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The intergenerational stability of auditory symbolic systems, such as music, is thought to rely on brain processes that allow the
faithful transmission of complex sounds. Little is known about the functional and structural aspects of the human brain which
support this ability, with a few studies pointing to the bilateral organization of auditory networks as a putative neural substrate. Here,
we further tested this hypothesis by examining the role of left–right neuroanatomical asymmetries between auditory cortices. We
collected neuroanatomical images from a large sample of participants (nonmusicians) and analyzed them with Freesurfer’s surface-
based morphometry method. Weeks after scanning, the same individuals participated in a laboratory experiment that simulated music
transmission: the signaling games. We found that high accuracy in the intergenerational transmission of an artificial tone system was
associated with reduced rightward asymmetry of cortical thickness in Heschl’s sulcus. Our study suggests that the high-fidelity copying
of melodic material may rely on the extent to which computational neuronal resources are distributed across hemispheres. Our data
further support the role of interhemispheric brain organization in the cultural transmission and evolution of auditory symbolic systems.
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Introduction
An influential proposal in the field of human cultural evolution
attributes stable cultural traditions and cumulative innovations
to psychological processes capable of high-fidelity copying—i.e.
the ability to faithfully learn and reproduce cultural information
(Tomasello et al. 1993; Mesoudi 2011; Lewis and Laland 2012;
Legare and Nielsen 2015). In cultural systems where oral trans-
mission is still prominent, such as music (Le Bomin et al. 2016),
processes such as social learning and transmission operate as
a form of inheritance system (Tomasello et al. 1993; Tomasello
2009). When these processes are imprecise, they lead to erroneous
reproductions (“innovations”) and may promote the emergence of
novel variants (Boyd and Richerson 1988; Caldwell et al. 2016).
While social learning and transmission biases are often inter-
preted in cognitive terms (Sperber 1996, 2012; Chater and Vitányi
2003; Kirby et al. 2007; Ravignani et al. 2018), their neural under-
pinnings are still unclear (Lumaca, Haumann, et al. 2018). Under-
standing the organizational aspects of human brain networks
that promote social learning and transmission, and assessing the
origins of their variability across individuals, may ultimately be
essential for understanding larger-scale cultural phenomena as
different as music stability and diversification (Mesoudi 2011).

Experiments with signaling games suggest that the interhemi-
spheric organization of temporal auditory networks may be a neu-
ral substrate for the faithful transmission of music (Lumaca et al.
2019, 2021). In a 2-session experiment, we collected neuroimaging
and behavioral data from healthy participants (nonmusicians)
(for more details, see “Study design”). The behavioral experiment
consisted of a paradigm that mimics, under controlled laboratory
settings, the intergenerational transmission of a melodic system:
the signaling games (Moreno and Baggio 2015; Nowak and Baggio
2016; Lumaca and Baggio 2017, 2018). In signaling games, each
participant plays first as a “receiver” (learner) of a melodic “code”
(an artificial system of signals-states mappings). In a second
game, the participant’s role becomes that of “sender” (transmitter)
and is asked to reproduce the original code by memory (Fig. 1).
In our experiment, the signals were 5-tone melodic patterns,
while the states were facial expressions representing music
emotions (see Lumaca and Baggio 2017 for details on the stimuli).
We assessed the participants’ performance on 3 core cultural
transmission behaviors: coordination (social learning), trans-
mission (transmission fidelity), and innovation (reproduction
errors). We found that the transmission fidelity could be predicted
by the strength of homotopic functional connections between
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Fig. 1. Structure of a single trial in signaling games and experimental transmission design. On the left, an example of a single trial showing what the
senders (top row) and receivers (bottom row) saw on the screen or listened to via headphones. At the start of each trial, the sender saw on the computer
screen a facial expression (simple or compound emotions; “state”) and was asked to compose an isochronous 5-tone sequence to be used as a “signal” to
communicate the observed state to a receiver. The receiver listened to the signal via the headphones and responded by guessing which image the sender
had seen. Feedback was presented simultaneously to both players, showing the state the receiver has seen (left) and the image the receiver has chosen
(right), in a green frame (matching images; correct trial) or in a red frame (mismatching images; incorrect trial). The sender and the receiver converged
over several trials on a shared mapping of signals (tone sequences) to states (emotions). Hand symbols indicate when the sender or the receiver had
to produce a response. Time flows from left to right. On the right, the experimental transmission design in signaling games. The participant played as
receiver (R) with a confederate of the experimenters playing as sender (S) in game 1. Roles switched in game 2.

bilateral auditory areas (Lumaca et al. 2019) and by the
microstructural integrity of crosscallosal auditory fibers (Lumaca,
Baggio, et al. 2021). Stronger functional connections, and
larger fractional anisotropy in the callosal splenium crossed
by interhemispheric auditory fibers, were associated with a
more accurate transmission of the auditory symbolic material.
These results support the hypothesis that neural characteristics
enhancing interhemispheric cooperation and coordination can
promote perceptuo-cognitive processes (Zaidel 1995; Banich 1998;
Catani et al. 2007), including those behind the high-fidelity
copying of tonal material. Little is known about how far this
purported connection between interhemispheric organization
and transmission biases may extend to auditory anatomy.

To examine this issue, we assessed another prominent aspect
of the interhemispheric auditory organization: the anatomical
asymmetry of auditory cortices. Asymmetry is a core organiza-
tional feature of human brain structure (Kertesz et al. 1986) whose
degree is known to affect the hemispheric division of processing
labor (Hugdahl 2011). In the auditory cortex, anatomical asymme-
tries have been reported at multiple spatial scales of brain archi-
tecture: from the microscopic organization of neuronal micro-
columns (Buxhoeveden and Casanova 2000; Galuske et al. 2000) to
the cortical morphology of entire auditory regions (e.g. Geschwind
and Levitsky 1968; Jäncke and Steinmetz 1993; Penhune et al.
1996). Morphological asymmetries in the Heschl’s gyrus have
been reported for both adult musicians and nonmusicians, with
and without tinnitus, in terms of volume, (Schneider et al. 2009)
and for children, these have been reported in terms of cortical
thickness (CT; Zoellner et al. 2019). Here, we assessed the left–
right regional asymmetries using surface-based morphometry
(SBM; Dale et al. 1999; Fischl, Sereno and Dale 1999). SBM is an
automated quantitative tool for the fine-grained assessment of
cortical morphometry in T1-weighted (T1w) anatomical images.
It allows for the estimation of independent aspects of cortical
morphology, such as surface area and CT, which are indicative
of the cytoarchitectural organization of the cortical columns in
the neocortex (Rakic 1988). Studies using SBM have reported gen-
eral patterns of left–right asymmetries between auditory regions,

which are exhibited by the majority of individuals. Crucially, they
found strong leftward asymmetries (left > right) in the volume
and surface area of the planum temporale and Heschl’s gyrus—
the location of the primary auditory cortex in humans—and
strong rightward asymmetries in the thickness of the transverse
temporal sulcus (or Heschl’s sulcus)—a small auditory region
connecting the planum temporale and Heschl’s gyrus (Koelkebeck
et al. 2014; Meyer et al. 2014; Chiarello et al. 2016; Kong et al. 2018).

Auditory asymmetries are characterized by a large intersub-
ject variability (Rademacher et al. 2001; Tzourio-Mazoyer et al.
2004; Desai et al. 2005; Mueller et al. 2013). In an attempt to
understand the origins of this variability, Chiarello et al. (2016)
related the strength of regional asymmetries to the degree of
their variability across individuals. Their work demonstrates a
larger between-subjects variability in the superior temporal plane
for surface area, and in the planum temporale, Heschl’s gyrus,
and Heschl’s sulcus, for CT. Critically, high-variability regions also
exhibited a large degree of anatomical asymmetry. The author’s
suggestion is that biological constraints on the expression of brain
asymmetries typically tend to limit the extent of their phenotypic
variation. Regions with less strict biological constraints would
instead be more sensitive to the influence of idiosyncratic factors,
including experience-dependent plasticity. These regions would
develop more independently across hemispheres, increasing the
extent of asymmetry. If such phenotypic variation is meaningful
and does not merely reflect noise (Kosslyn et al. 2002; Zilles and
Amunts 2013), some degree of relationship is expected between
asymmetry in highly lateralized superior temporal regions and
performance in auditory behavior (Kanai and Rees 2011; Zatorre
2013; Marie and Golestani 2017).

This relationship has been mainly addressed for language
acquisition (Golestani and Pallier 2007) and language lateral-
ization (Jäncke and Steinmetz 1993; Heiervang et al. 2000; Josse
et al. 2003; Dorsaint-Pierre et al. 2006; Chiarello et al. 2012;
Greve et al. 2013). In music perception, the association with brain
asymmetries has been only investigated in the context of music
training and expertise (Schneider et al. 2005; Bermudez et al.
2009; Meyer et al. 2012; Ellis et al. 2013; Worschech et al. 2022).
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However, we do not know whether auditory asymmetries in
musically naive individuals—i.e. asymmetries that are not
the outcome of training-induced plasticity—can promote the
aspects of auditory function that support faithful encoding and
transmission of musical sounds. This is especially relevant for
the stability and diversification of folk music, given the key role
of nonmusical experts in the vertical transmission of folk tunes
and other popular songs (Fitch 2015; Le Bomin et al. 2016).

In this study, we aimed at addressing this hypothesis by
examining whether the degree of anatomical asymmetries in
auditory-related cortical areas of nonmusicians are associated
with perceptual-cognitive biases in the acquisition and trans-
mission of simple tone sequences (see “Study design” and “Study
aims” for details). We predicted that some asymmetry phenotypes
may confer some advantage (or predispositions) in the capacity
for learning and imitating the tone material (Liem et al. 2014). If
revealed true, we may infer that the distribution of auditory biases
in human populations is partly shaped by small differences across
individuals in the bilateral organization of the auditory cortex.
Extended to cultural transmission and evolution, after several
generations, these differences would partly drive large-scale
cultural phenomena such as music stability and diversification
(Dediu and Ladd 2007).

