the

research being conducted.

We report how we determined our sample size, all data

exclusions, all inclusion/exclusion criteria, whether inclu-

sion/exclusion criteria were established prior to data analysis,

all manipulations, and all measures in the study. For the pri-

mary cohort, minimally-processed resting-state fMRI data

were obtained under the HCP 500 data release, and the repli-

cation cohort utilized data from participants in the HCP 1200

data release who were not included in the HCP 500 dataset

(i.e., none of the participants are in both primary and repli-

cation cohorts). Participants were included in the study based

on the following criteria: (1) no cortical anatomical abnor-

malities, reports of instability in the head coil, and prominent

artifacts inminimally preprocessed resting-state fMRI data, as

reported by HCP (https://wiki.humanconnectome.org/pages/

viewpage.action?pageId¼88901591); (2) completed the 3T

resting-state protocol; (3) average scan-to-scan headmotion is

less than .2 mm; (4) maximum scan-to-scan head motion is

less than 1 mm; (5) handedness ratings� 70, indicating strong

right-handedness, given that cerebral dominance for lan-

guage is often reversed in left-handed and ambidextrous in-

dividuals; (6) Fluid intelligence (Penn Progressive Matrices,

Number of Correct Responses) > mean minus 1 SD based on

the HCP 500 sample to include participants in the normal

range of intelligence, and (7) English reading ability (Reading

Test, Age Adjusted) > mean minus 1 SD based on the HCP 500

sample given that impaired reading is associated with

reduced asymmetry of language function (Abrams, Nicol,
Zecker, & Kraus, 2006, 2009). These criteria yielded 123 par-

ticipants (Session 1, left-right encoded, age 22e35, 71 Females,

52 Males) for the primary cohort, and 136 individuals (Session

2, left-right encoded, age 22e35, 67 Females, 69 Males) for the

replication cohort.

4.2. Data acquisition

4.2.1. HCP data acquisition
For each individual, 1,200 frames were acquired using multi-

band, gradient-echo planar imaging with the following pa-

rameters: RT, 720 msec; echo time, 33.1 msec; flip angle, 52�;
field of view, 280 � 180 mm; matrix, 140 � 90; and voxel di-

mensions, 2 mm isotropic. During scanning, each individual

was eye-fixated on a projected crosshair on the screen.

4.3. Data preprocessing

4.3.1. HCP data preprocessing
Minimally preprocessed resting-state fMRI datawere obtained

from the HCP. Due to the spatial proximity of the STC Regions

of Interest (ROIs), imaging data for the seed-based analyses

were not smoothed.

4.4. Experimental design and statistical analysis

The current study examined the functional architecture of

temporo-fronto-parietal brain structures implicated in speech

processing using complimentary analytic approaches,

including: (1) graph theoretic measures to examine network

properties of the speech processing network (for more details

see the Methods section entitled “Network stability analysis”);

and (2) seed-based functional connectivity of STC (for more

details see the Methods section entitled “Node-wise functional

connectivity analyses”). The statistical designs for these ana-

lyses are described in their respective sub-sections of the

Methods as well as the schematics provided in SI Figs. 1e4. All

analysis code is available at: https://github.com/scsnl/

Abrams_Cortex_2020.

4.5. STC regions of interest

The primary aim of the network stability and seed-based

functional connectivity analyses was to probe connectivity

strength between STC seed regions and IFG and IPL targets.

Specifically, our goal was to examine patterns of IFG and IPL

connectivity within and between STC regions, thereby

providing information regarding IFG and IPL connectivity

across a broad anterior-posterior expanse of STC. Therefore,

we constructed seeds which spanned two parallel sub-regions

of left-hemisphere STC, including STP and STS (see Fig. 2b. c,

Left column, for these anatomical locations).

The STP row consisted of four 4 mm radius adjacent, non-

overlapping seeds that extended from posterior (y ¼ �30)

through anterior aspects of STP (y ¼ 6). The posterior STP

(pSTP) seed was located in the PT (using the HarvardeOxford

probabilistic structural atlas), the posterior medial STP

(pmSTP) seed was located in Heschl’s gyrus, the anterior

medial STP (amSTP) was located in planum polare (PP), and

the anterior STP (aSTP) seed was located in the temporal pole

https://db.humanconnectome.org
https://db.humanconnectome.org
https://wiki.humanconnectome.org/pages/viewpage.action?pageId=88901591
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https://wiki.humanconnectome.org/pages/viewpage.action?pageId=88901591
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(TP). An additional seed was included for Area Spt, a region

located on the border of temporal and parietal cortices iden-

tified in a prominent dual-stream model (Hickok & Poeppel,

2007) as a key connector node in the speech processing

network. MNI coordinates from a previous study were used to

construct a 4 mm radius Area Spt seed (Buchsbaum et al.,

2011).

