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Introduction: The auditory network plays an important role in interaction with the environment. Multiple 

cortical areas, such as the inferior frontal gyrus, superior temporal gyrus and adjacent insula have been 

implicated in this processing. However, understanding of this network’s connectivity has been devoid of 

tractography specificity. 

Methods: Using attention task-based functional magnetic resonance imaging (MRI) studies, an activation 

likelihood estimation (ALE) of the auditory network was generated. Regions of interest corresponding to 

the cortical parcellation scheme previously published under the Human Connectome Project were co- 

registered onto the ALE in the Montreal Neurological Institute coordinate space, and visually assessed for 

inclusion in the network. Diffusion spectrum MRI-based fiber tractography was performed to determine 

the structural connections between cortical parcellations comprising the network. 

Results: Fifteen cortical regions were found to be part of the auditory network: areas 44 and 8C, audi- 

tory area 1, 4, and 5, frontal operculum area 4, the lateral belt, medial belt and parabelt, parietal area F 

centromedian, perisylvian language area, retroinsular cortex, supplementary and cingulate eye field and 

the temporoparietal junction area 1. These regions showed consistent interconnections between adjacent 

parcellations. The frontal aslant tract was found to connect areas within the frontal lobe, while the arcu- 

ate fasciculus was found to connect the frontal and temporal lobe, and subcortical U-fibers were found to 

connect parcellations within the temporal area. Further studies may refine this model with the ultimate 

goal of clinical application. 

© 2020 Elsevier B.V. All rights reserved. 
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. Introduction 

With advances in neuroimaging techniques, clinicians and sci- 

ntists have discovered that the cerebrum is composed of com- 

lex neural networks ( Beckmann et al., 2005 ; De Luca et al., 

006 ; Thirion et al., 2006 ). It is thought that the auditory net-
Abbreviations: A1, primary auditory cortex; AF, arcuate fasciculus; ALE, activa- 

ion likelihood estimation; DSI, fiffusion spectrum magnetic resonance imaging; FAT, 

rontal aslant tract; fMRI, functional magnetic resonance imaging; FOP4, frontal op- 

rcular area 4; HCP, Human Connectome Project; LBelt, lateral belt; MBelt, medial 

elt; MNI, Montreal Neurological Institute; PBelt, parabelt; PFcm, parietal F, region 

m; PSL, perisylvian language area; RI, retroinsular cortex; ROIs, region of interests; 

CEF, supplementary and cingulate eye field; STSdp, superior temporal sulcus dorsal 

osterior; TPOJ1, temporal-parietal-occipital junction 1. 
∗ Corresponding author. 

E-mail address: sughruevs@gmail.com (M.E. Sughrue). 
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378-5955/© 2020 Elsevier B.V. All rights reserved. 
ork is contained within sections of the lateral superior tempo- 

al gyrus, planum polare, planum temporale, Heschl’s gyri, and 

he posterior insula ( Beckmann et al., 2005 ; Nourski et al., 2014 ;

uéguin et al., 2007 ). These association areas play roles in the con- 

ergence and integration of other sensory modalities ( Nourski and 

oward, 2015 ). Furthermore, the auditory network allows inter- 

ction with the environment which ranges from processing audi- 

ory information to other sensory and cognitive tasks, including 

onal ( Zatorre and Gandour, 2008 ), pitch ( Cha et al., 2016 ), speech

 Giraud et al., 2007 ), and language processing ( Morillon et al., 

010 ). These areas of the cerebral cortex appear to activate bi- 

aterally, but the network seems to be left-hemisphere dominant 

 Shaw et al., 2013 ). Therefore, the auditory network appears to be 

ore complex than originally thought, extending beyond its simple 

home” within the Sylvian fissure. While neurosurgeons can pre- 

erve the primary cortical functions by sparing the primary visual 

https://doi.org/10.1016/j.heares.2020.108078
http://www.ScienceDirect.com
http://www.elsevier.com/locate/heares
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heares.2020.108078&domain=pdf
mailto:sughruevs@gmail.com
https://doi.org/10.1016/j.heares.2020.108078
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nd motor cortex during brain surgery, preservation of a higher 

ognitive network has proven to be challenging ( Burks et al., 2017 ). 

herefore, it is likely that advances in brain tumor surgery can be 

ade by improving the understanding of network connectivity. 

Despite the extensive research devoted to the auditory network, 

ost anatomical and functional studies have focused on animal or 

ost-mortem models due to difficulty in obtaining in vivo results 

n humans ( Hackett, 2015 ). Furthermore, studies have shown in- 

erhemispheric and interindividual variabilities in the transverse 

yrus among postmortem brain specimens ( Rademacher et al., 

993 ; Rademacher et al., 2001 ) and MRI ( Penhune et al., 1996 ;

eonard et al., 1998 ). In addition, the extent of the cytoarchi- 

ectonic features along Heschl’s gyrus are subject to interhemi- 

pheric and interindividual variations ( Morosan et al., 2001 ). This 

as led to existing models of the auditory network lacking repro- 

ucible anatomical nomenclature which could have been used to 

ompare results between studies and allow practical transference 

f the findings into the field of medicine. ( Nourski et al., 2014 ;

ishi et al., 2011 ; Dick et al., 2019 ). However, as the field of neuro-

cience has moved towards a more comprehensive understanding 

f brain connectomics and functional neuroimaging, it has become 

ossible to describe more accurate structural and functional mod- 

ls of key cortical networks. 