Materials and methods
Participants
A total of 52 participants (32 females, mean age = 24.5, range =
20–34) took part in this study. None of them reported a personal
history of psychiatric or neurological disorders. One participant
(female) decided to drop out of the second session. The par-
ticipants were matched for age (males: mean = 25.15 ± 2.73;
females: mean = 24.25 ± 2.90; t-test, P > 0.05) and handedness
(right-handed). Fifty-one participants completed the experiment.
None of the participants had received formal musical training
(mean = 0.6 years ± 0.98) (Zhang et al. 2020). All participants gave
their written consent and filled out an MRI safety form. This study
is part of a larger project that aims to investigate the neural bases
of cognitive biases in music transmission and regularization. This
project involved the analysis of different neuroimaging modalities
(fMRI, resting-state functional MRI [rs-fMRI], diffusion, anatomy)
from the same group of participants in order to investigate the
main hypothesis at multiple neural levels from auditory function
to neuroanatomy (Supplementary Table S1) (Lumaca et al. 2019,
2021, 2022). The study was approved by the ethics committee of
the Central Denmark Region (nr. 1083).

Study design
All participants underwent 2 separate sessions (∼20 days apart):
an MRI session and a behavioral session. The MRI session (∼1 h)
(see Session 1: MR session) consisted of 4 scans: for each par-
ticipant, we collected rs-fMRI images, a high-resolution anatomi-
cal image (MP2RAGE), and functional MRI (T2∗-weighted) images
acquired during an auditory oddball task and high-resolution
diffusion MRI (dMRI) images. After the scans, the participants
reported their musical skills and training using the Goldsmiths
Musical Sophistication Index, Gold-MSI (Müllensiefen et al. 2014),
and were then tested on their working memory and attention
spans (backward and forward digit span) (Orsini et al. 1987).

During the behavioral session, the participants played 2 con-
secutive signaling games (see Session 2: signaling games). In the
first game, each participant played as a receiver (learner) of an

artificial melodic code that consisted of 5 5-tone auditory pat-
terns. These patterns referred to distinct emotions (represented
as a facial expression from an actor) (Supplementary Fig. S1).
Participants were instructed to learn the original signaling code
from a confederate of the experimenters. In the second game,
the participant played as the sender (transmitter) and was asked
to transmit a system that was as similar as possible to the
original (Supplementary Fig. S2). The 2 games were always played
by different confederates (n = 3). Here, we report the analysis of
high-resolution anatomical images (MP2RAGE). The analysis of
data in the other modalities (rs-fMRI, fMRI, and dMRI) is outside
the scope of this study and is described in detail elsewhere (see
Supplementary Table S1).

Study aims
The aim of this work is to test any relationship existing between
the fidelity of music transmission and anatomical asymmetries
in auditory-related cortical regions. We started by applying
Freesurfer’s SBM (Dale et al. 1999; Fischl et al. 1999) to the
MP2RAGE anatomical images. Figure 2 shows the schematic
flowchart of our data analysis. Using SBM, we estimated the
3 main indicators of cortical morphology (CT, cortical surface
area [CSA], and cortical volume [CV]) (Liem et al. 2014; Meyer
et al. 2014) for each anatomical region of Destrieux’s brain atlas
(n = 165) (Destrieux et al. 2010). An asymmetry coefficient (AC)
was calculated for each brain region and morphological trait
using the formula: ((right − left)/(right + left)/2; (Penhune et al.
1996; Golestani et al. 2011; see Schneider et al. 2005 for a similar
formula). A positive value indicates rightward asymmetry, while
a negative value indicates leftward asymmetry. Using coefficients
of variation (Bedeian and Mossholder 2000), we first assessed
whether the brain regions with higher between-subject variability
of asymmetry are also the most asymmetrical (Chiarello et al.
2016). Then, we examined whether this variability is systematic,
focusing on the superior temporal regions. Following Lumaca
et al. (2019, 2021), we restricted our analysis to 3 auditory
regions of interest (ROIs): transverse temporal regions (Heschl’s
gyrus and Heschl’s sulcus) and planum temporale (Fig. 3). Using
multiple regression analyses, we tested whether the anatomical
asymmetry in the 3 auditory regions could predict the social
learning, transmission, and innovation of auditory symbolic
material in the signaling games.

Session 1: MR session
MRI data acquisition
Data were acquired at the Aarhus University Hospital on a 3T MRI
scanner (Siemens Prisma). Participants laid supine position in the
scanner, with cushions fit around their heads to reduce motion
artifacts. An MP2RAGE sequence was used for the acquisition of
a high-resolution T1w image (TR = 5,000 ms; TE = 2.87 ms; voxel
size = 0.9 mm3; echo time = 2.87 ms; flip angle = 4◦; number of
sagittal slices = 192) (10 min). During the acquisition, the partic-
ipants were instructed to remain still and to watch a subtitled
silent movie.

Cortical morphometry
Cortical surface reconstruction and volumetric segmentation
were performed using the Freesurfer image analysis software
(FreeSurfer-Linux-centos6_x86_64-stable-pub-v5.3.0). SBM offers
3 main advantages over VBM. It allows to run separate analyses
for multiple aspects of cortical structure and to map their
measurements to the precise anatomical locations of brain
atlases (Desikan et al. 2006; Destrieux et al. 2010). It achieves
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Fig. 2. Schematic flowchart of SBM analysis (see Zoellner et al. 2019 for a similar procedure). For each participant, we preprocessed high-resolution
(MP2RAGE) anatomical images using the standard Freesurfer’s preprocessing pipeline. Thickness (represented in the figure) and surface area were
computed from the uniform grid (comprised of vertices) of the generated surface images. Cortical metrics were mapped to the inflate surface of each
participant’s reconstructed brain, which was inflated into a sphere. Subject-specific spheres were normalized to an average spherical surface (fsaverage)
for the optimal alignment of sulcal and gyral features across participants. A coefficient of variation (SD/mean) was computed for each region of the
Destrieux anatomical parcellation and cortical metrics, separately for each hemisphere (n = 74). The coefficient of variation estimates the extent of
between-subject variability in thickness, area, or volume. Then, we selected 3 auditory-related cortical areas (Heschl’s gyrus, Heschl’s sulcus, and
planum temporale). For each area, an AC of thickness, area, and volume was calculated. The AC estimates the degree to which a cortical metric is left-
or right-lateralized. Multiple regression analyses were finally performed to test the relations between ACs of the auditory-related cortical regions and
the signaling behaviors (coordination, transmission, and innovation).

Fig. 3. The 3 selected auditory-related cortical regions are projected on the inflated left-hemisphere surface and the right-hemisphere surface of the
Freesurfer’s average (fsaverage) template.

finer spatial accuracy (subvoxel level). Finally, it avoids problems
related to geometrical differences and interbrain (voxelwise)
registration by using the cortical folding of the brain. The
technical specifications of the preprocessing steps are described
elsewhere (Dale and Sereno 1993; Sled et al. 1998; Dale et al.
1999; Fischl, Sereno and Dale 1999; Fischl et al. 1999; Ségonne
et al. 2004). Briefly, we performed the standard recon-all pipeline
using the -all flag, which performs all standard preprocessing
steps, including motion correction, intensity normalization, and
tesselation. Freesurfer reconstructs models of the participant’s
white-matter surface (the border between white matter and gray
matter) and pial surface (the border between gray matter and

cerebrospinal fluid). For each participant, measures of CT and
CSA were computed from the mesh grid of the surface images. CT
reflects the number and the size of neurons within the columns
and is calculated as the shortest distance between the white-
matter surface and the pial surface. CSA may be related to the
spatial distance between those columns and is calculated, for
each vertex, as the mean area of the tessellation triangles that are
part of that vertex. Finally, CV is calculated, which is the product
between CT and CSA (Raznahan et al. 2011). CT, surface area, and
volume were mapped to an inflated sphere of the participant’s
reconstructed brain and were registered to the Freesurfer
common surface (FsAverage) where the gyri and the sulci of
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all participants’ images are optimally aligned (Fischl, Sereno,
Tootell, et al. 1999). This procedure ensures that morphologically
homologous cortical locations are accurately matched among
participants. Thereafter, the cortex is automatically parcellated
into units based on the gyral and sulcal features (Fischl et al. 2004;
Desikan et al. 2006; Destrieux et al. 2010). In this study, the cortex
was parcellated into 148 cortical regions (74 homologs) using
Destrieux’s atlas (aparc.a2009s annotation) (Destrieux et al. 2010).
From these 148 anatomical structures, the following 3 ROIs were
selected: Heschl’s gyrus, Heschl’s sulcus, and planum temporale.

Session 2: signaling games
Signaling games (Lewis 1969; Skyrms 2010) are popular models
of coordination where 2 or more players exchange signals over
repeated trials for sharing a common code: a scaled-down and
artificial signaling system where “signals” refer to “states” of the
world. In our study, we used signaling games with 2 players
(1 sender and 1 receiver) exchanging 5-tone melodic patterns
(signals), each referring to a distinct emotion (5 states). Emotions
were represented as facial expressions from an actor. Moreno and
Baggio (2015) showed that when the game is played with fixed
roles, as opposed to switching roles, receivers tend to learn the
code from senders, i.e. the net transmission of the code is from
senders to receivers (role asymmetry). In this condition, signaling
games turn from a game-theoretic model of coordination to a
model of cultural transmission (see Lumaca and Baggio 2017 and
Nowak and Baggio 2016 for more details). In the current study, we
used the fixed-role variant of signaling games.

Stimuli
Signals are sequences of 5 pure tones drawn from the Bohlen-
Pierce (BP) macrotonal scale (Mathews et al. 1988; Zarei et al.
2006). In this scale, a tritave scale (3:1 frequency ratio) is logarith-
mically divided into 13 equal steps, which are larger in size than
the corresponding Western semitones (146 cents vs. 100 cents).
The pitches in this scale are defined by the following equation:
F = k × 3n/13, where k is the reference pitch frequency, and n
is the number of steps on the scale (Loui et al. 2009). We set
k = 440 Hz and n = 0, 4, 6, 7, 10. Signals were delivered through
headphones at 70 dB. The unfamiliar BP scale prevents players
from exploiting their schematic memory for mapping certain
musical structures (e.g. the minor mode in the Western diatonic
scale) with specific emotions (sadness). The states, denoted by the
signals, were 5 emotions of different complexity: 3 simple (peace,
joy, and sadness) and 2 compounds (peace × joy and peace ×
sadness), which were presented on the computer screen as facial
expressions (Supplementary Fig. S2).