The STS row consisted of four 4 mm adjacent, non-

overlapping seeds that extended from posterior aspects of

STS (y ¼ �40), just anterior to temporo-occipital cortex,

through anterior STS (y ¼ 4) located in the TP. The center co-

ordinates for each seed in the STP and STS rows are listed in SI

Table 1.

4.6. IFG and IPL regions of interest

The goal of the network stability and seed-based functional

connectivity analysis was to examine the strength of con-

nectivity between STC seeds and circumscribed target areas of

IFG and IPL associated with speech-related function. We uti-

lized the NeuroSynth on-line platform (Yarkoni, Poldrack,

Nichols, Van Essen, & Wager, 2011) using the search term

“Speech” to identify the peak voxel in bilateral IFG, including

pars opercularis (POp), pars triangularis (PTri), pars orbitalis

(POrb), aSMG, and MC, as defined by the HarvardeOxford

anatomical atlas. NeuroSynth peaks for this search term are

shown in SI Table 2. The NeuroSynth peak in the left-

hemisphere HarvardeOxford “Orbital Frontal Cortex” region

was located at [e34 24e4], however this peak overlappedwith,

and extended into, insular cortex. Therefore, a slightly more

lateral peak in POrb, located at [e46, 26, �6], was used in the

analysis. 4 mm spheres centered on these peak voxels were

then constructed.

An additional goal of the study was to examine the possi-

bility that, consistent with previous reports (Abrams, Ryali,

et al., 2013; Davis & Johnsrude, 2003; Evans et al., 2014;

Obleser et al., 2007; Peelle et al., 2010), the AG is a primary

parietal target for the STC. We therefore constructed 4 mm

spheres centered at the peak voxel in the AG for the Neuro-

Synth search term “Speech.” Here the AG is defined as the

combined left-hemisphere PGa and PGp subdivisions of the

AG, which are based on cytoarchitectonicmaps (Caspers et al.,

2006). No peak in the NeuroSynth map was present for the

right-hemisphere PGp subdivisions. Therefore, the right-

hemisphere PGp ROI is defined as the homolog of the left-

hemisphere PGp ROI (see SI Table 2).

4.7. Network stability analysis

Functional scans were bandpass filtered in the range

.008e0.1Hz, and regional voxel-wise average time series were

extracted from each of the 16 ROIs, including 4 STP, 4 STS,

Area Spt, 4 prefrontal, and 3 parietal cortex ROIs. Nuisance

regressors comprising BOLD signals from the white matter

and CSF as well as six rigid-body motion parameters were

extracted, bandpass filtered between .008 and 0.1Hz, and

regressed from each ROI time series to control for physio-

logical noise and motion artifact. A primary goal of this

analysis was to examine functional distinctions among edges

and nodes within this network; therefore, partial correlations
among residual ROI time series were computed and Fisher’s

r-to-z transformed to produce a signed, weighted adjacency

matrix for each subject. The advantage of using partial,

rather than Pearson’s, correlations for this analysis is that

partial correlations control for the contributions of all other

nodes within the specified network (16 ROIs total) prior to

calculating the correlation between two nodes of this

network. Given the close spatial proximity and established

functional relationships between both STC (Binder et al.,

2009) and frontoparietal nodes (Corbetta & Shulman, 2002),

using partial correlations enables the discovery of unique

contributions of each node to the structure of this network

(Dwyer et al., 2014).

4.7.1. Community detection
To discover distinct functional modules within this network,

we used the Louvain algorithm to maximize Q*, a quality

function that enablesmodularity-based community detection

in signed, weighted networks, as implemented in the Brain

Connectivity Toolbox [BCT version 2016-01-16, https://sites.

google.com/site/bctnet/Home (Rubinov & Sporns, 2010)] for

MATLAB. To handle potential degeneracy of community as-

signments, we repeated this procedure 1000 times in each

participant, and averaged the resulting co-classification ma-

trixes to generate a co-occurrence matrix. Subjects’ co-

occurrence matrices were then averaged to produce a posi-

tive, weighted adjacency, and a consensus partition at the

group level was determined using the method of

(Lancichinetti & Fortunato, 2012) with tau ¼ .1 and 1000

iterations.

4.7.2. Participation coefficient
To investigate the centrality of nodes in the network, we

computed participation coefficient, which measures the

distribution of a node’s edges among the communities

identified in a network (Power, Schlaggar, & Petersen, 2014).

