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Abstract

The human auditory cortex comprises the supratemporal plane and large parts of the temporal
and parietal convexities. We have investigated the relevant intrahemispheric cortico-cortical
connections using in vivo DSI tractography combined with landmark-based registration,
automatic cortical parcellation and whole-brain structural connection matrices in 20 right-
handed male subjects. On the supratemporal plane the pattern of connectivity was related to
the architectonically defined early-stage auditory areas. It revealed a three-tier architecture
characterized by a cascade of connections from the primary auditory cortex to six adjacent
non-primary areas and from there to the superior temporal gyrus. Graph-theory-driven
analysis confirmed the cascade-like connectivity pattern and demonstrated a strong degree of
segregation and hierarchy within early-stage auditory areas. Putative higher-order areas on the
temporal and parietal convexities had more widely spread local connectivity and long-range
connections with the prefrontal cortex; analysis of optimal community structure revealed five
distinct modules in each hemisphere. The pattern of temporo-parieto-frontal connectivity was
partially asymmetrical. In conclusion, the human early-stage auditory cortical connectivity, as
revealed by in vivo DSI tractography, has strong similarities with that of non-human primates.
The modular architecture and hemispheric asymmetry in higher-order regions is compatible

with segregated processing streams and lateralization of cognitive functions.

Keywords: auditory areas, cortical connectivity, human, lateralization, parallel and

hierarchical processing



Introduction

The human auditory cortex has been often described in terms of cortical regions found on the
supratemporal plane, including Heschl’s gyrus and large parts of the planum temporale and
planum polare (von Economo and Horn 1930). Activation studies have confirmed the key role
of the supratemporal plane and demonstrated on the temporo-parieto-frontal convexity
networks specialized in auditory functions such as sound recognition, sound localization or
speech processing (Bushara et al. 1999; Maeder et al. 2001; Lewis et al. 2004; Hickok and

Poeppel 2007; Belin 2006; Krumbholz et al. 2007).

In non-human species, the definition of the primary auditory area is based on a combination
of criteria, including strong input from the medial geniculate body, cytoarchitecture, short
response latencies to auditory stimuli and an orderly tonotopic organization (Rose and
Woolsey 1949). In non-human primates the organization of cortico-thalamic connections and
the presence of tonotopic maps lead to the identification of three primary and several non-
primary auditory areas and, eventually, to the concept of auditory core, belt and parabelt
(Pandya et al. 1994; Kaas and Hackett 2000). In humans, in view of the absence of precise
data on cortico-thalamic connectivity, the functional subdivision of the supratemporal plane is
based on architectonic studies and on tonotopic mapping. The primary auditory cortex (PAC),
identified as koniocortex with prominent layer IV (area Tel), always covers portions of
Heschl’s gyrus, but there is no consistent and reliable association between its
cytoarchitectonic boundaries and specific sulci (Rademacher et al. 2001). The role of Heschl’s
gyrus as landmark for PAC is, however, further confirmed by its high responsiveness to
auditory stimuli (Viceic et al. 2009). Cytoarchitectonically PAC comprises 3 subdivions

which are arranged along the mediolateral axis of Heschl’s gyrus (areas Tel.1, Tel.0 and



Tel.2; Morosan et al. 2001). Tonotopic mapping revealed two tonotopic gradients on
Heschl’s gyrus, as well as additional tonotopic maps outside it (Da Costa et al. 2011; Langers
2014; for comprehensive review Saenz and Langers 2014). The surrounding, non-primary
auditory cortex is cytoarchitectonically heterogeneous and has been subdivided into two
(areas 42 and 22; (Brodmann 1909), three (Te 2.1, 2.2 and 3; (Morosan et al. 2005), four (TB,
TA, TD and TG; (v. Economo and Horn 1930) or six areas (PaAi, PaAc/d, PaAe, PaAr, ProA,
and Tpt ;(Galaburda and Sanides 1980). Functionally related stains of cytochrome oxidase,
acetylcholinesterase and NADPH-diaphorase activity as well as immunohistochemical
revelation of parvalbumine revealed a consistent pattern of 7 non-primary areas, whose
cortical surface varied between 1.1 to 3.1 cm?; these areas are referred to as PA (posterior
auditory area), LA (lateral auditory area), LP (lateroposterior auditory area), ALA
(anterolateral auditory area), AA (anterior auditory area), MA (medial auditory area) and STA
(superior temporal auditory area; Fig. 1A, (Rivier and Clarke 1997; Wallace et al. 2002; Chiry
et al. 2003). Distinctive features of the staining patterns, such as prominence of a midcortical
band in cytochrome oxidase staining or the proportion of fiber vs. somatic
acetylcholinesterase staining were compatible with a hierarchical three-tier organization of 1)
PAC,; ii) 6 intermediate level areas (PA, LP, LA, ALA, AA, MA); and iii) at least one higher

level area (STA).

Currently very little is known about the cortico-cortical connectivity of the human auditory
cortex. Two post-mortem studies using Dil or DiA described intrinsic connections within
primary and non-primary early-stage auditory areas (Tardif and Clarke 2001) and within
Brodmann area 22 (Galuske et al. 2000). Two in vivo studies, using DTI, described
functionally relevant fiber tracts originating in Heschl’s gyrus: interconnections within

Heschl’s gyrus between high and low frequency representations (Upadhyay et al. 2007) and



on the supratemporal plane and superior temporal gyrus between foci of effective connectivity
as identified during listening to short sentences (Upadhyay et al. 2008). The pattern of
connectivity between and beyond human early-stage auditory areas and its relationship to

putative processing streams is, however, largely unknown.