Trial structure
The game consisted of 70 trials. Each trial was organized as follows
(Fig. 1). The sender observes privately a facial expression (state)
on the computer screen (3-s duration) drawn from a set of 5 facial
expressions and is asked to produce a 5-tone sequence (signal).
To do so, the sender enters digits (1–5) via the computer keyboard,
each mapped to a different BP tone. The sender may try different
sequences at will and at their own pace before sending the favorite
one to the receiver. Upon receiving the signal via headphones,
the receiver selects 1 of the 5 facial expressions shown on the
computer screen, the expression that is (thought to be) associated
with the one presented to the sender (duration: self-paced). The
selection occurs by using the number pad. Feedback (3 s) is then
presented to both players, showing on their screens the expres-
sion the sender has seen (left-hand side) and the expression the

receiver has chosen (right-hand side). Players were sitting back to
back in the same experimental room, with no possibility to look at
each other screen or to communicate (verbally or otherwise). The
experimenter used a video camera installed in the experimental
room to monitor the players’ behaviors.

Behavioral metrics
For each participant, we computed behavioral metrics for 3 core
cultural behaviors (coordination, transmission, and innovation)
using the normalized Hamming distance (HD) and similarity
(1/HD) (Hamming 1986). The normalized HD is the number of
pointwise substitutions (S), that are necessary to transform 1
signal (or string) into another of equal length (L), divided by the
length of the signal (hence, HD = S/L). Two identical signals have
HD = 0 and similarity = 1.

“Coordination” is a measure of learning and represents the
similarity between the code produced by the sender (confeder-
ate) and the code learned by the receiver (participant) during
game 1 (between-players and within-game measure). It is the
mean similarity between the signal produced by the sender for
a given state and the set of signals chosen by the receiver for
the same state during the second half of game 1. A single score
was calculated across all 5 code similarities, ranging from 0 (the
participant did not learn the starting material) to 1 (accurate
learning). “Transmission” represents how accurately the starting
material was reproduced by the participant. It quantifies the
similarity between the code produced by the sender of game 1
(confederate) and the sender of game 2 (participant) (between-
players and between-game measure). The single score ranges
from 0 (the code transmitted is entirely different from the one
received) to 1 (faithful transmission). “Innovation” represents the
extent to which the learned code was changed by the participant.
It is the HD between the signal learned by the participant for a
given state in game 1 and the signal produced by the same par-
ticipant in game 2, averaged across all signals (within-player and
between-games measure). It ranges from 0 (same codes learned
and transmitted) to 1 (the code was entirely changed between
games).

Statistical analyses
The coefficient of variation estimates the extent of between-
subject variability in the thickness, volume, and area of a brain
region. This coefficient was estimated for all brain regions of
Destrieux’s atlas using the formula: SD/mean (Bedeian and
Mossholder 2000).

An AC was calculated from each homotopic region of the
Destrieux’s atlas using the formula: (right − left)/0.5∗(right + left)
(Penhune et al. 1996; Golestani et al. 2011). Scores range from
−1 (leftward lateralization) to 1 (rightward lateralization). Scores
close to 0 denote symmetry in cortical metrics.

First, we used Pearson’s correlations to relate the coefficients of
variation and asymmetries coefficients (in absolute values) across
brain regions. To do so, absolute values of ACs were averaged
across participants within each parcellation and that value was
paired with the (left or right) coefficient of variation of the same
parcellation. The correlation was computed across the 74 regions
separately for left and right hemispheres (Chiarello et al. 2016).
Then, we focused on the auditory-related cortical ROIs (Heschl’s
Gyrus, Heschl’s Sulcus, and planum temporale) assessing whether
regional asymmetries were significantly different from 0 using
1-sample t-tests. Separately for each metric, we corrected the
resulting P-values for multiple comparisons using Bonferroni’s
method (P = 0.05/3 = 0.01, where 3 is the number of independent
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Table 1. Pearson correlations between the coefficient of
variations and the ACs of brain parcellations for each cortical
metric computed by hemisphere (n = 74).

CT CSA CV

Left hemisphere 0.23a 0.31b 0.30b

Right hemisphere 0.23a 0.38c 0.30b

Abbreviations. AC = asymmetry coefficient; CT = cortical thickness;
CSA = cortical surface area; CV = cortical volume. aP < 0.05. bP < 0.01.
cP < 0.001.

tests involving each homotopic ROI) (Meyer et al. 2014). Finally,
multiple regression analyses were employed to test for a rela-
tionship between asymmetries in the cortical measures of the
auditory ROIs and the 3 core cultural transmission behaviors
modeled in signaling games: coordination, learning, and trans-
mission. The GLMs were performed with AC as the explanatory
variable and with signaling behavior as the response variable.
We also included gender, Gold-MSI standardized score, and log-
transformed intracranial volume (eICV) as nuisance regressors.
Independently for each morphometrical character, we applied a
false discovery rate (FDR) correction for multiple tests (n = 9;
where 9 is the number of independent tests involving each behav-
ioral variable and homotopic ROI). As a post hoc test, we assessed
the relative contribution of the nuisance regressors in the fit
of the regression model, that showed a significant relationship
with signaling behaviors, after correction. We used the significant
AC, gender, Gold-MSI, and eICV as the explanatory variables and
signaling behavior (coordination, transmission, and innovation) as
the response variable. At each step, the variables selected for the
model were based on their P-values. The deviance of the model
was used to determine the maximum number of variables to
include in the final model. In a control analysis, we performed
the same statistical regressions replacing ACs with the values of
cortical metrics from single auditory regions. This analysis was
performed to assess a putative relation of behavioral measures of
learning and innovation with cortical properties of single auditory
regions. The FDR correction was performed separately for each
hemisphere and cortical morphometric in order to match the
number of tests of the main analysis (n = 9; where 9 is the number
of independent tests involving each behavioral variable and each
auditory region of the same hemisphere).

Results
Between-subject variability and relationship to
brain asymmetries
Table 1 displays the Pearson’s correlations between the coeffi-
cients of variation (Supplementary Table S2) and the mean ACs
expressed in absolute values (Supplementary Table S3) across all
cortical parcellations (n = 74). In all measures of cortical structure,
we found a positive correlation between the mean (absolute)
ACs and coefficients of variation (see also Supplementary Fig. S3).
Brain regions with the highest degree of variability across individ-
uals were also the most asymmetrical.

Among the auditory ROIs, Heschl’s sulcus was the region show-
ing the largest values in the coefficient of variation regardless of
the hemisphere and cortical metrics (Supplementary Table S2).

General patterns of auditory asymmetries
Figure 4 shows average regional asymmetries for CT, CSA, and
CV (Table 2). Among the 3 ROIs, only Heschl’s sulcus showed a

significant asymmetry in CT (rightward). All the 3 ROIs showed
strong leftward asymmetries in CSA and CV.

Auditory asymmetries and relationship to
signaling behaviors
We assessed the relationship between anatomical asymmetries
in the 3 auditory ROIs and measures of coordination, transmis-
sion, and innovation. Only 2 regression tests survived the FDR
correction for multiple comparisons: those between CT asymme-
try in Heschl’s sulcus and intergenerational transmission behav-
iors (transmission and innovation) (Fig. 5). ACs for CT in this
region showed significant positive correlations with innovation
(r = 0.39; pFDR = 0.045) and negative correlations with transmis-
sion (r =−0.38; pFDR = 0.045) (Table 3). In other words, individuals
who exhibited less rightward CT asymmetry in Heschl’s sulcus
displayed better transmission and less innovation.

Nuisance regressors (sex, Gold-MSI, and eICV) were only weakly
associated to signaling behaviors (Supplementary Figs. S4 and S5).
We further used stepwise linear regression to assess the contri-
bution of these regressors in the fit of the model relative to CT
asymmetry in Heschl’s sulcus. For innovation and transmission,
CT asymmetry in Heschl’s sulcus was the only predictor included
in the final model (mdl = y ∼ 1 + AsymmetryCoeff_HS). No factors
were included for coordination (mdl = y ∼ 1). According to these
findings, the CT asymmetry in Heschl’s sulcus appears to be the
main significant factor in the transmission of melodic material,
while age, musical training, and intracranial volume do not have
a determinant effect.

In a control analysis, we performed similar regressions replac-
ing ACs with the values of cortical metrics from single regions.
We analyzed each hemisphere separately in order to correct for
the same number of tests. No result survived FDR correction for
multiple comparisons (Supplementary Table S4).

Discussion
In this study, we found that left–right asymmetry of CT in an audi-
tory area that is located in between Heschl’s gyrus and planum
temporale, Heschl’s sulcus, predicted individual behavior in a lab-
oratory experiment of music transmission. The fewer participants
showing a reduced CT rightward asymmetry in Heschl’s sulcus
were better at transmitting the original melodic code (transmit-
ters). The majority of participants with rightward CT asymme-
tries in Heschl’s sulcus tended to introduce more changes in the
melodic material (innovators). Transmission fidelity seems to be
specifically related to the anatomical organization of bilateral
auditory networks since we did not find any significant structural-
behavioral correlation using morphological measurements from
single auditory regions. This is the first time a neuroanatomical
marker of interhemispheric brain organization has been associ-
ated with cultural transmission behaviors.