In this study, we constructed a model of the auditory network 

ased on the cortical parcellation scheme published by the Hu- 

an Connectome Project (HCP). Using relevant task-based func- 

ional magnetic resonance imaging (fMRI) studies and BrainMap 

 http://www.brainmap.org/ ), a collection of open-access software 

rograms used to generate activation likelihood estimations (ALE) 

rom fMRI data, we identified the primary cortical areas involved 

n the auditory network. After identifying these regions of interest, 

e performed Diffusion spectrum MRI-based (DSI) fiber tractogra- 

hy to determine the structural connections between parcellations 

f the network. Our goal is to provide a more detailed model of 

tructural connectivity of the auditory network for use in future 

tudies. 

. Methods 

.1. Literature search 

We searched BrainMap Sleuth 2.4 (Research Imaging Institute 

f Texas Health Science Center San Antonio) on July 24, 2017, for 

ll relevant task-based fMRI studies related to audition in healthy 

ndividuals. We also queried PubMed on July 12, 2017, for the 

MRI studies relevant to the network. The following search algo- 

ithm was used: “Audition OR Activations Only OR Normal AND 

MRI.” The search returned 101 papers which were reviewed for 

nclusion in this study based on the following inclusion crite- 

ia: (1) peer-reviewed publication, (2) task-based fMRI study re- 

ated to the auditory network and audition, (3) based on whole- 

rain, voxel-wise imaging, (4) including standardized coordinate- 

ased results in the Talairach or Montreal Neuroimaging Institute 

MNI) coordinate space, and (5) including at least one healthy hu- 

an control cohort. Only coordinates from healthy subjects were 

tilized in our analysis. Region of interest studies, meta-analyses, 

esting-state studies, and studies examining interactions between 

wo or more networks were excluded. Overall, 73 papers met 

riteria for inclusion in this study ( Fiez et al., 1995 ; Grahn and

owe, 2009 ; Grahn and McAuley, 2009 ; Grahn and Brett, 2007 ; 

iehl and Liddle, 2001 ; Chouinard and Paus, 2006 ; Mazard et al., 

002 ; Nunn et al., 2002 ; Sevostianov et al., 2002 ; Stevens et al.,

0 0 0 ; Toyomura et al., 2007 ; Finger et al., 2006 ; Hart et al.,

004 ; Mitchell et al., 2003 ; Calhoun et al., 2006 ; Friederici et al.,

010 ; Griffiths et al., 1998 ; Griffiths et al., 20 0 0 ; Wildgruber et al.,

0 02 ; Chang et al., 20 09 ; Meyer et al., 20 05 ; Seifritz et al.,
2 
0 03 ; Wheeler et al., 20 0 0 ; Dick et al., 20 07 ; Luc et al., 20 08 ;

alati et al., 2008 ; Horovitz et al., 2002 ; Jobard et al., 2007 ;

ager et al., 2006 ; Ackermann et al., 2001 ; Gervais et al., 2004 ;

ockwood et al., 1999 ; Hesling et al., 2010 ; Abutalebi et al., 2007 ;

rammer et al., 1997 ; Gandour et al., 2002 ; Langheim et al., 

002 ; Peters et al., 2007 ; Szameitat et al., 2002 ; Sharp et al.,

010 ; Christoffels et al., 2007 ; Mathiak et al., 2004 ; Specht and

eul, 2003 ; Specht et al., 2005 ; Isenberg et al., 2012 ; Jäncke et al.,

998 ; Thivard et al., 20 0 0 ; Bangert et al., 20 06 ; Rao et al., 1997 ;

uzuki et al., 2002 ; Wong et al., 2008 ; Wilson et al., 2004 ;

elin et al., 20 0 0 ; Celsis et al., 1999 ; Leff et al., 2008 ; van Dijk

nd Backes, 2003 ; Buchsbaum et al., 2005 ; Binder et al., 1996 ;

inder et al., 20 0 0 ; Jardri et al., 2007 ; Postle and Hamidi, 2007 ;

rown et al., 2004 ; Bense et al., 2001 ; Lattner et al., 2005 ;

aumgartner et al., 2006 ; Husain et al., 20 06 a, 20 06 b; Rinne et al.,

0 05 ; Fu et al., 20 06 ; Saito et al., 20 06 ; Bilecen et al., 20 02 ;

ourville et al., 2008 ; Rao et al., 2001 ; Rademacher et al., 2001 ;

enhune et al., 1996 ; Leonard et al., 1998 ; Morosan et al., 2001 ;

ishi et al., 2011 ; Dick et al., 2019 ; Fiez et al., 1995 ; Grahn and

owe, 2009 ; Grahn and McAuley, 2009 ; Grahn and Brett, 2007 ; 

iehl and Liddle, 2001 ; Chouinard and Paus, 2006 ; Mazard et al., 

002 ; Nunn et al., 2002 ; Sevostianov et al., 2002 ; Stevens et al.,

0 0 0 ; Toyomura et al., 2007 ; Finger et al., 2006 ; Hart et al.,

004 ; Mitchell et al., 2003 ; Calhoun et al., 2006 ; Friederici et al.,

010 ; Griffiths et al., 1998 ; Griffiths et al., 20 0 0 ; Wildgruber et al.,

0 02 ; Chang et al., 20 09 ; Meyer et al., 2005 ; Seifritz et al., 2003 ;

heeler et al., 20 0 0 ; Dick et al., 20 07 ; Luc et al., 20 08 ; Galati et al.,

0 08 ; Horovitz et al., 20 02 ; Jobard et al., 20 07 ; Jager et al., 2006 ;