In non-human primates cortico-cortical connections co-define hierarchical levels of
processing within the auditory cortex. Tracing studies have demonstrated a cascade-like
connectivity pattern between the core which contains the primary areas Al and R, the belt
which flanks the core laterally and medially and which contains areas AL, ML, CL, CM and
RM, and the parabelt which is lateral to the (lateral) belt and is subdivided into rostral and
caudal parts (Kaas et al. 1999). Al has strong reciprocal connections with R as well as with
the belt, but not with the parabelt areas; the belt areas have strong reciprocal connections with
each other, with the core and with the parabelt; and the parabelt has strong connections with
the belt, but not the core (e. g. (Morel et al. 1993; de la Mothe et al. 2006; Hackett et al.
1998). The parabelt and the adjacent superior temporal gyrus have long intrahemispheric
connections with prefrontal cortex (e. g.Romanski et al. 1999; Hackett et al. 1999) and they

receive in their caudal parts somatosensory input (Smiley et al. 2007; Hackett et al. 2007).

We have carried out a systematic investigation of human auditory cortex connectivity using in
vivo DSI tractography combining landmark-based registration, automatic cortical parcellation
and whole-brain structural connection matrices (Cammoun et al. 2012; Hagmann et al. 2008).
Our working hypothesis stipulated that the pattern of connectivity would be related on the
supratemporal plane to the architectonically identified early-stage auditory areas (Rivier and
Clarke 1997; Wallace et al. 2002) and beyond it to regions of similar size. To test this

hypothesis, we subdivided each hemisphere into 250 regions of interest (ROIs); (Cammoun et



al. 2012). On the supratemporal plane we determined ROIs whose Talairach coordinates
corresponded to the 8 architectonically defined early-stage auditory areas (Rivier and Clarke
1997; Wallace et al. 2002) and we then analyzed the connectivity pattern of each early-stage

auditory area and of each ROI within the temporo-parieto-frontal cortex.

Materials and Methods

Twenty right-handed healthy men aged from 22 to 35 years participated in this study. None
had a history of psychiatric or neurological illness and all reported normal hearing. The
experiments were approved by the Ethics Committee of the Faculty of Biology and Medicine
of University of Lausanne; all subjects provided written, informed consent to participate in

this study.

MRI acquisition and connectome construction

The imaging protocol was performed using a Siemens TimTrio 3T scanner (with a 32-channel
receive head matrix coil). We used a diffusion weighted single shot EPI sequence with a TR
of 6000 ms and a TE of 138 ms, and a maximal b-value of 8000 s/mm?. 256 diffusion
weighted images were acquired with varying b-value and diffusion sensitizing gradient
direction covering a hemi-ball in a Cartesian 3D grid in g-space. The reconstruction of the
data was done according to the standard Diffusion Spectrum Imaging (DSI) protocol (Wedeen
et al. 2005). In addition a high-resolution T1-weighted (MP-RAGE) MRI was acquired in a
matrix of 256 x 256 x 128 voxels of isotropic 1mm resolution. The processing pipeline
producing the connection matrix comprised two pathways (Cammoun et al. 2012): i)
extraction of the cortical surface from a high resolution T1-weighted image and its

subdivision into 250 ROIs per hemisphere; and ii) whole brain tractography with the



reconstruction of virtual fibers throughout the brain. The combination of these two procedures
allowed the construction of connection matrices by computing the number of virtual

generated fibers connecting each pairs of ROIs.

Cortical subdivision
The cortical surface was extracted from a high resolution T1-weighted image (Fischl et al.
2004). The technique available in the Freesurfer freeware

(http://surfer.nmr.mgh.harvard.edu/) assigned a neuroanatomical label to each location on a

cortical surface model based on probabilistic information estimated from a manually labeled
training set (Desikan et al. 2006), identifying gyral-based ”parcels”. Each parcel was
subdivided into smaller cortical ROIs with a cortical surface area of 3.5 + 0.4 cm? and 1mm

thickness; the entire cortex of one hemisphere comprised 250 ROIs (Cammoun et al. 2012).

On the supratemporal plane we have identified eight ROIs whose Talairach coordinates
corresponded to those of the previously described early-stage auditory areas PAC, AA, ALA,
LA, PA, MA and STA, these areas have been defined in histological sections on the basis of
their cyto- and myeloarchitecture as well as their distinct staining patterns of cytochrome
oxidase, acetylcholinesterase, NADPH-diaphorase and parvalbumin immunohistochemistry
and their Talairach coordinates have been published (Rivier and Clarke 1997; Wallace et al.
2002; Chiry et al. 2003). These eight ROIs are referred to in this paper as areas PAC, AA,
ALA, LA, PA, MA and STA. All other ROIs are described in terms of their anatomical
location (e. g. ROIls on the posterior part of the middle temporal gyrus). The areas and ROIs,
which were investigated here, were grouped into 20 anatomical regions: transverse temporal
gyrus; anterior and posterior parts of the superior temporal gyrus; anterior and posterior parts

of the middle temporal gyrus; inferior temporal gyrus; superior temporal sulcus; temporal
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pole; entorhinal and parahippocampal cortices; supramarginal and angular gyri; anterior and
posterior parts of middle frontal gyrus; partes orbitalis, triangularis and opercularis of inferior
frontal gyrus; lateral and medial parts of orbitofrontal cortex; and frontal pole. Within a given
anatomical region all ROIs were included in our analysis and not only those explicitly known
for their involvement in auditory processing: e. g. all ROIls of the temporal pole were included
and not only the dorsal ones (Ding et al. 2009). When represented in a matrix, the order of the
anatomical regions followed as much as possible anatomical proximity, starting at the

temporal and finishing at the frontal pole.