The asymmetry patterns found in our study replicate previous
reports from Meyer et al. (2014) who also employed SBM with
Destrieux’s parcellation scheme (Destrieux et al. 2010) and
focused their investigation on auditory-related cortical regions.
Specifically, we replicated the strong leftward asymmetry for CSA
and CV in all auditory ROIs (Heschl’s gyrus, Heschl’s sulcus,
and planum temporale), and the rightward asymmetry for CT
in Heschl’s sulcus. Contrary to Meyer et al. (2014), we only found
weak evidence of rightward asymmetries for thickness in Heschl’s
gyrus and planum temporale. This difference may be due to our
smaller sample size (n = 51 vs. n = 104) and to other method-
ological differences between the studies. Chiarello et al. (2016)

D
ow

nloaded from
 https://academ

ic.oup.com
/cercor/advance-article/doi/10.1093/cercor/bhad009/7005170 by Aarhus U

niversity Library user on 28 January 2023

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhad009#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhad009#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhad009#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhad009#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhad009#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhad009#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhad009#supplementary-data


Massimo Lumaca et al. | 7

Fig. 4. Average regional asymmetries in CT, surface area, and volume across the 3 auditory-related cortical regions. ACs with positive values indicate
rightward asymmetries (right > left; R > L), while coefficients with negative values indicate leftward asymmetries (left > right; L > R). Horizontal lines
indicate the 95% confidence interval. Asterisks denote a significant asymmetry at P < 0.001 (see Table 2).

employed the same parcellation scheme and examined the
anatomical asymmetries for the surface area and thickness at
the whole-brain level. For surface area, they reported significant
leftward asymmetries in the 3 auditory ROIs. For CT, they observed
a rightward pattern of asymmetries, with the largest value
in Heschl’s sulcus. Similar asymmetry patterns were reported
using a different parcellation scheme, the Desikan-Killiany atlas
(Desikan et al. 2006). Koelkebeck et al. (2014) collected anatomical
data from a large sample of healthy adults (n = 101). They
showed pronounced asymmetries in a transverse temporal region,
which included Heschl’s gyrus and the anterior part of Heschl’s
sulcus. These asymmetries were left-lateralized for CSA and CV
and were right-lateralized for CT. In the largest study to date
(n > 17,000) on anatomical brain asymmetries in healthy adults,
Kong et al. (2018) reported rightward asymmetries for CT and
leftward asymmetries for CSA in the transverse temporal and the
superior temporal parcellations. The consistency of our findings
with those of studies using much larger samples, regardless of

the parcellation scheme in use, is indicative of the robustness of
the method we employed. Our sample may well be representative
of the distribution of auditory asymmetries in the healthy adult
population of nonmusical experts. Beyond replicating previous
findings, our study provides novel results on the relationship
between individual deviations from the modal phenotype of brain
asymmetries and auditory processing skills.

Our results suggest that departing from the general pattern
of auditory asymmetries may confer an advantage in the neural
processing of melodic material. The CT asymmetry in Heschl’s
sulcus was positively correlated with innovation and negatively
correlated with transmission in the signaling games. Individu-
als whose CT asymmetries in Heschl’s sulcus converged toward
the general pattern (i.e. rightward) tended to introduce more
changes in the artificial signaling system (“innovators”). Con-
versely, the fewer participants departing from this modal pattern
tended to reproduce the original melodic code more accurately
(“transmitters”). In a recent study, Liem et al. (2014) reported
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Table 2. Mean values for cortical structures in the left and right auditory-related cortical regions. The AC is positive for rightward
asymmetries (right > left) and negative for leftward asymmetries (left > right).

Left hemisphere Right hemisphere AC (mean)

Mean SD Mean SD

CT (mm)
Planum temporale 2.55 0.13 2.58 0.16 0.009
Heschl’s sulcus 2.42 0.19 2.57 0.23 0.06a

Heschl’s gyrus 2.62 0.19 2.67 0.18 0.01
CSA (mm2)

Planum temporale 754.6 141 617.1 98.3 −0.18a

Heschl’s sulcus 310.6 66 230.2 51.5 −0.29a

Heschl’s gyrus 341.43 74.38 274.2 53.5 −0.21a

CV (mm3)
Planum temporale 2015 394 1784 278.3 −0.15a

Heschl’s sulcus 636.1 136.9 485.9 112.4 −0.26a

Heschl’s gyrus 1108 228.8 940 187.9 −0.16a

Abbreviation. AC = asymmetry coefficient. aSignificant 1-sample t-tests (P < 0.001). Results are corrected for multiple comparisons using Bonferroni’s method
(P = 0.05/3 = 0.01).

Fig. 5. Asymmetry of CT in Heschl’s sulcus predicts intergenerational innovation and transmission. On the top, is Heschl’s sulcus projected on the
inflated fsaverage surface of the right hemisphere. On the bottom, are 2 scatterplots showing the significant relationship between CT ACs in Heschl’s
sulcus and measures of intergenerational innovation (r = 0.39) and transmission (r =−0.38) in signaling games. Each point in the scatterplot is one
participant (n = 51).

similar results, relating left–right differences in the thickness of
the planum temporale with performance in an auditory pattern-
matching task (Saberi and Perrott 1999). In this task, a spo-
ken sentence is followed by a probe stimulus with some local
manipulations (temporal inversions) of various lengths. The par-
ticipant was instructed to indicate whether the probe sentence
was a sample from the original sentence. The difficulty in this
task generally increases by increasing the length of the temporal
manipulation. Using Freesurfer’s SBM on anatomical images, the
authors computed an AC for CT and CSA in 3 superior temporal
regions (planum temporale, Heschl’s gyrus, and the more poste-
rior part of the superior temporal gyrus). In line with previous
studies (Harasty et al. 2003; Koelkebeck et al. 2014; Meyer et al.
2014; Kong et al. 2018), they observed a general pattern of CT

asymmetry in the planum temporale that was right lateralized.
Critically, they showed that the fewer participants with an oppo-
site pattern of lateralization in the planum temporale (i.e. left >

right) displayed better performance in the auditory task as com-
pared to the larger right > left group. When local manipulations
were longer, the left > right group outperformed the right > left
group. The same analysis with CSA yielded no significant results.
This finding supports the proposal that individual differences in
the neuroanatomical asymmetry may be functionally relevant
(Chiarello et al. 2016). In auditory-related cortical regions, indi-
vidual deviations from the modal pattern of CT might confer
an auditory processing advantage (see Catani et al. 2007 for a
similar proposal with “white-matter” asymmetries in perisylvian
regions).
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Table 3. Pearson product–moment correlations (r) between the ACs of the selected homotopic auditory regions across morphological
metrics, and behavioral measures related to social learning (coordination) and intergenerational transmission (transmission and
innovation).

Coordination Transmission Innovation

CT
Heschl’s gyrus −0.17 −0.08 0.13
Planum temporale −0.12 −0.12 0.26
Heschl’s sulcus −0.23 −0.38a 0.39a

CSA
Heschl’s gyrus −0.05 0.17 −0.21
Planum temporale 0.02 −0.04 0.22
Heschl’s sulcus 0.18 0.29 −0.17

CV
Heschl’s gyrus −0.06 0.15 −0.15
Planum temporale −0.001 −0.12 0.35
Heschl’s sulcus 0.10 0.14 −0.03

Abbreviations. AC = asymmetry coefficient; CT = cortical thickness; CSA = cortical surface area; CV = cortical volume. aCorrelation coefficients marked in bold
and are significant in the multiple regression analysis with FDR correction (pFDR < 0.05). The correction was implemented separately for each morphological
metric.

Why were structural-behavioral correlations only significant
for CT asymmetries? And why was a decreased CT lateralization
in this region associated with better transmission performance?
These questions are difficult to address due to scarce research on
the topic. Only a few studies have reported a significant associa-
tion between music skills and measures of cortical structure from
single auditory regions (Bermudez et al. 2009; Foster and Zatorre
2010; Worschech et al. 2022) or between auditory performance
and anatomical asymmetries (Liem et al. 2014). It is not even clear
whether a thinner cortex may confer some advantages in terms
of processing speed and computational power as compared to a
thicker cortex (Meyer et al. 2014). One hypothesis put forward by
Liem et al. (2014) is that a thinner cortex in the right temporal
regions, as observed by a decreased rightward lateralization of
CT in the left > right group, would indicate the presence of a
larger number of myelinated fibers in the same regions (Rakic
1988; Eickhoff et al. 2005). In turn, that would promote a faster
analysis of suprasegmental cues, such as the longer segments in
their probe stimuli, or pitch intervals and contour in our melodic
stimuli (Poeppel 2003). Alternatively, a more equal distribution
of neuronal material between bilateral auditory regions would
promote an equal share of computational resources (see Chiarello
et al. 2016 for a similar hypothesis). A more effective recruitment
of bilateral auditory regions would promote the establishment of
symmetrical auditory representations during the early stages of
acoustic analyses (Hickok and Poeppel 2000; Poeppel 2001, 2003).
Both scenarios are compatible with that of a less-asymmetric
participant who would store a more accurate representation of
the melodic material and transmit it without excessive informa-
tion loss.

We did not observe any significant structural-behavioral corre-
lation either using CSA or CV. CV is the product of 2 independent
factors, CT and CSA (Raznahan et al. 2011). When CT and CSA
develop in opposite directions, asymmetry measurements for CV
are not easily interpretable (Panizzon et al. 2009; Meyer et al. 2014)
and, we argue, could mask associations with auditory behaviors
(see Song et al. 2022 for a similar account). A positive association
has often been reported between the strength of CSA asymmetry
and the degree of left-hemispheric language dominance (Vigneau
et al. 2006) in perisylvian language-related regions such as PT
(Foundas et al. 1994; Moffat et al. 1998) (but, see Dorsaint-Pierre
et al. 2006; Bishop 2013; Greve et al. 2013 for studies where these
correlations performed poorly). A larger surface area in the left

PT might be advantageous for the rapid acoustic analyses that
take place in language perception: A larger distance between
cortical microcolumns, concomitant with an increased amount
of white matter volume, would promote a better differentiation
and rapid processing of the auditory signal (Harasty et al. 2003;
Meyer et al. 2014). Conversely, a thicker and less myelinated
cortex would promote coarser-grained analyses in the temporal
dimension (Harasty et al. 2003). Asymmetries in CT, rather than
CSA, might thus be a better neuroanatomical marker of auditory
processing at a suprasegmental level (150–300 ms), as also dis-
cussed by Liem et al. (2014). That might explain the significant
correlations found in our study only between CT asymmetries and
transmission performance.