ckermann et al., 2001 ; Gervais et al., 2004 ; Lockwood et al., 

999 ; Hesling et al., 2010 ; Abutalebi et al., 2007 ; Brammer et al.,

997 ; Gandour et al., 2002 ; Langheim et al., 2002 ; Peters et al.,

007 ; Szameitat et al., 2002 ; Sharp et al., 2010 ; Christoffels et al.,

0 07 ; Mathiak et al., 20 04 ; Specht and Reul, 2003 ; Specht et al.,

005 ; Isenberg et al., 2012 ; Jäncke et al., 1998 ; Thivard et al.,

0 0 0 ; Bangert et al., 20 06 ; Rao et al., 1997 ; Suzuki et al., 2002 ;

ong et al., 2008 ; Wilson et al., 2004 ; Belin et al., 20 0 0 ;

elsis et al., 1999 ; Leff et al., 2008 ; van Dijk and Backes, 2003 ;

uchsbaum et al., 2005 ; Binder et al., 1996 ; Binder et al., 20 0 0 ;

ardri et al., 2007 ; Postle and Hamidi, 2007 ; Brown et al., 2004 ;

ense et al., 2001 ; Lattner et al., 2005 ; Baumgartner et al., 2006 ;

usain et al., 2006 a, 2006 b). 

.2. Creation of 3D regions of interest 

Diffusion-weighted MRI data were obtained from the publicly 

vailable HCP ( Glasser et al., 2013 ; Glasser et al., 2016 ). Their im-

ges were acquired using a 3T Siemens, wherein one 3D T1w 

PRAGE image and one 3D T2w SPACE image was acquired at 

.7mm isotropic resolution. Whole-brain resting-state fMRI data 

nd field maps were also acquired. The field maps were used to 

nable accurate cross-modal registrations of the T2w and fMRI im- 

ges to the T1w image for each subject. Additionally, a spin echo 

hase was used to reverse images acquired during the fMRI ses- 

ion to compute a more accurate fMRI bias field correction and to 

egment regions of gradient-echo signal loss. 

In the original HCP study, diffusion-weighted MRI data were 

tudied in CIFTI file format. CIFTI files involve a surface-based co- 

rdinate system, termed greyordinates, which localizes regions of 

nterest (ROIs) on inflated brains ( Van Essen and Glasser, 2016 ). 

his is in contrast to traditional file formats, such as NIFTI, which 

enote regions based on volumetric dimensions ( Larobina and 

urino, 2014 ). As a result, it was difficult to perform deterministic 

ber tractography using ROIs in CIFTI file format. To convert the 

arcellation file to volumetric coordinates, the relevant greyordi- 

ate parcellation fields were standardized to the three-dimensional 

olumetric working spaces of DSI Studio (Carnegie Mellon, http: 

http://www.brainmap.org/
http://dsi-studio.labsolver.org
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Fig. 1. Activation likelihood estimation (ALE) of 73 task-based fMRI experiments re- 

lated to auditory processing. The three-dimensional ALE data (in red) are displayed 

in Mango on a brain normalised to the MNI coordinate space. (a) ALE data high- 

lighting the unilateral left-sided inferior frontal gyrus and bilateral temporal lobes 

and adjacent insula. (b) ALE data highlighting the left inferior frontal lobe and tem- 

poral gyrus and adjacent insula. (c) ALE data highlighting the inferior frontal gyrus. 

(d) ALE data highlighting the area of middle frontal gyrus. 
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n

/dsi-studio.labsolver.org ) using structural imaging data available 

hrough the HCP. This operation was formed using the Connectome 

orkbench command-line interface (Van Essen laboratory, Wash- 

ngton University 2016). A single, volumetric ROI was generated for 

he parcellations identified in the original HCP study ( Glasser et al., 

016 ). 

.3. Activation likelihood estimation generation and identification of 

elevant cortical regions 

We used BrainMap Ginger ALE 2.3.6 to extract the relevant 

MRI data from our literature search to create an activation like- 

ihood estimation (ALE) of the auditory network ( Husain et al., 

006 b; Rinne et al., 2005 ; Fu et al., 2006 ). All Talairach coordi-

ates identified during the literature review were converted to 

he MNI coordinate space using SPM Conversion in GingerALE. We 

ubsequently performed a single study analysis using cluster-level 

nterference in the MNI coordinate space (cluster level of 0.05, 

hreshold permutations of 1,0 0 0, uncorrected p-value of 0.001). 

he ALE coordinate data were displayed on an MNI-normalized 

emplate brain using the Multi-image Analysis GUI (Mango) 4.0.1 

ric.uthscsa.edu/mango). The pre-constructed ROIs of the parcella- 

ions were then overlaid on the ALE and compared visually for in- 

lusion in the network. 

.4. Network tractography 

Working from the hypothesis that functionally connected 

egions of a network are likely structurally connected, we 

roceeded to determine the backbone of the network using 

eterministic tractography. All fiber tractography was done 

n DSI Studio ( http://dsi-studio.labsolver.org ) using publicly 

vailable brain imaging from the Human Connectome Project 

 http://humanconnectome.org , release Q3). Tractography was per- 

ormed individually with 25 healthy, unrelated subjects (Subjects 

Ds: MGH_1001, MGH_1002, MGH_1003, MGH_1004, MGH_1005, 

GH_1006, MGH_1007, MGH_1008, MGH_1009, MGH_1010, 

GH_1011, MGH_1012, MGH_1013, MGH_1014, MGH_1015, 

GH_1016, MGH_1017, MGH_1018, MGH_1019, MGH_1020, 

GH_1021, MGH_1022, MGH_1023, MGH_1024, MGH_1025). A 

ulti-shell diffusion scheme was used, with b -values of 990, 

,985, and 1,980 s/mm 

2 . Each b -value was sampled in 90 direc- 

ions. The in-plane resolution was 1.25 mm. The diffusion data 

ere reconstructed using generalized q-sampling imaging with a 

iffusion sampling length ratio of 1.25 ( Saito et al., 2006 ). 