White matter tractography

Tractography is a post-processing method using the diffusion-weighted images and based on
the molecular displacement of water molecules under strong magnetic fields. The Diffusion
MRI scans produces a signal corresponding to the Fourier transform of the diffusion
probability density function (PDF) at every point in the brain in accordance to the used
resolution. Using this relationship between MR signal and PDF, the local diffusion PDF could
be recovered for every imaged brain location (Hagmann et al. 2006). The tractography
algorithm results are 3-dimensional curves of maximal diffusion coherence. These curves,
called virtual fibers, are the estimates of the real white matter axonal bundle trajectories. We
used a tractography algorithm specifically designed for DSI data to create a set of such fibers
for the whole brain (Hagmann et al. 2007; Wedeen et al. 2008). Although DSI data were
shown to provide better appreciation of fiber trajectories at bundle crossings than DTI data
(Gigandet 2009), the crossing fiber problem is likely to persist. This is a well-known problem
for interhemispheric fibers which pass through the body of the corpus callosum and cross on

their way the corona radiata. It is a lesser problem for intrahemispheric cortico-cortical



pathways, which tend to be reliably reconstructed (Schmahmann et al. 2007). For this reason

we focused our study on intrahemispheric connections.

Construction of the connection matrix

Considering the cortical parcellation and the white matter tractography described in the
previous paragraphs, the fiber bundle B(i,j) connecting each pair of ROl i and j could be
identified. The value of the connection matrix cell M(i,j) was the connection density e.g. the

number of virtual fibers connecting this pair of ROIs, and defined as follows:

M(i, j) = ZfeB(i.j)l/I(f) , where I(f) is the length of fiber f along its trajectory. The correction

term I(f) in the denominator is needed to eliminate the linear bias towards longer fibers
introduced by the tractography algorithm (Hagmann et al. 2007) which uses each voxel in the
white matter mask as a seed point. As the number of seed points in the tractography algorithm
is corresponding to the white matter volume an additional normalization of the matrix by this
volume is required for a group study. This additional normalization would correct the bias due

to the fact that a small brain has less fiber than a big one in general.

In order to avoid false positives, i. e. reporting unlikely connections), the identified fibers
were filtered on the basis of their mean fractional anisotropy (FA) along their trajectory. A
global histogram of all subjects helped to identify empirically a subpopulation with small FA
(<0.1 for FA normalized between 0 and 1), which was considered diffusion noise and served
to define the threshold. Auditory connectivity was then analyzed in two ways. In a first
approach, the considered measurement in the matrix was the number of fibers running
between each pair of ROI after the filtering based on FA. In a second approach, connectivity
patterns were assessed in terms of connecting fibers. In each individual subject the number of

fibers running between each 2 ROIs were calculated after the filtering by FA and binarized (0
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if less than FA threshold, 1 otherwise) to inform simply each time if there is connection
between the pair of ROIs or not for individual subject. The population connectivity matrix
was calculated as the mean of individual matrices. Connectivity of individual early-stage
auditory areas and other ROIs were fixed in the template, and the intensity of connectivity
from each of these ROIs to the rest of the matrix was calculated and plotted on an average

cortex to visualize the topography of the auditory connectivity network.

Graph theory (Sporns 2011) was used to analyze the auditory subnetwork on the
supratemporal plane and parts of the superior temporal gyrus. This submatrix comprised the
primary auditory cortex, the six belt areas and 8 parabelt areas (as shown in Fig. 2). The 15
ROIs were considered nodes whereas edges consisted of connections between pairs of ROls.
The auditory areas were represented by binary undirected graphs. The connectivity pattern
within these subregions was compared with that of random graph models, which were the
results of 100 randomizations of each subject’s brain, which shared the size, binary degree
distribution of the original network (Maslov and Sneppen 2002). Three characteristics were
analyzed. First, the cascade-like pattern was evaluated by comparing connections travelling
from PAC to parabelt (PB) via belt (B) to direct connections from PAC to parabelt. To test
this hypothesis, we defined a score describing the number of connections necessary to
connect ROIs of PAC directly to ROIs of parabelt, W_PAC_PB, and the z -score for

connections traveling via belt ROIs W_PAC_B_PB as follow:

(WPAC—B—PB - WPAC—B—PB) . (WPAC—PB - WPAC—PB)

—— y4pAC-PB = —
std(Wpac-p-prp)) std(Wpac-rp))

Zpac-B-PB =

where Wp4c pp and Wp4c_p_pp respectively are the scores describing the number of

connections necessary to connect PAC to parabelt directly and the PAC to parabelt via belt

11



areas in the generated random networks. Second, the degree of integration was assessed by
Global efficiency score within the auditory sub-network (i. e. the average inverse shortest
path length in the network). The Global Efficiency is used as a measure of the overall
capacity for parallel information transfer and integrated processing. It is a topological
measure of the reciprocal or inverse path length between nodes (Bullmore and Sporns 2012).
Third, the degree of segregation was assessed by Clustering coefficient. This network
measurement captures the cliquishness of a local neighborhood, based on the number of
triangular connections between groups of three nodes (Bullmore and Sporns 2012), (i. e. the
fraction of nodes whose neighbors are also neighbors of each other (Watts and Strogatz
1998). Segregated Process should benefit from highly Clustered connections whereas
integrated processes should benefit from high global efficiency of information transfer across
the network as a whole. (Bullmore and Sporns 2012).For each subject a set of 100 random
graph with the same size and degree distribution were generated using the Brain Connectivity
Toolbox (BCT), the Clustering coefficient and the Global efficiency of subjects were

compared with a paired t-test to their mean random network homologous attributes.

The optimal community structure, a subdivision of a network into non overlapping groups of
nodes in a way that maximizes the number of within group edges and minimizes the number
of between group edges, was determined by using the spectral community detection algorithm
described in (Newman 2006). The optimal community structure was determined in each
single subject, based on the mean density of connections, which led to the identification of 4
to 8 modules per hemisphere. The mean module structure within our population of 20 normal
subjects was then determined as follows. For either hemisphere of each subject we identified
modules which dominated one of the following five regions: i) the supratemporal plane

(comprising transverse gyrus and the anterior and posterior STG); ii) the temporal convexity

12



(anterior and posterior parts of MTG and ITG); iii) inferior parietal convexity (angular gyrus,
supramarginal gyrus, inferior parietal gyrus); iv) upper part of the frontal convexity (superior
and middle frontal gyri); and v) lower part of the frontal convexity (inferior frontal gyrus,
frontal pole). The mean distribution of modules i to v was then determined in each

hemisphere.