Why were structural behavioral associations only found in
Heschl’s sulcus? Heschl’s sulcus is a deep groove, in the supe-
rior temporal lobe, connecting Heschl’s gyrus with the planum
temporale. This region is thought to mark the caudal border of
the primary auditory cortex (Rademacher et al. 1993) responsible
for processing basic auditory information such as pitch, intensity,
and location of sounds. The secondary auditory cortex, which
is involved in perceiving complex sounds such as speech and
music, may extend over Heschl’s sulcus and onto Heschl’s gyrus
in some individuals. This suggests Heschl’s sulcus can belong to
either the primary or secondary auditory cortex depending on the
specific individual and their brain anatomy (Morosan et al. 2001;
Rademacher et al. 2001). Due to its position between the lower
and higher auditory areas, Heschl’s sulcus might play a critical
role in the integration and segregation of the auditory input into
2 main auditory streams, the “what” ventro-lateral auditory path-
way and the “where” dorso-posterior pathway (Romanski et al.
1999). Within the dorso-posterior pathway, Heschl’s sulcus and
other posterior regions (temporal and parietal) are involved in
high-level abstract operations, including mental transformations
of the auditory material (Foster and Zatorre 2010). However, for
the current experimental task, this region may have a greater
involvement in the functions of the ventro-lateral pathway that
allows sound pattern identification, such as temporal integration.
Temporal integration refers to the process of combining tempo-
rally separated auditory signals (tones) onto cohesive auditory
pattern memory traces (Bregman and Ahad 1995). There is evi-
dence supporting the role of Heschl’s sulcus in melodic perception
and production (Jäncke et al. 2001; Koelsch et al. 2002; Brown et al.
2006; Pando-Naude et al. 2021). One hypothesis is that the extent

D
ow

nloaded from
 https://academ

ic.oup.com
/cercor/advance-article/doi/10.1093/cercor/bhad009/7005170 by Aarhus U

niversity Library user on 28 January 2023



10 | Cerebral Cortex, 2023

of morphological asymmetry in this region may influence the
efficiency of the hemispheric division of acoustic labor required to
integrate auditory material (Clunies-Ross et al. 2015). In our study,
Heschl’s sulcus shows the strongest rightward CT asymmetry (see
Chiarello et al. 2016 and Meyer et al. 2014 for a similar obser-
vation) associated with the largest between-subject variability
when considering all 3 anatomical markers. Our positive findings
limited to this region could be explained if that variability was
systematic and not random. This conjecture is admittedly spec-
ulative and needs future experimental investigation. However,
we do not claim that the cognitive processes relevant for the
transmission task reside in Heschl’s sulcus. Neurodevelopmental
processes (e.g. pruning) and other factors that produce the large
variability observed in this auditory region may also have affected
regions outside the superior temporal gyrus. The collective out-
come might finally produce the individual differences in learning
and transmission behaviors as measured in our task.

One question in cultural evolution research concerns the exis-
tence of a causal relationship between the cultural and biological
variabilities (Dediu and Ladd 2007; Dediu 2011; Pamjav et al. 2012;
Brown et al. 2014), and more specifically, whether neurobiology
can constrain culture. This question originates from the theory
that symbolic systems, during their transmission, “evolve” by
adapting to the (different) brains of their learners and users
(Dehaene and Cohen 2007; Christiansen and Chater 2008; Chris-
tiansen and Müller 2015). This culture-biology relationship can
be investigated with at least 2 complementary approaches. The
idea that biological variability can constrain the cultural trans-
mission of music can be tested using the quantitative (game-
theoretical) models of population dynamics. Complementarily, we
can zoom in into individual brains using tools from cognitive
neuroscience (Lumaca et al. 2018). In previous work, we provided a
first experimental support that the latter approach is viable using
electrophysiology (Lumaca and Baggio 2016; Lumaca, Haumann,
et al. 2018). We showed that differences across individuals in the
timing of event-related auditory processes are linked to between-
subject variability in auditory biases. Participants with faster
auditory processes were faithful transmitters, while innovators
exhibited slower auditory latencies. The ability to rapidly pro-
cess auditory material across hierarchical stages of the auditory
networks (Christiansen and Chater 2008) may be impaired in
individuals with poorer auditory integration capabilities (Bishop
2007; Williamson and Stewart 2010), leading to weaker memory
of auditory material during music transmission. Following this
work, we used neuroimaging to identify the functional and neu-
roanatomical characteristics of the temporal auditory networks
that may constrain the faithful transmission of music (Lumaca
et al. 2019; Lumaca, Baggio, et al. 2021). In Lumaca et al. (2019), we
targeted differences across individuals in resting-state auditory
connectivity—variations in how strongly bilateral core auditory
regions (Lumaca, Dietz, et al. 2021) are connected when measured
at rest. We showed that tiny interindividual differences are linked
to how participants learn and transmit musical sounds. A stronger
connectivity between homotopic auditory areas was associated
with a better capacity to retain and transmit melodic sounds.
Interhemispheric oscillatory synchronization is thought to be a
key mechanism for the temporal integration of acoustic features
and serial material in language and music (Preisig and Sjerps 2019;
Preisig et al. 2021). Higher synchronization might promote effi-
cient communication between homotopic auditory areas (Varela
et al. 2001; Fries 2005); it would induce more accurate forma-
tion of melodic representations (Andoh and Zatorre 2011; Elmer
et al. 2016, 2017) and ultimately lead to the faithful transmission

of music material. In humans, crosshemispheric communica-
tion and integration relies on the structural connections linking
the relevant homotopic sensory cortices in both hemispheres
(Gazzaniga 2000). This led us to investigate the splenium—the
posterior subdivision of the corpus callosum that is crossed by
crosshemispheric auditory fibers—as a putative structural basis
for auditory integration and communication. In Lumaca et al.
(2021), we used diffusion-tensor imaging and showed that faithful
transmitters, compared to innovators, displayed a cluster of sig-
nificantly higher fractional anisotropy (i.e. higher integrity) on the
midsagittal area of the splenium. Lower white-matter integrity
in this region may constitute a neuroanatomical bottleneck in
information transmission, in terms of speed and bandwidth, lead-
ing to lower integration (Westerhausen et al. 2006, 2009) and
poorer transmission performance. Our proposal is that auditory
symbolic systems, when culturally transmitted, might adapt to
each individual’s brain based on how efficiently and rapidly bilat-
eral auditory networks share information processing labor. A less
efficient hemispheric coordination could be a source of variability
in the cultural system.

The present study extends this and probes how culture adapts
to brain anatomy; it suggests that the differences in the left–
right auditory asymmetries may determine the variability in
the division of labor between the auditory areas of the 2 hemi-
spheres (Banich 1998). One further hypothesis is that biological
constraints in the expression of hemispheric asymmetries may
ultimately affect the emergence and the distribution of cultural
variants in a population. Chiarello et al. (2016) showed that brain
regions with a larger variability across individuals in cortical
measures are more likely to be asymmetrical at a population
level. Our study supports this finding in our study by showing a
significant correlation between the coefficients of variation and
(absolute) values of ACs across all 3 measures of cortical structure.
Chiarello et al. (2016) argued that variability in asymmetries
could be the outcome of more relaxed biological constraints
on hemispheric development: Some brain regions would be
freer to develop independently from their homotopic areas,
due to experiential or environmental factors, thereby increasing
asymmetry. The Heschl’s sulcus is affected by experiential factors,
as shown by a bilateral CT increase after just 6 months of
piano learning (Worschech et al. 2022). If regions like Heschl’s
sulcus are also involved in specific cognitive functions, less
strict developmental constraints would ultimately manifest into
interindividual differences in the relevant behaviors. We support
this proposal. We suggest that more relaxed constraints on the
ontogeny of bilateral auditory networks might ultimately express
as (interindividual) phenotypic variation in the transmission and
innovation of auditory symbolic material.

By definition, cultural evolution relies on transmission acts
sampled from a continuum between faithful transmission and
innovation according to bio-cognitive biases. Music, we argue,
may follow this pattern too. Transmission acts may be hetero-
geneous at an “intraindividual” level, which in our case, would
translate into single individuals alternating between transmitting
and innovating (Heyes 2018; Tamariz 2019). Alternatively, hetero-
geneity may emerge at an “interindividual” level, resulting in a
mixed population of transmitters and innovators (Mesoudi 2009;
Charbonneau 2015). The latter explanation better fits our previ-
ous and present data, and it seems more parsimonious to assume
that different brains, which embed largely stable neurocognitive
architectures, each produce different phenotypes rather than
mixes of phenotypes. From a broader evolutionary perspective,
there may be a biological pressure on brain development to
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exhibit different degrees of asymmetry so that the resulting group
dynamics produce a more stable outcome (Grabisch and Li 2020).

A number of questions arise such as: Which genes control
the developmental path of bilateral auditory networks? Which
regulatory gene factors induce more relaxed constraints on brain
asymmetries? How does that bridge to the evolution of large-
scale cultural phenomena such as stability and diversification?
We hope these questions will be tackled in future research on the
biological roots of culture and music, in particular.

Limitations
We acknowledge 3 major limitations in the current study. The
first relates to the correlational nature of our data analyses. In
this study, we use the term “prediction” to indicate that a brain
measure collected in a sample at an initial point in time correlates
with a behavioral measure collected in that sample at some later
point in time (in-sample correlation) (Gabrieli et al. 2015). Our
findings cannot be generalized to out-of-sample individuals (true
prediction). Crossvalidation techniques will be useful in the future
to address this issue (Dubois and Adolphs 2016). Second, we are
aware of the risks in interpreting correlational data. From our
results, we cannot infer that interindividual variability in auditory
asymmetries produces variation in transmission fidelity (though,
that is 1 possibility). In this work, we make no claims about
causality. We only demonstrate that a reliable neuroanatomical-
behavioral association exists and that it partly supports our pre-
vious findings. In doing so, we provide further material for theory
testing (Kosslyn et al. 2002).

A second limitation of this experiment is its ecological validity.
First, we used an artificial tone system with acoustic properties
that differ significantly from real musical systems (however, see
Loui et al. 2009 for studies using the same artificial musical
scale to study auditory pattern perception). Second, 1-generation
transmission experiments allow drawing limited conclusions and
are far from the timescale of cultural transmission and evolution.
However, we argue, this reduced external validity is compensated
by an increased internal validity, allowing for precise manip-
ulation and control. In our study, the BP scale enabled us to
control for music schemas that participants might use to compose
stimuli. A 1-generation transmission experiment allowed us to
isolate the individual learning biases and relate them to the
individual’s brain characteristics. Note that these experiments are
not meant to replicate the historical evolution of musical systems
but rather to isolate microevolutionary mechanisms in small-
scale, short-term contexts and to generate data that align with
actual historical patterns. Previous work, using the same material
and paradigm, demonstrated that transmitted artificial systems
ultimately contain the same core properties, such as proximity,
continuity, and symmetry, of the actual cultural systems being
modeled (Lumaca and Baggio 2017). These properties reflect the
cumulative sum of small innovations similar to those observed
in our experiment (Supplementary Fig. S6). These kinds of exper-
iments have limited value in isolation, but they can be grounded
in real-life cultural phenomena when informed by historical pat-
terns, theoretical work, and empirical data (Scott-Phillips and
Kirby 2010).