All brains were registered to the Montreal Neurological Insti- 

ute (MNI) coordinate space, with imaging warped to fit a stan- 

ardized brain model comparison between subjects ( Evans et al., 

992 ). Tractography was performed in DSI Studio (Carnegie Mel- 

on, http://dsi-studio.labsolver.org ) using a region of interest ap- 

roach to initiate fiber tracking from a user-defined seed region 

 Martino et al., 2013 ). A two-ROI approach was used to isolate 

racts ( Kraft et al., 2011 ) 

Voxels within each ROI were automatically traced with a maxi- 

um angular threshold of 45 °. When a voxel was approached with 

o tract direction or a direction greater than 45 °, the tract was 

alted. Tracts with length longer than 800 mm were discarded. 

n some instances, exclusion ROIs were placed to exclude spuri- 

us tracts that were not involved in the white matter pathway of 

nterest. 

.5. Measuring connection strength 

To quantify the strength of the connections identified within 

he auditory network across all subjects, the tracking parame- 

ers used within DSI Studio were modified such that the program 
3 
ould count the total number of tracts between any two ROIs 

ased on a random seed count of 2.5 million. Working sequentially 

hrough ROI pairs in the network, the number of tracts between 

egions was recorded for each of the 25 subjects after fiber tractog- 

aphy was terminated under these new conditions. The strengths 

f the connections within the auditory network were calculated by 

veraging the number of tracts between each ROI pair of the net- 

ork across all subjects. 

. Results 

.1. ALE regions and corresponding parcellations 

Fig. 1 demonstrates the ALE of the 73 auditory-related, task- 

ased fMRI experiments included in our meta-analysis. Highlighted 

reas include the frontal and temporal lobes, specifically the infe- 

ior frontal gyrus, medial frontal gyrus, superior temporal gyrus, 

djacent insula, and posterior temporal lobe. Fifteen regions of in- 

erest were found to overlap the fMRI data, including A1, A4, A5, 

Belt, PBelt, RI, PFcm, PSL, STSdp, TPOJ1, 44, FOP4, 8C, and SCEF. 

omparison overlays between these cortical regions and the ALE 

re shown in Fig. 2 . 

.2. Structural connectivity of the auditory network 

Deterministic tractography was utilized to determine the ba- 

ic structural connectivity of the auditory network. These results 

re shown in Fig. 3 . Individual connections within this network 

re presented in the supplemental Table 1 which tabulates the 

trengths of individual connection. 

The cortical areas comprising the auditory network can be clas- 

ified based on the area of the brain to which they localize: supe- 

ior temporal gyrus and adjacent insula (A1, A4, A5, LBelt, MBelt, 

Belt, RI), posterior temporal lobe (PFcm, PSL, STSdp, TPOJ1), me- 

ial frontal gyrus (8C and SCEF), and inferior frontal gyrus (44 and 

OP4). 

The frontal aslant tract (FAT), as shown in purple ( Fig. 3 ), con-

ects the inferior frontal gyrus, the superior frontal gyrus, and the 

http://dsi-studio.labsolver.org
http://dsi-studio.labsolver.org
http://humanconnectome.org
http://dsi-studio.labsolver.org


J.J. Kuiper, Y.-H. Lin, I.M. Young et al. Hearing Research 396 (2020) 108078 

Fig. 2. Comparison overlays between cortical parcellations (shown in blue) and the activation likelihood estimation (shown in red) from Figure 1 in the left cerebral hemi- 

sphere. Regions were visually assessed for inclusion in the network if they overlapped with the activation likelihood estimation data. Cortical parcellation assessed for 

inclusion in our model of the auditory network included area A1, A4, A5, LBelt, MBelt, PBelt, and RI of the superior temporal gyrus and adjacent insula; PFcm, PSL, STSdp, 

and TPOJ1 of the posterior temporal lobe; regions 44 and FOP4 of the inferior frontal gyrus; and regions 8C and SCEF of the middle frontal gyrus. Labels indicate the region 

of interest shown in each panel. 
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iddle frontal gyrus of the auditory network. Connections between 

he inferior frontal gyrus (44 and FOP4) and medial frontal areas 

8C and SCEF) were observed. These fibers originate from the in- 

erior frontal gyrus and course inferiorly to the white matter. They 

un superiorly and posteriorly to the middle frontal area, where 8C 

nd SCEF are located. 

Subcortical U-fibers, as shown in pink ( Fig. 3 ), connect the su- 

erior temporal gyrus and the posterior temporal lobe within the 

uditory network. The connections between the superior temporal 

reas (A1, A4, A5, LBelt, MBelt, PBelt, RI) and posterior temporal 

reas (PFcm, PSL, STSdp, TPOJ1) were identified. These fibers orig- 
4 
nate from the superior temporal gyrus and adjacent insula. They 

ourse inferiorly into the deep white matter of Heschl’s gyrus and 

urve posteriorly and superiorly into the posterior temporal area, 

here PFcm, PSL, STSdp, and TPOJI are located. 