The trajectories of fibers originating/terminating from individual ROIs were visualized with

Trackvis toolkit (http://trackvis.org/ ) on the basis of virtual fibers generated for the

construction of the connection matrix; a 3D dilation was applied to a given ROI, the

structuring element being a sphere of radius 1).

Hemispheric asymmetry in cortico-cortical connectivity

Hemispheric asymmetry in cortico-cortical connectivity was assessed by comparing the
number of fibers which interconnected, in each hemisphere, 20 anatomical regions (defined in
terms of gyral-based “parcels”; (Desikan et al. 2006)). To preserve anatomical proximity and
putative functional specialization within the matrix, two of the original parcels, the superior
and middle temporal gyri, were subdivided into anterior and posterior parts in respect to
Heschl’s gyrus. The number of interconnecting fibers was normalized per subject between 0
and 1. The 20 x 20 connection matrices of the right and the left hemisphere were compared
using a paired t-test (p<0.05) and a False Discovery Rate was applied as correction for

multiple testing (Hochberg and Benjamini 1990).

Results

Connectivity within the supratemporal plane and the superior temporal gyrus

13
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Analysis of interareal connections on the supratemporal plane revealed a cascade originating
in PAC and propagating throughout the early-stage areas towards the superior temporal gyrus.
PAC was strongly interconnected with the immediately surrounding non-primary areas MA,
AA, ALA, LA, LP and PA, whereas only weak connections were present to cortical regions

beyond these non-primary areas, such as STA and the proximal parts of the planum temporale

(Fig 2).

The connectivity patterns of non-primary areas depended on their position in respect to PAC.
Areas MA, AA, ALA, LA, LP and PA, which are immediately adjacent to PAC (Fig 2; insets
outlined in gray), are very likely homologues of the belt areas described in non-human
primates (Kaas et al. 1999). They had strong interconnections with i) PAC; ii) the adjacent
belt areas; and iii) the neighboring ROIs lying more laterally on the superior temporal gyrus.
Thus, ALA had strong connections to PAC, LA, AA and MA as wll as to the ROIs lying
further away on the planum polare and on the middle part of the superior temporal gyrus. The
rostrally lying areas ALA, AA and MA had strong interconnections within the planum polare,
spreading up to the temporal pole. The caudally lying LP and PA had the strongest

connections within the planum temporale and the posterior part of the superior temporal

gyrus.

Adjacent to the putative belt areas lay a crescent of ROIs (Fig 2, insets outlined in black),
which is likely to be the putative homologue of non-human parabelt areas (Kaas et al. 1999).
These areas were characterized by no or only scarce connections with PAC and by strong
interconnections with i) the neighboring belt areas; ii) the adjacent ROIs within the parabelt;
and iii) the neighboring ROIs lying more laterally on the superior temporal gyrus. An

individual ROI within the parabelt tended to be interconnected with more areas or ROIs than
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was PAC or an individual belt area. Rostrally lying ROIls tended to be interconnected with the
planum polare and with ROIs on the anterior part of the temporal convexity and the temporal
pole, caudally lying ROIs with the planum temporale and with ROIs on the posterior part of
the temporal convexity and the parietal operculum. Several ROIs had strong connections to

prefrontal regions.

Inspection of the connection patterns of individual areas and ROIs suggested that PAC is
connected to the parabelt areas mainly via belt areas. We have tested this hypothesis by
assimilating the 15 areas of the PAC-belt-parabelt region to a network. In either hemisphere
of each subject the number of direct connections between PAC and the parabelt, and the
number of connections traveling via the belt were compared to those in networks generated by
100 randomizations of the same subject’s brain. The high z-score values for Zp 4-_5_pp and
low for Zp4-_pg (Table 1) confirmed the connectivity architecture hypothesis. The number of
direct connections between PAC and parabelt was similar to that predicted from random
connectivity, whereas the number of connections going from PAC to the parabelt via the belt
exceeded by large that predicted by a random connectivity organization, suggesting a

cascade-like connectivity.

The connectivity patterns illustrated in Figure 2 suggested that PAC, the belt and the parabelt
be the origin of separate processing streams. We have analyzed the pattern of connectivity
within these subregions with the Graph theory approach; our results supported the hypothesis
that the auditory network constituted by PAC, the belt and the parabelt, has a strong degree of
segregation. Clustering coefficient was significantly larger in subjects than in randomized
networks within the right (p = 4.9x10™*®) and the left hemisphere (p = 1.2x10™%), suggesting a

high degree of segregation according to the postulate that segregated processes benefit from
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highly clustered connections (Bullmore and Sporns 2012). The integration of the PAC-belt-
parabelt network was assessed by the Global efficiency measurement, which was significantly
larger in subjects than in randomized networks within the right (p = 1.3x10™%) and the left
hemisphere (p = 4x10?%) indicating a high degree of integration. We also measured hierarchy
using global reaching centrality (Mones et al. 2012), which was significantly higher in the
right (p= 4.6x10°®) and left hemispheres (p= 2.4x10™) in subjects than in generated random

networks (Table 2).