The third limitation is that we only present findings for
asymmetries in the gray matter. Future work should investigate
asymmetries of white-matter fiber tracts (Catani et al. 2010)
in an attempt to obtain a more complete picture of how
the bilateral organization of brain networks affects cultural
behaviors. In a previous study, Catani et al. (2007) showed a strong

left-lateralization of language pathways for the majority of par-
ticipants (62%). However, they reported that the fewer individuals
with more symmetrical pathways (17%) were better at remember-
ing verbal material. Future experiments should test whether the
individual divergence from the modal pattern of white-matter
asymmetries in a population, in addition to gray-matter asym-
metries, may enhance the learning and transmission of tonal
material.

Conclusion
Our results show a relationship between the left–right asymmetry
in the thickness of a core auditory region, Heschl’s sulcus, and 2
core cultural transmission behaviors: transmission and innova-
tion. Faithful transmitters could be distinguished from innovators
by the extent to which their asymmetry patterns departed or
converged, respectively, from the modal pattern that is observed
at the population level. A less right-lateralized distribution of
gray matter in Heschl’s sulcus was associated with better trans-
mission performance and lower innovation. Our data support
previous findings from our lab, suggesting that biases in music
learning and transmission might be partly rooted in the small
individual differences in the organization of bilateral auditory
networks and their efficiency to share information processing
labor.

Acknowledgments
The authors thank Claudia Iorio and Ulrika Varankaite for assis-
tance in data acquisition.

CRediT authors statement
Massimo Lumaca (Conceptualization, Data curation, Formal
analysis, Investigation, Methodology, Project administration,
Software, Supervision, Visualization, Writing—original draft,
Writing—review & editing), Leonardo Bonetti (Writing—review
& editing), Elvira Brattico (Writing—review & editing), Giosuè
Baggio (Conceptualization, Writing—review & editing), Andrea
Ravignani (Conceptualization, Writing—review & editing), Peter
Vuust (Funding acquisition, Writing—review & editing)

Supplementary material
Supplementary material is available at Cerebral Cortex online.

Funding
Center for Music in the Brain is funded by the Danish National
Research Foundation (DNRF117). LB is supported by Carlsberg
Foundation (CF20-0239), Center for Music in the Brain, Linacre
College of the University of Oxford, and Society for Education and
Music Psychology (SEMPRE’s 50th Anniversary Awards Scheme).

Data availability statement
The data that support the findings of this study are available on
request from the corresponding author. The data are not publicly
available due to privacy or ethical restrictions.

Conflict of interest statement: None declared.

D
ow

nloaded from
 https://academ

ic.oup.com
/cercor/advance-article/doi/10.1093/cercor/bhad009/7005170 by Aarhus U

niversity Library user on 28 January 2023

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhad009#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhad009#supplementary-data


12 | Cerebral Cortex, 2023

References
Andoh J, Zatorre RJ. Interhemispheric connectivity influences the

degree of modulation of TMS-induced effects during auditory
processing. Front Psychol. 2011:2:161.

Banich MT. Integration of information between the cerebral hemi-
spheres. Curr Dir Psychol Sci. 1998:7(1):32–37.

Bedeian AG, Mossholder KW. On the use of the coefficient of vari-
ation as a measure of diversity. Organ Res Methods. 2000:3(3):
285–297.

Bermudez P, Lerch JP, Evans AC, Zatorre RJ. Neuroanatomical corre-
lates of musicianship as revealed by cortical thickness and voxel-
based morphometry. Cereb Cortex. 2009:19(7):1583–1596.

Bishop DVM. Cerebral asymmetry and language development:
Cause, correlate, or consequence? Science. 2013:340(6138):
1230531.

Bishop DVM. Using mismatch negativity to study central auditory
processing in developmental language and literacy impairments:
where are we, and where should we be going? Psychol. Bull.
2007:133:651.

Boyd R, Richerson PJ. Culture and the evolutionary process. Chicago:
University of Chicago Press; 1988.

Bregman AS, Ahad PA. Demonstrations of auditory scene analysis:
the perceptual organization of sound. Auditory Perception Lab-
oratory, Psychology Department, Montreal: McGill University;
1995.

Brown S, Martinez MJ, Parsons LM. Music and language side by side
in the brain: a PET study of the generation of melodies and
sentences. Eur J Neurosci. 2006:23(10):2791–2803.

Brown S, Savage PE, Ko AMS, Stoneking M, Ko YC, Loo JH, Trejaut
JA. Correlations in the population structure of music, genes and
language. Proc Biol Sci Royal Soc. 2014:281(1774):20132072.

Buxhoeveden D, Casanova M. Comparative lateralisation patterns in
the language area of human, chimpanzee, and rhesus monkey
brains. Laterality. 2000:5(4):315–330.

Caldwell CA, Cornish H, Kandler A. Identifying innovation in lab-
oratory studies of cultural evolution: rates of retention and
measures of adaptation. Philos Trans R Soc Lond Ser B Biol Sci.
2016:371(1690):20150193.

Catani M, Allin MPG, Husain M, Pugliese L, Mesulam MM, Murray
RM, Jones DK. Symmetries in human brain language pathways
correlate with verbal recall. Proc Natl Acad Sci U S A. 2007:104(43):
17163–17168.

Catani M, Forkel S, De Schotten MT. Asymmetry of white matter
pathways. The two halves of the brain: information processing in the
cerebral hemispheres. MIT Press, Cambridge; 2010:177–210.

Charbonneau M. All innovations are equal, but some more than
others:(re) integrating modification processes to the origins of
cumulative culture. Biol Theory. 2015:10(4):322–335.

Chater N, Vitányi P. Simplicity: A unifying principle in cognitive
science? Trends Cogn Sci. 2003:7(1):19–22.

Chiarello C, Welcome SE, Leonard CM. Individual differences in read-
ing skill and language lateralisation: a cluster analysis. Laterality.
2012:17(2):225–251.

Chiarello C, Vazquez D, Felton A, McDowell A. Structural asymmetry
of the human cerebral cortex: regional and between-subject vari-
ability of surface area, cortical thickness, and local gyrification.
Neuropsychologia. 2016:93(Pt B):365–379.

Christiansen MH, Chater N. Language as shaped by the brain. Behav
Brain Sci. 2008:31(05):489–489.

Christiansen MH, Müller RA. Cultural recycling of neural substrates
during language evolution and development. Cogn Neurosci V.
2015.

Clunies-Ross KL, Brydges CR, Nguyen AT, Fox AM. Hemispheric
asymmetries in auditory temporal integration: a study
of event-related potentials. Neuropsychologia. 2015: 68:
201–208.

Dale AM, Sereno MI. Improved localizadon of cortical activity by
combining EEG and MEG with MRI cortical surface reconstruc-
tion: a linear approach. J Cogn Neurosci. 1993:5(2):162–176.

Dale AM, Fischl B, Sereno MI. Cortical surface-based analysis. I.
Segmentation and surface reconstruction. NeuroImage. 1999:9(2):
179–194.

Dediu D. Are languages really independent from genes? If not, what
would a genetic bias affecting language diversity look like? Hum
Biol. 2011:83(2):279–296.

Dediu D, Ladd DR. Linguistic tone is related to the population
frequency of the adaptive haplogroups of two brain size genes,
ASPM and Microcephalin. Proc Natl Acad Sci U S A. 2007:104(26):
10944–10949.

Dehaene S, Cohen L. Cultural recycling of cortical maps. Neuron.
2007:56(2):384–398.

Desai R, Liebenthal E, Possing ET, Waldron E, Binder JR. Volumetric
vs. surface-based alignment for localization of auditory cortex
activation. NeuroImage. 2005:26(4):1019–1029.

Desikan RS, Ségonne F, Fischl B, Quinn BT, Dickerson BC, Blacker
D, Buckner RL, Dale AM, Maguire RP, Hyman BT et al. An auto-
mated labeling system for subdividing the human cerebral cortex
on MRI scans into gyral based regions of interest. NeuroImage.
2006:31(3):968–980.

Destrieux C, Fischl B, Dale A, Halgren E. Automatic parcellation of
human cortical gyri and sulci using standard anatomical nomen-
clature. NeuroImage. 2010:53(1):1–15.

Dorsaint-Pierre R, Penhune VB, Watkins KE, Neelin P, Lerch JP, Bouf-
fard M, Zatorre RJ. Asymmetries of the planum temporale and
Heschl’s gyrus: relationship to language lateralization. Brain J
Neurol. 2006:129(Pt 5):1164–1176.

Dubois J, Adolphs R. Building a science of individual differences from
fMRI. Trends Cogn Sci. 2016:20(6):425–443.

Eickhoff SB, Stephan KE, Mohlberg H, Grefkes C, Fink GR, Amunts
K, Zilles K. A new SPM toolbox for combining probabilistic
cytoarchitectonic maps and functional imaging data. NeuroImage.
2005:25(4):1325–1335.

Ellis RJ, Bruijn B, Norton AC, Winner E, Schlaug G. Training-mediated
leftward asymmetries during music processing: a cross-sectional
and longitudinal fMRI analysis. NeuroImage. 2013:75:97–107.

Elmer S, Hanggi J, Jancke L. Interhemispheric transcallosal con-
nectivity between the left and right planum temporale pre-
dicts musicianship, performance in temporal speech process-
ing, and functional specialization. Brain Struct Funct. 2016:221:
331–344.

Elmer S, Kuhnis J, Rauch P, Abolfazl Valizadeh S, Jancke L. Func-
tional connectivity in the dorsal stream and between bilateral
auditory-related cortical areas differentially contribute to speech
decoding depending on spectro-temporal signal integrity and
performance. Neuropsychologia. 2017:106:398–406.