We computed participation coefficient in each participant

across a range of density thresholds from 5% to 20% and

averaged measures across thresholds for each node within

each participant. To account for the known module size bias

in PC, the method recently proposed by Pedersen et al. was

used to compute normalized participation coefficient

(Pedersen, Omidvarnia, Shine, Jackson, & Zalesky, 2019).

Briefly, for each subject, 1000 surrogate connectivitymatrices

were generated using the “null_model_und_sign” function

from the Brain Connectivity Toolbox, which preserved the

degree, weight, and strength distributions per node. These

surrogate connectivity matrices were used to normalize the

node-to-module degree value in the participation coefficient

equation as described in Pedersen et al. Normalized PC

values averaged within each module are plotted in Fig. 1eef.

Paired samples t-tests were then conducted to examine dif-

ferences in normalized participation coefficient for each

community.

4.8. Node-wise functional connectivity analyses

For each ROI, a resting-state time series was extracted by

averaging the time series of all voxels within it. The

resulting ROI time series was then used as a covariate of

https://sites.google.com/site/bctnet/Home
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interest in a linear regression whole-brain analysis. A global

time series computed across all brain voxels, along with six

motion parameters, were used as additional covariates to

remove confounding effects of physiological noise and

participant movement. Intrinsic connectivity between the

STC seeds and the IFG and IPL target regions were calculated

as the mean beta value within these spherical targets for

each STC seed.

Repeated measures ANOVAs (RMANOVA) were used to

quantify connectivity differences between different seed re-

gions and target combinations. Mean beta values within spe-

cific IFG and IPL target regionswere calculated from individual

subject contrast images from the STC-seeded whole-brain

connectivity analyses. Individual subjects’ mean beta values

were then exported to SPSS (SPSS Inc., Chicago, IL, USA) where

four RMANOVAs were performed:

1. An omnibus 2 � 4 � 7 RMANOVA with factors (1) STC

subregion (i.e., STP vs STS), (2) Anterior-poster STC seed

location, and (3) Prefrontal/Parietal target was performed

(see top of SI Fig. 1 for schematic). This omnibus ANOVA

design allowed us to separately examine multiple aspects

of STC connectivity, including differential connectivity

between STP and STS subregions, anterior versus posterior

aspects of STC, and their connectivity profiles with key IFG

and IPL targets. Results from this analysis are reported in

section 2.2.1 Main Effects.

2. To examine differential patterns of prefrontal and parietal

connectivity between STP and Area Spt seeds, two RMA-

NOVAs were performed, including: (1) STP and Area Spt

seeds x Prefrontal connectivity, and (2) STP and Area Spt

seeds x Parietal connectivity (see top of SI Fig. 2a, b for

schematics). Results from this analysis are reported in

section 2.2.2 Comparing prefrontal and parietal connec-

tivity between STP and Area Spt.

3. To examine differential patterns of prefrontal and parietal

connectivity between STS and Area Spt seeds, two RMA-

NOVAs were performed, including: (1) STS and Area Spt

seeds x Prefrontal connectivity, and (2) STS and Area Spt

seeds x Parietal connectivity (see top of SI Fig. 3a, b for

schematics). Results from this analysis are reported in

section 2.2.3 Comparing prefrontal and parietal connec-

tivity between STS and Area Spt.

4. To examine hemispheric differences in STC functional

connectivity profiles for ipsilateral prefrontal and parietal

connections, a 2 � 2 � 4 � 7 RMANOVA with factors (1)

hemisphere (left vs right), (2) STC subregion (i.e., STP

vs STS), (3) Anterior-poster STC seed location, and (4) IFG/

IPL target was performed (see top of SI Fig. 4 for schematic).

Results from this analysis are reported in section 2.3

Hemispheric differences in STC functional connectivity

profiles Hemispheric comparisons.

When RMANOVAs violated assumptions of sphericity,

Greenhouse-Geisser correction was applied to the reported

results, and p-values for all pair-wise comparisons of seeds

and targets were Bonferroni adjusted for multiple

comparisons.

An additional post-hoc analysis was performed to probe

hemispheric asymmetries. To examine hemispheric
asymmetries for ipsilateral connections between STC and

Area Spt seed regions and representative prefrontal (i.e., POrb)

and parietal targets (i.e., PGp), paired t-tests were computed

between: (a) left versus right-hemisphere STP seeds to ipsi-

lateral POrb and PGp, (b) left versus right-hemisphere STS

seeds to ipsilateral POrb and PGp, and (c) left versus right-

hemisphere Area Spt to ipsilateral POrb and PGp. All t-tests

were Bonferroni corrected for multiple comparisons.
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