Connectivity of the tempo-parietal convexity

Individual ROIs on the temporal convexity tended to have strong and relatively wide-spread
connections to the neighboring ROIs, but not to PAC and only rarely to belt areas (Fig. 3). In
addition to the local connectivity some, but not all ROIs had distal connections to the
posterior part of the inferior frontal gyrus. Individual ROIs on the inferior parietal lobule
tended to have strong local connections to the neighboring ROIs and to the caudal part of the
prefrontal convexity. These connectivity patterns are illustrated for ROIs on the anterior and
posterior parts of the middle temporal gyrus and on the superior and inferior parts of the
supramarginal gyrus of the left and the right hemisphere (Fig. 3 top panel). The fibers which
constituted these connections were part of the perisylvian fiber system (Fig. 3 bottom left
panel), including the arcuate and superior longitudinal fascicule (Catani et al. 2002; Catani et
al. 2005).

Modularity of auditory connections

The clustered connectivity of ROIs on the tempo-parietal convexity suggests a putative
organization into processing streams. We have tested this hypothesis by determining the
optimal community structure, which corresponds to the subdivision of the network into non-

overlapping groups of nodes (i. e. ROIs) by maximazing the number of within group edges (i.
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e. connections) and minimizing the number of between group edges. This calculation was
preformed separately for either hemisphere of each subject. Distinct modules were
consistently found in five regions which are known to be involved in auditory processing: i)
the early stage auditory areas on the supratemporal plane; ii) the temporal convexity; iii) the
inferior parietal convexity; iv) the upper part of the frontal convexity; and v) the lower part of
the frontal convexity. For each of the five regions we identified in each individual hemisphere
the module which included most of the ROIs. The mean distribution of these modules, as
calculated across all subjects, showed a similar configuration in the two hemispheres (Fig. 3).
The module centered on the supratemporal plane (in blue) covered mainly Heschl’s gyrus and
the planum temporale; the module centered on the temporal convexity (in green) included
also the planum polare and the temporal pole as well as small parts of the inferior frontal
cortex; the module centered on the parietal convexity (in red) spread also onto the posterior
parts of the middle and inferior temporal gyri; the module centered on the upper part of the
frontal convexity (in mauve) included most of the middle frontal gyrus and the module
centered on the lower part of the frontal convexity (in cyan) covered most of the inferior

frontal gyrus and spread towards the orbito- and mediofrontal cortex.

Hemispheric differences of auditory cortico-cortical connections

Hemispheric differences in cortico-cortical connectivity were assessed by comparing, in each
hemisphere, fiber density between 20 anatomical regions which were defined in terms of
gyral-based “parcels” (Desikan et al. 2006); Fig. 4. A leftward advantage was present for
several ventro-dorsal connections, mainly those involving the posterior part of the superior
and middle temporal gyri and the angular and supramarginal gyri. A rightward advantage was
present for several antero-posterior connections, involving the anterior part of the middle

temporal gyrus.
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Discussion

Investigating cortical connections in man

Currently there are two approaches to the investigation of neural connectivity of the human
cerebral cortex. Post-mortem studies, using different anterograde or retrograde tracers,
visualized specific axonal pathways, often individual axons, as well their neurons of origin
and/or axonal terminal fields. This approach was successfully applied to the human auditory
cortex for unraveling the finer organization of cortical connectivity but not for assessing the
complex pattern of temporo-parieto-prefrontal connections. Anterograde and retrograde
tracing with Dil or BDA, limited to short connections (below 10-15 mm), has been used for
intracortical connections of the auditory and associated cortices (Tardif and Clarke 2001;
Tardif et al. 2008; Galuske et al. 2000). Long heterotopic interhemispheric connections have
been traced from the right inferotemporal cortex to Wernicke’s and Broca’s areas using the
Nauta method for anterogradely degenerating axons (Di Virgilio and Clarke 1997). Although
the Nauta method visualizes very reliably monosynaptic pathways (Di Virgilio et al. 1999;
Clarke 1994; Clarke and Miklossy 1990; Di Virgilio and Clarke 1997; Clarke et al. 1999;
Wiesendanger et al. 2004), its application depends on the location and extent of the lesion
which causes anterograde axonal degeneration. Unfortunately lesions occurring within the
perisylvian region are often large, multiple and/or encroaching on the numerous subcortical
tracts which are found in the vicinity of the auditory cortex (Bellmann et al. 2001; Thiran and
Clarke 2003), which limits the use of the Nauta method. Myelin degeneration studies suffer
from the same drawback and were further limited by their relatively low sensitivity (Miklossy

etal. 1991).
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A second promising approach has been developed on the basis of DTI and DSI tracing,
investigating most often whole brain connectivity. Both DTI and DSI have been validated by
comparisons with histological tracing techniques. Good anatomical correspondence has been
found between the location of major fiber tracts of the human brain as identified by DTI
tractography and by microscopy in myelin stained histological sections (Thiebaut de Schotten
et al. 2011; Burgel et al. 2006). High level evidence is available for the reliability of DSI.
The highly sensitive autoradiographic tracing technique, generally considered as gold
standard for tract tracing, lead to the identification of fiber tracts in the macaque brain
(Schmahmann and Pandya 2006); these same fiber tracts have been also identified in the

living macaque by means of DSI tracing (Schmahmann et al. 2007).

Cortico-cortical connectivity derived from human DSI data was shown to have characteristics
of complex networks, such as small-world topology, connector and provincial hubs, and
modularity (Bullmore and Sporns 2009). Within this analytical framework, auditory cortex
was described as part of a temporal module, which was defined by the strong connectivity
between the supratemporal plane and the temporal convexity; provincial hubs were identified
in this module on the superior and middle temporal gyri, the superior temporal sulcus and the
supramarginal gyrus (Hagmann et al. 2008). Another DTI study with a large number of
subjects identified 9 major hubs as well as primary and association nodes, but failed to

characterize auditory-related networks (Gong et al. 2009).

We have combined here the two approaches and tried to unravel the finer organization of
early-stage auditory areas, by linking DSI-derived connectivity to histologically identified
auditory areas on the supratemporal plane and by comparing patterns of local and distal

connectivity within different parts of the temporo-parieto-frontal cortex. Our results revealed
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a pattern of auditory cortical connectivity, which is compatible with parallel and hierarchical

processing.