Fischl B, Sereno MI, Dale AM. Cortical surface-based analysis. II:
inflation, flattening, and a surface-based coordinate system.
NeuroImage. 1999:9(2):195–207.

Fischl B, Sereno MI, Tootell RB, Dale AM. High-resolution intersubject
averaging and a coordinate system for the cortical surface. Hum
Brain Mapp. 1999:8(4):272–284.

Fischl B, van der Kouwe A, Destrieux C, Halgren E, Ségonne F, Salat
DH, Busa E, Seidman LJ, Goldstein J, Kennedy D et al. Auto-
matically parcellating the human cerebral cortex. Cereb Cortex.
2004:14(1):11–22.

D
ow

nloaded from
 https://academ

ic.oup.com
/cercor/advance-article/doi/10.1093/cercor/bhad009/7005170 by Aarhus U

niversity Library user on 28 January 2023



Massimo Lumaca et al. | 13

Fitch WT. Four principles of bio-musicology. Philos Trans R Soc Lond
Ser B Biol Sci. 2015:370(1664):20140091.

Foster NEV, Zatorre RJ. Cortical structure predicts success in
performing musical transformation judgments. NeuroImage.
2010:53(1):26–36.

Foundas AL, Leonard CM, Gilmore R, Fennell E, Heilman KM. Planum
temporale asymmetry and language dominance. Neuropsycholo-
gia. 1994:32(10):1225–1231.

Fries P. A mechanism for cognitive dynamics: neuronal communi-
cation through neuronal coherence. Trends Cogn Sci. 2005:9(10):
474–480.

Gabrieli JDE, Ghosh SS, Whitfield-Gabrieli S. Prediction as a humani-
tarian and pragmatic contribution from human cognitive neuro-
science. Neuron. 2015:85(1):11–26.

Galuske RA, Schlote W, Bratzke H, Singer W. Interhemispheric asym-
metries of the modular structure in human temporal cortex.
Science. 2000:289(5486):1946–1949.

Gazzaniga MS. Cerebral specialization and interhemispheric com-
munication: Does the corpus callosum enable the human condi-
tion? Brain. 2000:123(7):1293–1326.

Geschwind N, Levitsky W. Human brain: left-right asymmetries in
temporal speech region. Science. 1968:161(3837):186–187.

Golestani N, Pallier C. Anatomical correlates of foreign speech sound
production. Cereb Cortex. 2007:17(4):929–934.

Golestani N, Price CJ, Scott SK. Born with an ear for dialects?
Structural plasticity in the expert phonetician brain. J Neurosci.
2011:31(11):4213–4220.

Grabisch M, Li F. Anti-conformism in the threshold model of collec-
tive behavior. Dyn Games Appl. 2020:10(2):444–477.

Greve DN, Van der Haegen L, Cai Q, Stufflebeam S, Sabuncu MR,
Fischl B, Brysbaert M. A surface-based analysis of language lat-
eralization and cortical asymmetry. J Cogn Neurosci. 2013:25(9):
1477–1492.

Hamming RW. Coding and information theory. 2nd ed. Upper Saddle
River: Prentice-Hall Inc; 1986.

Harasty J, Seldon HL, Chan P, Halliday G, Harding A. The left human
speech-processing cortex is thinner but longer than the right.
Laterality. 2003:8(3):247–260.

Heiervang E, Hugdahl K, Steinmetz H, Inge Smievoll A, Stevenson
J, Lund A, Ersland L, Lundervold A. Planum temporale, planum
parietale and dichotic listening in dyslexia. Neuropsychologia.
2000:38(13):1704–1713.

Heyes C. Enquire within: cultural evolution and cognitive science.
Philos Trans R Soc B Biol Sci. 2018:373(1743):20170051.

Hickok G, Poeppel D. Towards a functional neuroanatomy of speech
perception. Trends Cogn Sci. 2000:4(4):131–138.

Hugdahl K. Hemispheric asymmetry: contributions from brain imag-
ing. Wiley Interdiscip Rev Cogn Sci. 2011:2(5):461–478.

Jäncke L, Steinmetz H. Auditory lateralization and planum tempo-
rale asymmetry. Neuroreport. 1993:5(2):169–172.

Jäncke L, Gaab N, Wüstenberg T, Scheich H, Heinze HJ. Short-term
functional plasticity in the human auditory cortex: an fMRI
study. Brain Res Cogn Brain Res. 2001:12(3):479–485.

Josse G, Mazoyer B, Crivello F, Tzourio-Mazoyer N. Left planum tem-
porale: an anatomical marker of left hemispheric specialization
for language comprehension. Brain Res Cogn Brain Res. 2003:18(1):
1–14.

Kanai R, Rees G. The structural basis of inter-individual differences
in human behaviour and cognition. Nat Rev Neurosci. 2011:12(4):
231–242.

Kertesz A, Black SE, Polk M, Howell J. Cerebral asymmetries on
magnetic resonance imaging. Cortex. 1986:22(1):117–127.

Kirby S, Dowman M, Griffiths TL. Innateness and culture in the
evolution of language. Proc Natl Acad Sci U S A. 2007:104(12):
5241–5245.

Koelkebeck K, Miyata J, Kubota M, Kohl W, Son S, Fukuyama H,
Sawamoto N, Takahashi H, Murai T. The contribution of cortical
thickness and surface area to gray matter asymmetries in the
healthy human brain. Hum Brain Mapp. 2014:35(12):6011–6022.

Koelsch S, Gunter TC, v. Cramon DY, Zysset S, Lohmann G, Friederici
AD. 2002. Bach Speaks: a cortical “language-network” serves the
processing of music. NeuroImage. 17(2):956–966.

Kong XZ, Mathias SR, Guadalupe T, ENIGMA Laterality Working
Group, Glahn DC, Franke B, Karolinska Schizophrenia Project
(KaSP) Consortium. Mapping cortical brain asymmetry in 17,141
healthy individuals worldwide via the ENIGMA Consortium. Proc
Natl Acad Sci. 2018:115(22):E5154–E5163.

Kosslyn SM, Cacioppo JT, Davidson RJ, Hugdahl K, Lovallo WR,
Spiegel D, Rose R. Bridging psychology and biology. The analysis
of individuals in groups. Am Psychol. 2002:57(5):341–351.

Le Bomin S, Lecointre G, Heyer E. The evolution of musical
diversity: the key role of vertical transmission. PLoS One.
2016:11(3):e0151570.

Legare CH, Nielsen M. Imitation and innovation: the dual engines of
cultural learning. Trends Cogn Sci. 2015:19(11):688–699.

Lewis D. Convention: a philosophical study. Mass: Harvard University
Press; 1969.

Lewis HM, Laland KN. Transmission fidelity is the key to the build-
up of cumulative culture. Philos Trans R Soc Lond Ser B Biol Sci.
2012:367(1599):2171–2180.

Liem F, Hurschler MA, Jäncke L, Meyer M. On the planum temporale
lateralization in suprasegmental speech perception: evidence
from a study investigating behavior, structure, and function. Hum
Brain Mapp. 2014:35(4):1779–1789.

Loui P, Wu EH, Wessel DL, Knight RT. A generalized mechanism for
perception of pitch patterns. J Neurosci. 2009:29(2):454–459.

Lumaca M, Baggio G. Brain potentials predict learning, transmission
and modification of an artificial symbolic system. Soc Cogn Affect
Neurosci. 2016:11(12):1970–1979.

Lumaca M, Baggio G. Cultural transmission and evolution of melodic
structures in multi-generational signaling games. Artif Life.
2017:23(3):406–423.

Lumaca M, Baggio G. Signaling games and the evolution of structure
in language and music: a reply to Ravignani and Verhoef (2018).
Artif Life. 2018:24(02):154–156.

Lumaca M, Haumann NT, Vuust P, Brattico E, Baggio G. From random
to regular: neural constraints on the emergence of isochronous
rhythm during cultural transmission. Soc Cogn Affect Neurosci.
2018:13(8):877–888.

Lumaca M, Ravignani A, Baggio G. Music evolution in the labora-
tory: cultural transmission meets neurophysiology. Front Neurosci.
2018:12:246.

Lumaca M, Kleber B, Brattico E, Vuust P, Baggio G. Functional
connectivity in human auditory networks and the origins of
variation in the transmission of musical systems. elife. 2019:8:
e48710.

Lumaca M, Baggio G, Vuust P. White matter variability in audi-
tory callosal pathways contributes to variation in the cultural
transmission of auditory symbolic systems. Brain Struct Funct.
2021:226(6):1943–1959.

Lumaca M, Dietz MJ, Hansen NC, Quiroga-Martinez DR, Vuust P.
Perceptual learning of tone patterns changes the effective con-
nectivity between Heschl’s gyrus and planum temporale. Hum
Brain Mapp. 2021:42(4):941–952.

D
ow

nloaded from
 https://academ

ic.oup.com
/cercor/advance-article/doi/10.1093/cercor/bhad009/7005170 by Aarhus U

niversity Library user on 28 January 2023



14 | Cerebral Cortex, 2023

Lumaca M, Vuust P, Baggio G. Network analysis of human brain
connectivity reveals neural fingerprints of a compositionality
bias in signaling systems. Cereb Cortex. 2022:32(8):1704–1720.

Marie D, Golestani N. Brain structural imaging of receptive speech
and beyond: a review of current methods. Language, cognition and
neuroscience. 2017:32(7):870–890.

Mathews MV, Pierce JR, Reeves A, Roberts LA. Theoretical and exper-
imental explorations of the Bohlen–Pierce scale. J Acoust Soc Am.
1988:84(4):1214–1222.

Mesoudi A. How cultural evolutionary theory can inform social
psychology and vice versa. Psychol Rev. 2009:116(4):929.

Mesoudi A. Cultural evolution: how Darwinian theory can explain human
culture and synthesize the social sciences. Chicago: University of
Chicago Press; 2011

Meyer M, Elmer S, Jäncke L. Musical expertise induces neuroplas-
ticity of the planum temporale. Ann N Y Acad Sci. 2012:1252(1):
116–123.