The arcuate fasciculus (AF), as shown in green ( Fig. 3 ), connects 

rontal areas and temporal areas in the auditory network. In gen- 

ral, connections of the AF within the auditory network can be di- 

ided into four subtypes: inferior frontal gyrus to superior tempo- 

al gyrus, inferior frontal gyrus to the posterior temporal lobe, me- 

ial frontal gyrus to superior temporal gyrus, and medial frontal 

yrus to the posterior temporal lobe. Connections between medial 
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Fig. 3. Tractography model of the auditory network as shown on T1 -weighted magnetic resonance image in the left cerebral hemisphere. FIRST ROW: sagittal sections from 

most medial to most lateral demonstrating the extent of the arcuate fasciculus which projects between the frontal and temporal regions of the auditory network. SECOND 

ROW: coronal sections from most anterior to posterior highlighting the projections between inferior to middle frontal gyrus via frontal aslant tract within the auditory 

network. THIRD ROW: coronal sections from most anterior to posterior highlighting the subcortical U-fibres within the temporal region of the auditory network. FOURTH 

ROW: axial sections from most superior to inferior highlighting the arcuate fasciculus and frontal aslant tract within the auditory network. 

5 
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Fig. 4. Simplified schematic of the white matter connections identified between individual parcellations of the auditory network during fiber tracking analysis. Connections 

are labels with their average strength measured across all 25 subjects used in this analysis. 
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rontal gyrus (8C and SCEF) and posterior temporal areas (PFcm, 

SL, STSdp, TPOJ1) were also identified. These fibers course infe- 

iorly into the deep white matter of the medial frontal gyrus be- 

ore curving 90 degrees to continue in the anterior-posterior di- 

ection. The fibers pass deep into the sensorimotor cortex before 

urving laterally to terminate in the temporal cortex corresponding 

o areas PFcm, PSL, STSdp, and TPOJ1. Connections between infe- 

ior frontal (44 and FOP4) and posterior temporal areas (PFcm, PSL, 

TSdp, TPOJ1) were also noted. In addition, connections between 

uperior temporal gyrus (A1, A4, A5, LBelt, MBelt, PBelt, RI) to me- 

ial frontal areas (8C and SCEF) were identified. Connections be- 

ween superior temporal gyrus (A1, A4, A5, LBelt, MBelt, PBelt, RI) 

nd inferior frontal gyrus (44 and FOP4) were observed. The con- 

ections of the auditory network are summarized in Fig. 4 . Lines 

n this schematic represent individual connections of the auditory 

etwork, which are labelled with their average strength as mea- 

ured across all 25 subjects included in this analysis. 

. Discussion 

The auditory network has long been described in terms of core, 

elt, and parabelt regions ( Kaas and Hackett, 20 0 0 ; Hackett et al.,

998 ). The core of the auditory network has been localized to the 

osteromedial two-thirds of Heschl’s Gyrus ( Nourski et al., 2014 ; 

uéguin et al., 2007 ). The belt and parabelt regions, associated 

ith parcellations MBelt, LBelt, and PBelt, have not been as well 

haracterized. These regions are largely based on non-human pri- 

ate studies rather than true human anatomy ( Hackett, 2015 ). 

In this study, we utilized meta-analytic software and deter- 

inistic tractography to construct a model of structural connec- 

ivity of the auditory network based on the cortical parcella- 

ion scheme published previously under the Human Connectome 

roject ( Glasser et al., 2016 ). We used a meta-analytic approach to 

ry to minimize between-study differences to develop a consensus 

ata with as much statistical power as the literature allows. Addi- 
6 
ionally, linking these data points to a standard coordinate scheme, 

uch as the HCP atlas, facilitates comparison between studies. Fur- 

her, by linking functional data to anatomically precise areas, the 

ndings can be directly clinically applicable. We believe that a bet- 

er understanding of the cortical areas and tracts involved in the 

uditory network can improve neurosurgeons’ ability to preserve 

his network’s function in surgery. The anatomic constituents of 

his network are discussed below. 

.1. The anatomic model 

.1.1. Superior temporal gyrus and adjacent insula 

The superior temporal gyrus and adjacent insula have been 

hown to be a component of auditory processing, with under- 

ying language functions, including reception, perception, inner 

peech, and auditory imagery ( Gernsbacher and Kaschak, 2003 ; 

hergill et al., 20 0 0 ; Liégeois-Chauvel et al., 2004 ). We found

hat regions A1, A4, A5, MBelt, PBelt, LBelt, and RI overlap with 

he auditory network in the area of the superior temporal gyrus 

nd adjacent insula. Our ALE also shows bilateral activation of 

he superior temporal gyrus, which is consistent with other stud- 

es ( Dick et al., 2007 ; Abutalebi et al., 2007 ; Bilecen et al.,

002 ). 

A1 is known as the primary auditory cortex and is located on 

he superior temporal gyrus of the temporal lobe ( Baker et al., 

018 a). A1 is crucial for the initial processing of auditory stim- 

li, and is involved in the detection and extraction of basic acous- 

ic signal features, such as frequency, lateralization, onset time, 

ynchronicity, modulation coherence, loudness, and harmonicism 

 Wong et al., 2008 ; Langers et al., 2007 ). Areas A4 and A5 are

ewly described parcellations from the auditory association cor- 

ex, and unlike A1, they involve more in various associating func- 

ions rather than pure auditory functions ( Glasser et al., 2016 ). 