Connectivity of human early-stage auditory areas

The present data strongly support parallel and hierarchical organization within the early-stage
auditory areas, with three distinct tiers which share similarities with the core, belt and parabelt
regions identified in non-human primates (Kaas et al. 1999). Our results have shown a two-
step cascade of connections: i) PAC to areas MA, AA, ALA, LA, LP and PA, which can be
considered to be putative homologues of non-human primate belt areas; and ii) belt areas to a
crescent of immediately adjacent ROIls, including area STA, which can be considered to be
putative homologues of non-human parabelt areas (Fig. 1C). As in non-human primates there
are strong interconnections between core and belt and between belt and parabelt, but not
between core and parabelt. The 6 belt areas tend to have topographically distinct patterns of

connectivity with the parabelt and beyond it with the temporo-parietal convexity.

Supporting evidence for a hierarchical relationship between PAC and the belt and parabelt
areas and their interconnections comes from preoperative recordings. A cascade of latencies
to auditory stimuli were reported between PAC (latencies of 30-50 ms) and the anterolateral
part of Heschl’s gyrus, which corresponds very likely to ALA (Liegeois-Chauvel et al. 1994).
Electrical stimulations in PAC yielded 6-8 ms later neural responses in the anterolateral part
of Heschl’s gyrus and posterolateral to it, corresponding very likely to ALA and PA,
respectively (Liegeois-Chauvel et al. 1991). Shorter latencies, 2-3 ms, were reported in a
similar paradigm in the upper part of the superior temporal gyrus, corresponding very likely
to STA (Howard et al. 2000). Waveform analysis from multisite recordings upon biphasic

electrical pulses to PAC strongly suggests a serial processing from PAC to LA and then to

20



STA (Brugge et al. 2003; Brugge et al. 2008). Functional connections from PAC to belt and
parabelt areas were revealed also by directed coherence analysis of auditory evoked potentials
in response to amplitude modulated sounds; these results are compatible with serial and
parallel processing streams at the level of early stage auditory areas (Gueguin et al. 2007;

Gourevitch et al. 2008).

Several early-stage areas are likely to be tonotopically organized, and their organization may
underlie inter-areal connectivity patterns. Presently the orientation of tonotopic gradients
differs between studies and the correspondence with architectonically identified areas still
needs to be established (Schonwiesner et al. 2002; Talavage et al. 2004; Humphries et al.
2010). A recent 7T fMRI study demonstrated 2 tonotopic gradients on the central part of
Heschl’s gyrus, suggesting the existence of two core areas within the PAC, which may be
homologues of macaque primary areas Al and R (Da Costa et al. 2011). The connectivity of
PAC, reported here, thus reflects the connections of two distinct core areas. To disentangle
the respective connection patterns of Al and R, combined tonotopical mapping and tract
tracing needs to be carried out with 7T MRI. The existence of additional core areas is
suggested by a recent tonotopic investigation of the human auditory cortex using volumetric
and surface-based cortical alignments (Langers 2014); judging by their position with respect
to Heschl’s gyrus, these areas may correspond to LP, ALA and MA. Our study shows a strong
connectivity between PAC and these three areas in the right, but not the left hemisphere. The
connectivity between one of these putative core areas and PAC appears to be tonotopically
organized; a DTI study demonstrated a tonotopic organization of connections between PAC
and the more lateral part of Heschl’s gyrus, corresponding very likely to ALA (Upadhyay et
al. 2007); intra-areal connectivity within PAC between representations of different

frequencies was found to be stronger than inter-areal connectivity between tonotopically
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corresponding parts. Further studies combing activation paradigms, tonotopic mapping and
tract tracing, preferably with 7T MRI, are needed to address the issue of the number of core

areas and of their organization.

The intrinsic connectivity, which has been traced in post mortem material with Dil, is
compatible with hierarchically distinct tiers among the early-stage auditory areas. Intrinsic
connections were shown to originate mostly from layer 11-111 pyramidal neurons and to
spread, at short distances, over all cortical layers. They involved a narrow part of the adjacent
cortex within PAC and a larger part within the belt areas, where they tended to have
anisotropic distributions (Tardif and Clarke 2001). The observed differences suggest that PAC
relies on close collaboration between adjacent units or modules, whereas the belt areas play a

more important role in the integration of different auditory features.

Auditory processing streams

The three-tier architecture of human auditory areas and the cascade-like pattern of their
connections beyond the parabelt areas speak in favor of a hierarchical organization of
auditory processing; it provides support for computational models of serial processing, such
as proposed for sound object recognition on the basis of dynamic causal modeling of fMRI
data (Kumar et al. 2007). Within the 6 architectonically distinct areas of the belt four types of
functional specialization were demonstrated in previous studies; they may be at the origin of 4
parallel networks. One networks is likely to be dedicated to speech processing as indicated by
the corresponding specialization of areas LA and STA (Scott and Johnsrude 2003). The three
other networks may be involved in sound recognition, sound localization or the combination
of both (Altmann et al. 2007; Arnott et al. 2004; Griffiths and Warren 2002; Hart et al. 2004;

Hunter et al. 2003; Viceic et al. 2006). Comparison with architectonically identified areas and
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activation patterns has shown that areas AA and ALA were activated by sound recognition,
but not or significantly less by sound localization, whereas areas LA, STA and PA (Viceic et
al. 2006), and more generally the planum temporale (Griffiths and Warren 2002) were
involved in both. Of the two areas which are selective for sound recognition and may thus
belong to a semantic network, ALA, but not AA, was shown to carry additional spatial
information. The location corresponding to ALA (i.e., the lateral part of Heschl’s gyrus), but
not the more anterior planum polare where AA is located, was found to respond to pitch and
to interaural correlation; the latter is a space-like feature, which does not, however, allow
explicit localization of sounds (Budd et al. 2003). A recent 7T study showed that activation by
environmental sounds was modulated by positional information in ALA, but not in AA (van

der Zwaag et al. 2011).