Meyer M, Liem F, Hirsiger S, Jäncke L, Hänggi J. Cortical surface
area and cortical thickness demonstrate differential structural
asymmetry in auditory-related areas of the human cortex. Cereb
Cortex. 2014:24(10):2541–2552.

Moffat SD, Hampson E, Lee DH. Morphology of the planum tem-
porale and corpus callosum in left handers with evidence of
left and right hemisphere speech representation. Brain J Neurol.
1998:121(Pt 12):2369–2379.

Moreno M, Baggio G. Role asymmetry and code transmission in sig-
naling games: an experimental and computational investigation.
Cogn Sci. 2015:39(5):918–943.

Morosan P, Rademacher J, Schleicher A, Amunts K, Schormann
T, Zilles K. Human primary auditory cortex: cytoarchitectonic
subdivisions and mapping into a spatial reference system. Neu-
roImage. 2001:13(4):684–701.

Mueller S, Wang D, Fox MD, Yeo BTT, Sepulcre J, Sabuncu MR, Shafee
R, Lu J, Liu H. Individual variability in functional connectivity
architecture of the human brain. Neuron. 2013:77(3):586–595.

Müllensiefen D, Gingras B, Musil J, Stewart L. The musicality of non-
musicians: an index for assessing musical sophistication in the
general population. PLoS One. 2014:9(2):e89642.

Nowak I, Baggio G. The emergence of word order and morphology in
compositional languages via multigenerational signaling games.
J Lang Evol. 2016:1(2):137–150.

Orsini A, Grossi D, Capitani E, Laiacona M, Papagno C, Vallar G. Verbal
and spatial immediate memory span: normative data from 1355
adults and 1112 children. Ital J Neurol Sci. 1987:8(6):539–548.

Pamjav H, Juhász Z, Zalán A, Németh E, Damdin B. A comparative
phylogenetic study of genetics and folk music. Mol Gen Genom.
2012:287(4):337–349.

Pando-Naude V, Patyczek A, Bonetti L, Vuust P. An ALE meta-analytic
review of top-down and bottom-up processing of music in the
brain. Sci Rep. 2021:11(1):20813.

Panizzon MS, Fennema-Notestine C, Eyler LT, Jernigan TL, Prom-
Wormley E, Neale M, Jacobson K, Lyons MJ, Grant MD, Franz CE
et al. Distinct genetic influences on cortical surface area and
cortical thickness. Cereb Cortex. 2009:19(11):2728–2735.

Penhune VB, Zatorre RJ, MacDonald JD, Evans AC. Interhemispheric
anatomical differences in human primary auditory cortex: prob-
abilistic mapping and volume measurement from magnetic res-
onance scans. Cereb Cortex. 1996:6(5):661–672.

Poeppel D. Pure word deafness and the bilateral processing of the
speech code. Cogn Sci. 2001:25(5):679–693.

Poeppel D. The analysis of speech in different temporal integration
windows: cerebral lateralization as “asymmetric sampling in
time”. Speech Comm. 2003:41(1):245–255.

Preisig BC, Sjerps MJ. Hemispheric specializations affect interhemi-
spheric speech sound integration during duplex perception.
J Acoust Soc Am. 2019:145(3):EL190–EL196.

Preisig BC, Riecke L, Sjerps MJ, Kösem A, Kop BR, Bramson B,
Hagoort P, Hervais-Adelman A. Selective modulation of inter-
hemispheric connectivity by transcranial alternating current
stimulation influences binaural integration. Proc Natl Acad Sci.
2021:118(7):e2015488118.

Rademacher J, Caviness VS Jr, Steinmetz H, Galaburda AM. Topo-
graphical variation of the human primary cortices: implications
for neuroimaging, brain mapping, and neurobiology. Cereb Cortex.
1993:3(4):313–329.

Rademacher J, Morosan P, Schormann T, Schleicher A, Werner C,
Freund HJ, Zilles K. Probabilistic mapping and volume measure-
ment of human primary auditory cortex. NeuroImage. 2001:13(4):
669–683.

Rakic P. Specification of cerebral cortical areas. Science. 1988:
241(4862):170–176.

Ravignani A, Thompson B, Lumaca M, Grube M. Why do durations in
musical rhythms conform to small integer ratios? Front Comput
Neurosci. 2018:12:86.

Raznahan A, Shaw P, Lalonde F, Stockman M, Wallace GL, Greenstein
D, Clasen L, Gogtay N, Giedd JN. How does your cortex grow?
J Neurosci. 2011:31(19):7174–7177.

Romanski LM, Tian B, Fritz J, Mishkin M, Goldman-Rakic PS,
Rauschecker JP. Dual streams of auditory afferents target mul-
tiple domains in the primate prefrontal cortex. Nat Neurosci.
1999:2(12):1131–1136.

Saberi K, Perrott DR. Cognitive restoration of reversed speech. Nature.
1999:398(6730):760.

Schneider P, Sluming V, Roberts N, Scherg M, Goebel R, Specht HJ,
Dosch HG, Bleeck S, Stippich C, Rupp A. Structural and functional
asymmetry of lateral Heschl’s gyrus reflects pitch perception
preference. Nat Neurosci. 2005:8(9):1241–1247.

Schneider P, Andermann M, Wengenroth M, Goebel R, Flor H, Rupp
A, Diesch E. Reduced volume of Heschl’s gyrus in tinnitus. Neu-
roImage. 2009:45(3):927–939.

Scott-Phillips TC, Kirby S. Language evolution in the laboratory.
Trends Cogn Sci. 2010:14(9):411–417.

Ségonne F, Dale AM, Busa E, Glessner M, Salat D, Hahn HK, Fischl
B. A hybrid approach to the skull stripping problem in MRI.
NeuroImage. 2004:22(3):1060–1075.

Skyrms B. Signals: evolution, learning, and information. OUP Oxford:
Oxford University Press; 2010.

Sled JG, Zijdenbos AP, Evans AC. A nonparametric method for auto-
matic correction of intensity nonuniformity in MRI data. IEEE
Trans Med Imaging. 1998:17(1):87–97.

Song C, Sandberg K, Rutiku R, Kanai R. Linking human behaviour
to brain structure: further challenges and possible solutions. Nat
Rev Neurosci. 2022:23(8):517–518.

Sperber D. Explaining culture: a naturalistic approach. Oxford: Blackwell;
1996.

Sperber D. Cultural attractors. In: This will make you smarter. New
York: Harper; 2012. pp. 180–183.

Tamariz M. Replication and emergence in cultural transmission. Phys
Life Rev. 2019:30:47–71.

Tomasello M. The cultural origins of human cognition. Cambridge: Har-
vard University Press; 2009.

Tomasello M, Kruger AC, Ratner HH. Cultural learning. Behav Brain
Sci. 1993:16(3):495–511.

Tzourio-Mazoyer N, Josse G, Crivello F, Mazoyer B. Interindividual
variability in the hemispheric organization for speech. NeuroIm-
age. 2004:21(1):422–435.

D
ow

nloaded from
 https://academ

ic.oup.com
/cercor/advance-article/doi/10.1093/cercor/bhad009/7005170 by Aarhus U

niversity Library user on 28 January 2023



Massimo Lumaca et al. | 15

Varela F, Lachaux JP, Rodriguez E, Martinerie J. The brainweb: phase
synchronization and large-scale integration. Nat Rev Neurosci.
2001:2(4):229–239.

Vigneau M, Beaucousin V, Hervé PY, Duffau H, Crivello F, Houdé O,
Mazoyer B, Tzourio-Mazoyer N. Meta-analyzing left hemisphere
language areas: phonology, semantics, and sentence processing.
NeuroImage. 2006:30(4):1414–1432.

Westerhausen R, Woerner W, Kreuder F, Schweiger E, Hugdahl K,
Wittling W. The role of the corpus callosum in dichotic listening:
a combined morphological and diffusion tensor imaging study.
Neuropsychology. 2006:20(3):272.

Westerhausen R, Grüner R, Specht K, Hugdahl K. Functional rel-
evance of interindividual differences in temporal lobe cal-
losal pathways: a DTI tractography study. Cereb Cortex. 2009:19:
1322–1329.

Williamson VJ, Stewart L. Memory for pitch in congenital amusia:
beyond a fine-grained pitch discrimination problem. Memory.
2010:18(6):657–669.

Worschech F, Altenmüller E, Jünemann K, Sinke C, Krüger THC,
Scholz DS, Müller CAH, Kliegel M, James CE, Marie D. Evi-
dence of cortical thickness increases in bilateral auditory brain

structures following piano learning in older adults. Ann N Y Acad
Sci. 2022.

Zaidel E. Interhemispheric transfer in the split brain: long-term sta-
tus following complete cerebral commissurotomy. In: Davidson
RJ, Hugdahl K, editors. editorsBrain asymmetry. Cambridge (MA):
The MIT Press; 1995. pp. 491–532.

Zarei M, Johansen-Berg H, Smith S, Ciccarelli O, Thompson AJ,
Matthews PM. Functional anatomy of interhemispheric cortical
connections in the human brain. J Anat. 2006:209(3):311–320.

Zatorre RJ. Predispositions and plasticity in music and speech learn-
ing: neural correlates and implications. Science. 2013:342(6158):
585–589.

Zhang JD, Susino M, McPherson GE, Schubert E. The definition of a
musician in music psychology: a literature review and the six-
year rule. Psychol Music. 2020:48(3):389–409.

Zilles K, Amunts K. Individual variability is not noise. Trends Cogn Sci.
2013:17(4):153–155.

Zoellner S, Benner J, Zeidler B, Seither-Preisler A, Christiner M, Seitz
A, Schneider P. Reduced cortical thickness in Heschl’s gyrus as
an in vivo marker for human primary auditory cortex. Hum Brain
Mapp. 2019:40(4):1139–1154.

D
ow

nloaded from
 https://academ

ic.oup.com
/cercor/advance-article/doi/10.1093/cercor/bhad009/7005170 by Aarhus U

niversity Library user on 28 January 2023


	 High-fidelity transmission of auditory symbolic material is associated with reduced right--left neuroanatomical asymmetry between primary auditory regions
	 Introduction
	 Materials and methods
	 Results
	 Discussion
	 Conclusion
	 Acknowledgments
	 CRediT authors statement
	 Supplementary material
	 Funding
	 Data availability statement