4 is on the superior surface of the posterior half of the supe- 

ior temporal gyrus and may correspond to previously described 
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ytoarchitectonic area Te3 ( Baker et al., 2018 a; Morosan et al., 

005 ). There is evidence that this region of the brain processes 

erceptual and conceptual acoustic sound. It has the auditory func- 

ion of encoding sentences and decoding melodies ( Albouy et al., 

020 ). Furthermore, A4 is regarded as the “grammatical” area, 

s it stores learned sentence structures ( Knoblauch et al., 2004 ). 

5 is a thin anterior-posterior running strip on the superior lat- 

ral surface of the posterior portion of the superior temporal 

yrus ( Baker et al., 2018 a). This region of the brain processes 

erceptual and conceptual acoustic information ( Trumpp et al., 

013 ). 

The medial belt (MBelt), lateral belt (LBelt) and parabelt (PBelt) 

re newly described brain parcellations from the auditory cortex 

 Glasser et al., 2016 ). These three complexes were surrounding the 

uditory core, with the MBelt and LBelt being heavily myelinated 

 Glasser et al., 2016 ). These HCP defined parcellations are similar, 

ut not identical to parcellations that have been previously identi- 

ed in this area ( Moerel et al., 2014 ). Additionally, the HCP iden-

ified PBelt as a lateral parabelt complex and area 52 medial to 

he MBelt, wherein previous literature has suggested area 52 cor- 

esponds to the MBelt ( Moerel et al., 2014 ). The arrangement of 

hese areas is similar to that of Von Economo and Koskinas, with 

heir TB corresponding to the MBelt and LBelt and their TA1 cor- 

esponding to the HCP’s PBelt ( Triarhou, 20 07 a, 20 07 b). 

The MBelt runs on the medial surface of Heschl’s gyrus. Little 

nformation has been gathered on the medial belt ( Baker et al., 

018 a, 2018 b), however it is known that its neurons respond to 

omplex sounds ( Recanzone et al., 20 0 0 ; Rauschecker et al., 1995 ;

chroeder et al., 2001 ). MBelt has the function of auditory spatial 

eception, through the integration of multi-sensations, including 

omatosensory, visual and auditory stimulations ( Schroeder et al., 

001 ; Groh et al., 2001 ). The LBelt is located on the lateral sur-

ace of Heschl’s gyrus ( Baker et al., 2018 a). Compared to the me-

ial belt, the lateral belt is more well studied because of its greater 

ccessibility to neurophysiological recording ( Rauschecker et al., 

995 ). In contrast to A1, LBelt instead responds to pure tone acous- 

ic stimuli and is suggested to integrate auditory information, given 

hat it is more responsive to noise with a range of frequencies 

reater than just pure tones ( Rauschecker et al., 1997 ). Lesion 

tudies also prove that the lateral belt has the function of spa- 

ial cognition ( Romanski et al., 1999 a, 1999 b). The PBelt is lo-

ated in the superior surface of the inferior portion of the supra- 

arginal gyrus, which is a small region between the lateral edge 

f Heschl’s gyrus and the opercular cleft of the inferior supra- 

arginal gyrus ( Baker et al., 2018 a). The exact function of the para-

elt, a newly characterized parcellation, is understudied. The para- 

elt region is located at the plenum temporale and contributes to 

ts auditory processing after perceiving complex sounds, includ- 

ng speech, acoustic patterns, as well as environmental and mu- 

ic sounds ( Griffiths and Warren, 2002 ). The retroinsular cortex 

RI) is located anterior superior to the long gyrus of the insula. 

t is located at the deep termination of Heschl’s gyrus at its su- 

eromedial termination ( Baker et al., 2018 a). It has the function of 

eceiving corticocortical afferents regarding somatosensory inputs 

hile serving auditory responses ( Chudler et al., 1989 ; Fu et al., 

003 ). 

Given the role of the superior temporal gyrus and adjacent in- 

ula in auditory functioning, it is unsurprising that the parcel- 

ations within these areas of the cortex form part of the audi- 

ory network. Furthermore, structural and functional connections 

etween parcellations within the superior temporal gyrus sug- 

est the presence of multisensory responses in the auditory ar- 

as, which is consistent with other functional studies ( Fu et al., 

003 ; Ghazanfar et al., 2005 ; Lakatos et al., 2007 ). Further study 

s needed to understand the functionalities and relationships be- 

ween parcellations in auditory networks. 
7 
.1.2. Posterior temporal lobe 

The posterior temporal lobe is well-established in the litera- 

ure as part of the auditory network, and is involved in phono- 

ogical processing ( Shergill et al., 20 0 0 ; Giraud and Price, 2001 ;

ise et al., 2001 ). Cortical areas PFcm, PSL, STSdp, and TPOJ1 over- 

ap with the ALE in the posterior temporal lobe. The ALE con- 

tructed for the purposes of this study highlights bilateral activa- 

ion of the posterior temporal lobe, which has been demonstrated 

n several other studies ( Calhoun et al., 2006 ; Friederici et al., 2010 ;

ense et al., 2001 ). 