The connectivity pattern of the core, belt and parabelt regions suggests that there is a certain
amount of cross-talk between the putative networks. Within the belt, adjacent areas are
strongly connected; the communication between streams is further amplified by the divergent
belt-parabelt connections and by the rather wide-spread connections within the parabelt.
Within the cortical regions known to be involved in auditory processing, the optimal
community structure identified two major modules, one centered on the temporal and the
other on the parietal convexity (Fig. 3), which may represent the structural basis for the
ventral and dorsal auditory processing streams, which have been shown to be involved in
sound recognition and sound localization, respectively (Kaas and Hackett 2000; Rauschecker
and Tian 2000; Rauschecker and Scott 2009; Rama et al. 2004; Krumbholz et al. 2007;
Latinus et al. 2013). The existence of distinct rostral and caudal fiber pathways was
demonstrated using DTI. Functional MRI during listening to short sentences was used to

determine effective connectivity between the PAC and non-primary auditory cortex
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(Upadhyay et al. 2008). Two regions of effective connectivity were identified, one on the
lateral planum polare and the anterior part of the superior temporal gyrus and the other on the
lateral planum temporal and the posterior part of the superior temporal gyrus; DTI identified

distinct fiber tracts from PAC to each of the two regions.

Several lines of evidence speak in favor of a strong similarity in the organization of the
auditory cortex in non-human primates and in man. In both there is a strong evidence for
architectonically heterogeneous early-stage areas (Morosan et al. 2001; Morosan et al. 2005;
Rivier and Clarke 1997; Clarke and Rivier 1998; Wallace et al. 2002; Kaas and Hackett 2000;
Rauschecker and Tian 2000; Chiry et al. 2003), with putative functional specialization (Tian
et al. 2001; Petkov et al. 2006); for human studies see above) and a three-tier connectivity
pattern (Kaas and Hackett 2000) here. As in man, in non-human primates auditory processing
involves large parts of the temporo-parieto-prefrontal convexity, beyond the early-stage areas
(Poremba and Mishkin 2007). There is growing evidence for hemispheric asymmetry in
processing species-specific calls in non-human primates (Poremba et al. 2004; Gil-da-Costa et
al. 2006; Gil-da-Costa and Hauser 2006). However, to our knowledge there is no evidence for
asymmetry in cortical connectivity in non-human primates. Furthermore, connections
between the posterior temporal and the frontal areas are sparser in non-human primates than
in man. Although anterograde and retrograde tracing techniques clearly demonstrated
reciprocal connections between macaque belt and frontal areas (AL and CL to areas 8, 10 and
46; (Romanski et al. 1999) the involved arcuate fasciculus (Schmahmann and Pandya 2006;
Schmahmann et al. 2007) is less developed in non-human primates than in man (Thiebaut de
Schotten et al. 2012). The latter has been repeatedly demonstrated in in-vivo tracing studies
(Kier et al. 2004; Catani et al. 2005; Parker et al. 2005; Powell et al. 2006; Glasser and Rilling

2008). Recent results from electrical recordings in chronically implanted patients indicate that
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this pathway is robust and rapidly conducting (Garell et al. 2013).

Hemispheric asymmetry in auditory cortico-cortical connectivity

The asymmetry which we found in respect to regional connectivity could be related, at least
partially, to hemispheric specialization for language and for spatial functions. The posterior
part of the superior temporal gyrus, the angular and supramarginal gyri, and pars opercularis
of the inferior frontal gyrus, which displayed stronger connectivity on the left side, are known
to be involved in speech processing (Hickok and Poeppel 2007; Friederici et al. 2009; Saur et
al. 2010) and the specific connections which we found stronger are likely to be part of
language pathways, which were shown in previous DTI studies to be larger on the left side
(Barrick et al. 2007; Gharabaghi et al. 2009; Hagmann et al. 2006; Parker et al. 2005;
Thiebaut de Schotten et al. 2011; Powell et al. 2006). It is, however, interesting to note that
the posterior part of the superior temporal gyrus appears to be asymmetric in a more complex
way. A post-mortem tracing study revealed a patchy pattern of intrinsic connections within
this region; the spacing between intrinsically connected patches was wider on the left than on
the right side, suggesting differences in intrinsic organization (Galuske et al. 2000). Our
finding that the interareal connectivity of this region is stronger on the left side further

supports differences in intrinsic organization, with a more integrative role on the left side.

The anterior part of the middle temporal gyrus, the inferior parietal gyrus, and pars
triangularis of the inferior frontal gyrus, which displayed stronger connectivity on the right
side, belong to regions known to be part of the right hemispheric network for auditory spatial
processing (e. g. Spierer et al. 2009; At et al. 2011). The temporo-parietal contingent of these

connections may contribute to the white matter pathway between the temporal lobe and the
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superior parietal lobule which was found to be larger on the right side in a previous DTI study

(Barrick et al. 2007).

Conclusions

The connectivity of the human auditory cortex revealed a three-tier architecture within the
early stage auditory areas, with a strong degree of integration and segregation. At this level, in
vivo DSI tractography revealed an architecture that bears strong similarity to non-human
primates. Putative higher-order auditory areas on the temporal and parietal convexities had a
more widely spread local connections as well as long-range connections to the prefrontal
cortex. Unlike in non-human primates the connectivity pattern of higher-order auditory areas
presented hemispheric asymmetry, which may represent the structural basis for the

lateralization of cognitive functions.
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Figure 1. Architectonically identified early-stage auditory areas on a upper view of the right
supratemporal plane (A; adapted from (Rivier and Clarke 1997; Wallace et al. 2002) ; as
identified in the present study on the right inflated temporal lobe (B); and in a schematic
representation of their connectivity (C). For area designations, see list of abbreviations. ITG =
inferior temporal gyrus; MTG = middle temporal gyrus; Post. STS = posterior part of superior
temporal sulcus.
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Figure 2. Connections of the primary auditory cortex (PAC), the belt areas (insets outlined in
gray: MA, AA, ALA, LA, LP, PA), and the parabelt (insets outlined in black: STA and other,
unnamed ROISs) in the right and left hemispheres (top and bottom panels respectively). The
area whose connectivity is represented in a given inset is in cyan; PAC is outlined in yellow;
brown to yellow represents strength of the connectivity (black = present in all 20 cases;
yellow = present in 1 of the 20 cases). The insets are arranged according to the position of the
represented area (in cyan); cyan areas rostral to PAC, such as MA or AA, are placed rostrally
to the central panel (with PAC), i. e. on the right side in the top panel and on the left side in
the bottom panel. Note that PAC is strongly interconnected with the adjacent belt areas (PA,
MA, LA, LP ALA, and AA). The belt areas are strongly interconnected with i) PAC; ii) the
adjacent belt areas; and iii) the nearby parabelt ROIs. The latter are only rarely interconnected
with PAC; their strongest connections were with the neighboring belt and ROls.
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Figure 3. Cortico-cortical connectivity within the left and right hemispheres (in left and right
columns, respectively). Top panel: connectivity of ROIs on the superior and inferior parts of
the supramarginal gyrus (sup SMG, inf SMG) and the anterior and posterior parts of the
middle temporal gyrus (ant MTG, post MTG). Same color conventions as in Fig. 2. Bottom
left panel: Visualization of cortico-cortical fibers originating in ROIs on the superior and
inferior parts of the supramarginal gyrus (red and orange, respectively) and on the anterior
and posterior parts of the middle temporal gyrus (green and yellow, respectively; same ROIls
as in top panel), in a typical subject. Bottom right panel: modules of cortico-cortical
connectivity as determined by optimal community structure. Colors denote mean distribution
of modules defined in individual hemispheres as centered on i) the supratemporal plane
(blue); ii) the temporal convexity (green); iii) the parietal convexity (red); iv) the upper part of
frontal convexity (mauve); and v) the lower part of frontal convexity (cyan). Circles represent
ROls; the size of the circle is proportional to the number of subjects in whom the ROI
participated in the corresponding module.
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Figure 4. . Hemispheric asymmetry of cortico-cortical connections. The matrices of 20
anatomical regions defined by gyral patterns highlight in hues of blue and red
interconnections which were significantly denser in the left and right hemisphere, respectively
(p<0.05). White asterisks indicate connection asymmetries which remained significant after
False Discovery Rate (FDR) was applied as correction for multiple testing. The brain insets
represent schematically connections which are significantly denser in the corresponding
hemisphere (thick lines = significant after FDR correction). Abbreviations denote anatomical
regions: ANG = angular gyrus; ant = anterior part; CMF = caudal medio-frontal cortex; ERC
= entorhinal cortex; FP = frontal pole; IFG = inferior frontal gyrus; IPG = inferior parietal
gyrus; ITG = inferior temporal gyrus; lat = lateral part; med = medial part; MFG = middle
frontal gyrus; MTG = middle temporal gyrus;OFC = orbitofrontal cortex; PHC =
parahippocampal cortex; POP = pars opercularis (of IFG); POR = pars orbitalis (of IFG); post
= posterior part; PTR = pars triangularis (of IFG); RMF = rostral medio-frontal cortex; SMG
= supramarginal gyrus; STG = superior temporal gyrus; STS = superior temporal sulcus; TP =
temporal pole; TTG = transverse temporal gyrus.
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Table 1. Connectivity within the PAC, belt (B) and parabelt (PB) region. For each subject (I-XX) the number of direct connection PAC-PB and those
via belt areas (PAC-B-PB) was expressed as z-score in relation to the random networks (Z pacps and Z pac.s-rs, respectively). Whereas the number
of direct connection PAC-PB did not exceed that in random networks, the number of connections via the belt areas was more frequent in subjects

than in random networks, suggesting a cascade type connectivity.

Y

| v

[ vi

[ v

[ vl

[ 1

| X

[ xi

[ xi

[xim [xiv [xv [xvi [xvi [xvin [xix [xx | Mean
Left hemisphere
Z oncrn 074 ] -075 ] 027] 057] 095] -068] 092] 043 201 -079] -076 [ -0.72 | 249 061 ] -0.60 | -0.61 | 0.90 | 0.99 | -0.73 | 0.01 0.19
Z oncors 11.42 | 18.44 | 12,55 | 12.52 | 12.28 | 13.73 | 21.38 | 12.54 | 18.48 | 10.64 | 13.23 | 13.78 | 14.74 | 13.13 | 15.68 | 6.88 | 13.20 | 18.29 | 12.60 | 13.74 13.96
Right hemisphere
Z pncrn -035] -031] -025] -066] -039] 117] -023] -042 ] -029| 359 269 159 -053| 1.60 | 089 | -044 | 057 | -0.66 | -0.45 | -0.35 0.28
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Table 2. Global efficiency (GE), Clustering coefficient (CC) and Global reaching centrality (GRC) within the PAC, belt and parabelt region of each of
the 20 subjects participating in the study (I-XX) and in 100 random graphs generated with same graph characteristics for each subjects (rnd; in
italics). The values differed significantly between the PAC-belt-parable regions and random networks (right-most column).

[ o T Jwv v v v Jvee T Ix Ix Ixn Ixm [xiv [xv [xvi [xvi [xvin [xix [xx | p

Left hemisphere
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cCrnd 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 [ 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.01 | 0.01 | 0.00 | 0.00 | 0.00 | 0.00
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