Parietal F, region cm (PFcm) is located in the superior portion 

f the supramarginal gyrus. It is primarily located on the oper- 

ular cleft of this part of the gyrus ( Baker et al., 2018 a). Area

Fcm is important in processing language with regard to vocabu- 

ary, semantics, syllables, tones, and auditory-verbal working mem- 

ry ( Celsis et al., 1999 ; Howard et al., 1992 ; Zatorre et al., 1992 ;

iez et al., 1996 ). The perisylvian language area (PSL), a newly de- 

cribed area, is located at the apex of the posterior Sylvian fissure 

nd is in the lower portion of the posterior part of the supra- 

arginal gyru ( Baker et al., 2018 a). PSL is important for higher cog- 

itive functions such as language perceptual function, information 

rocessing, emotion regulation and control of cognitive functions 

 John et al., 2011 ; Newhart et al., 2012 ). Temporal-parietal-occipital 

unction 1 (TPOJ1) is located on the posterior superior temporal 

ulcus ( Baker et al., 2018 c). TPOJ1 is a newly described area and its

unctions are still unclear. However, it is known that the temporal- 

arietal-occipital junction plays a role in high-level neurological 

unctions including generation of language, visuospatial attention, 

nd assimilation of audiovisual information ( Vaina, 1994 ). The su- 

erior temporal sulcus dorsal posterior (STSdp) is located on the 

osterior half of the lateral face of the superior temporal gyrus 

nd the posterior half of the superior bank of the superior tem- 

oral sulcus ( Baker et al., 2018 d). STSdp is a newly described par-

ellation from the association cortex and fMRI studies show that 

t is involved in a higher level of activation in various associating 

unctions, rather than pure auditory functions ( Glasser et al., 2016 ). 

he exact function of STSdp is unknown, however, it is known that 

he posterior superior temporal sulcus is associated with auditory 

rocessing from language inputs and short-term auditory-verbal 

emory ( Fiez et al., 1996 ; Liebenthal et al., 2010 ; Binder, 1997 ). 

While area PFcm has been shown to be active during analysis 

f auditory information and is part of the auditory network in our 

tudy, the roles of newly introduced areas including PSL, STSdp, 

nd TPOJ1 in auditory processing are not well characterized. Fur- 

her functional research is needed to investigate their roles in the 

uditory network. 

.1.3. Inferior frontal gyrus 

The inferior frontal gyrus is well-established in the literature as 

art of the auditory network ( Shergill et al., 20 0 0 ). Cortical areas

4 and FOP4 overlap with the ALE in the inferior frontal gyrus. 

he ALE constructed for the purposes of this study demonstrates 

nilateral left-sided activation of the inferior frontal gyrus, which 

as been demonstrated in several other studies ( Ackermann et al., 

001 ; Bangert et al., 2006 ). 

Brodmann’s area 4 4 (BA4 4) is located in the pars opercularis 

f the inferior frontal lobe ( Keller et al., 2009 ). BA44 is part

f Broca’s area and primarily implicated in high-level aspects of 

peech production, as well as potentially involved in imitation, mu- 

ic perception and verbal working memory ( Newhart et al., 2012 ; 

radley et al., 1980 ; Heiser et al., 2003 ). FOP4, a newly described

rea of the brain that was parcellated from the frontal operculum, 

s located on the inner surface of the pars opercularis of the infe- 

ior frontal gyrus ( Baker et al., 2018 a). It plays key role in the initi-

tion of language and lexical retrieval required for language learn- 

ng ( Li et al., 2017 ; Steinmetz and Seitz, 1991 ). 
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Table 1 

Structural connectivity strength (number of fibers) between each parcellation 

within the auditory network for the connections evident in the majority of the 

tractography population. 

Connections Average Strength of Connection 

44 to 8C 571.2 

44 to SCEF 232.3 

44 to RI 17.1 

8C to FOP4 217.2 

8C to SCEF 69.4 

A1 to A4 319.5 

A1 to A5 118.7 

A1 to LBelt 729.8 

A1 to MBelt 709.2 

A1 to PBelt 617 

A1 to PFcm 304.3 

A1 to PSL 71.9 

A1 to STSdp 80.6 

A1 to TPOJ1 181.4 

A1 to RI 413 

A4 to A5 1316.4 

A4 to LBelt 677.4 

A4 to MBelt 568.3 

A4 to PBelt 1799.6 

A4 to PFcm 389.5 

A4 to PSL 451.7 

A4 to STSdp 542.9 

A4 to TPOJ1 441.79 

A4 has to RI 456.7 

A5 to FOP4 122.4 

A5 to LBelt 265.7 

A5 to MBelt 486.3 

A5 to PBelt 908.9 

A5 to PFcm 106.6 

A5 to PSL 124.6 

A5 to STSdp 1124.8 

A5 to TPOJ1 463 

A5 has to RI 165.8 

FOP4 to MBelt 65.3 

FOP4 to PBelt 60.3 

FOP4 to PSL 29 

FOP4 to SCEF 110 

FOP4 to TPOJ1 60.3 

FOP4 has to RI 45 

LBelt to MBelt 329.8 

LBelt to PBelt 1339.8 

LBelt to PFcm 215.5 

LBelt to PSL 109.4 

LBelt to STSdp 214.5 

LBelt to TPOJ1 194 

LBelt has to RI 456.7 

MBelt to PBelt 696 

MBelt to PFcm 145.9 

MBelt to PSL 44.9 

MBelt to STSdp 138.3 

MBelt to TPOJ1 132.9 

MBelt has to RI 325.6 

PBelt to PFcm 496.5 

PBelt to PSL 259.4 

PBelt to STSdp 514.6 

PBelt to TPOJ1 345 

PBelt has to RI 492.6 

PFcm to PSL 853.4 

PFcm to STSdp 190 

PFcm to TPOJ1 422 

PFcm has to RI 785.5 

PSL to STSdp 303.6 

PSL to TPOJ1 307.6 

PSL has to RI 634.3 

STSdp to TPOJ1 1017.8 

STSdp has to RI 177.5 

TPOJ1 has to RI 274.7 

h

s

a

a

.1.4. Medial frontal gyrus 

Activation of the medial frontal gyrus is associated with audi- 

ory functions ( Shergill et al., 20 0 0 ). Cortical areas 8C and SCEF

verlap with the ALE in the middle frontal gyrus. The ALE shows 

hat these areas are activated unilaterally in the auditory net- 

ork, which has been described in several fMRI-related studies 

 Buchsbaum et al., 2005 ; Baumgartner et al., 2006 ). 

Area 8C is located at the posterior part of the medial frontal 

yrus ( Baker et al., 2018 b). Area 8C is a newly identified area

nd its exact function is unclear. However, it is known that Brod- 

ann’s area 8 integrates vision with auditory and somatosensory 

nputs and has a critical role for visuospatial cognition ( Reser et al., 

013 ; Genovesio et al., 2011 ; Levy and Goldman-Rakic, 1999 ). It 

lso involves integrating cognitive and limbic information during 

ecision making and error monitoring during attention-demanding 

ask performance ( Ray and Zald, 2012 ; Etkin et al., 2011 ). The sup-

lementary and cingulate gyrus (SCEF) is located on the posterior 

edial surface of the superior frontal gyrus ( Baker et al., 2018 e). It

s involved in visual imagery, image generation and working mem- 

ry ( Glasser et al., 2016 ; Gulyás, 2001 ; Formisano et al., 2002 ). 

The precise nature of area 8C and SCEF in auditory is not 

nown. However, with the connections between medial frontal 

yrus and temporal areas via the arcuate fasciculus, the medial 

rontal gyrus received comprehensive auditory information from 

he temporal areas for higher cognitive processing ( Saur et al., 

010 ). Little is known about the auditory dynamics of frontal and 

emporal areas; further research is needed to understand the in- 

eractions between parcellations in the auditory cortex and their 

oles in cognitive functioning. 

.2. The strength of connections within the auditory network 

The average strength of the connections identified between par- 

ellations of the auditory network is reported briefly in Table 1 

nd in full in Supplementary Table 2. Two different values for 

trength were computed. The first represents the average strength 

s measured across 25 subjects used in this analysis; the second 

epresents the average strength when only considering subjects 

emonstrating connections when performing tractography. Based 

n these results, it is clear that the structural auditory connectiv- 

ty varies to some degree between individuals. By presenting both 

ets of average connectional strengths, we can see how these con- 

ections vary in the network. 

In this study, we did not set a threshold for the strength for 

he inclusion criteria for the connections within the network. For 

xample, when evaluating the connection 8C between A4, the av- 

rage strength across all 25 individuals was measured to be 31 

ersus 390 in the single subset identified as having this tract. If 

e had set a threshold of an average strength of 10 or a thresh-

ld to the frequency by which we saw the connection, such as in 

t least 10 subjects, then we would not report their connection in 

his paper. However, in our view, it is more appropriate to mention 

hat the connection between 8C and A4 is a relatively weak con- 

ection that occurs less frequently in the auditory network, as op- 

osed to saying no such connection exists. Despite not setting such 

 threshold, additional study is required to understand whether the 

trength and frequency of auditory connections are critical to the 

unctionality of the network. 

.3. Limitations 

The left auditory cortex is more highly folded and larger than 

he right ( Shaw et al., 2013 ). In addition, research on unilateral 

earing loss indicates greater restructuring of the left auditory cor- 

ex in cases of left-sided sensorineural hearing loss compared to 
8 
ealthy controls. No such restructuring was identified in right- 

ided sensorineural hearing loss ( Bilecen et al., 2002 ). Finally, the 

uditory hallucinations seen in schizophrenia may relate to either 

 left-sided temporal lobe abnormality or a potential interhemi- 
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pheric effect ( Eickhoff et al., 2012 ). Due to the seeming predomi- 

ance of the left-sided auditory cortex in audition, we focused on 

uilding a model of the auditory network solely on the left side. 

urther research is required to fully describe the connectivity and 

nterrelatedness of the left and right auditory cortices. 

Using fMRI data alone also presents another source of potential 

imitation. Auditory cortices were first investigated using EEG be- 

ore advancing to positive emission tomography (PET) and eventu- 

lly fMRI. Since then, the use of fMRI has accelerated due to wide 

vailability, relative safety, and its ability to measure dynamic cere- 

ral activity ( Turkeltaub et al., 2012 ). Studies using fMRI have been 

hown to be sensitive to variations in loudness and sound intensity 

 Eickhoff et al., 2009 ). However, analysis of such data often relies 

n Talairach or MNI templates, which are based on post-mortem 

rain studies, or on a small sample size of healthy brain studies. 

uch issues indicate that the dependence on fMRI may be limited 

n its scope and alternative methods have been suggested, such as 

natomical MRI which has been used in the investigation of pri- 

ary visual cortices ( Yeh et al., 2010 ). Despite these limitations, 

ur study does provide a preliminary anatomic model on which to 

ase future research. 

. Conclusion 

We present a preliminary tractographic model of the auditory 

etwork. This model comprises parcellation within the frontal and 

emporal cortex, which are principally linked through the arcuate 

asciculus, frontal aslant tract and subcortical U-fibre. Further stud- 

es may refine this model with the ultimate goal of clinical appli- 

ation. 
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