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a b s t r a c t 

Heschl’s gyrus (HG), which includes primary auditory cortex, is highly variable in its shape (i.e. gyrification 

patterns), between hemispheres and across individuals. Differences in HG shape have been observed in the context 

of phonetic learning skill and expertise, and of professional musicianship, among others. Two of the most common 

configurations of HG include single HG, where a single transverse temporal gyrus is present, and common stem 

duplications (CSD), where a sulcus intermedius (SI) arises from the lateral aspect of HG. Here we describe a new 

toolbox, called ‘Multivariate Concavity Amplitude Index’ (MCAI), which automatically assesses the shape of HG. 

MCAI works on the output of TASH, our first toolbox which automatically segments HG, and computes continuous 

indices of concavity, which arise when sulci are present, along the outer perimeter of an inflated representation 

of HG, in a directional manner. Thus, MCAI provides a multivariate measure of shape, which is reproducible and 

sensitive to small variations in shape. We applied MCAI to structural magnetic resonance imaging (MRI) data 

of N = 181 participants, including professional and amateur musicians and from non-musicians. Former studies 

have shown large variations in HG shape in the former groups. We validated MCAI by showing high correlations 

between the dominant (i.e. highest) lateral concavity values and continuous visual assessments of the degree of 

lateral gyrification of the first gyrus. As an application of MCAI, we also replicated previous visually obtained 

findings showing a higher likelihood of bilateral CSDs in musicians. MCAI opens a wide range of applications in 

evaluating HG shape in the context of individual differences, expertise, disorder and genetics. 
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. Introduction 

Originally described by Richard Ladislaus Heschl, the first trans-

erse temporal gyrus of the auditory cortex, known as Heschl’s gyrus

HG), is located on the superior aspect of the superior temporal gyrus

 Economo and Horn, 1930 ). HG includes primary auditory cortex, and

s surrounded by secondary auditory cortex, including the planum tem-

orale (PT) posteriorly, and the planum polare anteriorly. The function

f human auditory cortex includes the processing of continuous acous-

ic signals into meaningful auditory information, contributing to speech

erception and musical experience, as well as to sound localization. 

There are large individual differences in both the size (e.g. vol-

me) and shape (i.e. gyrification patterns) of HG and of additional
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yri when present, and these can also differ between hemispheres

ithin an individual. Moreover, gyrification patterns are also markers

f early and even prenatal brain development ( Cachia et al., 2022 ),

nd therefore allow to investigate prenatal cognitive predispositions.

tructural magnetic resonance imaging (MRI) studies have revealed

ndividual differences in the degree and shape of HG, and of addi-

ional transverse temporal gyri (TTG) when present, in the context

f language-related skills and aptitude ( Golestani et al., 2007 , 2011 ;

urker et al., 2021 , 2019 ; Tzourio-Mazoyer et al., 2015 ), musician-

hip ( Benner et al., 2017 ; Rus-Oswald et al., 2022 ; Schneider et al.,

005a , 2005b ; Wengenroth et al., 2014 ), and also in the context of

isorders, such as tinnitus ( Schneider et al., 2009 ), dyslexia and atten-

ion deficit disorders ( Serrallach et al., 2016 , 2022 ) and schizophrenia
esearch Hospital, Memphis, USA. 
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Fig. 1. Typical HG/TTG gyrification patterns: 

single HG (left); CSD (middle); CPD (right). 

Blue ROI is HG (first TTG). Yellow arrows 

point to HS. Green arrows point to SI. Pink ar- 

row points to second TTG. Cyan arrow points 

to PT. 

(  

i  

i  

c  

r  

t  

i  

l  

t  

i  

a  

2  

T  

f  

i  

r  

t  

a  

t  

d  

b  

p  

g  

S  

s  

e  

d  

p  

c  

R  

H  

d  

l  

m  

fi  

m  

s  

m

 

fi  

g  

e  

f  

2  

fi  

o  

c  

s  

t  

a  

n  

2  

i  

H  

H  

(  

t  

a  

f  

o  

g  

‘  

a

 

t  

a  

a  

s  

s  

o

 

s  

s  

2  

w  

s  

2  

t  

e  

t  

o  

v  

a  

g  

t  

o  

t  

Z  

a  

a  

(  

e  

t  

b  

t  

a  

a  

a  

i  

p  

h  

a  

r  

t  

t  

s

 

c  

T  

d  

t  

u  
 Takahashi et al., 2022 ). For example, people who are faster at learn-

ng to hear foreign speech sounds ( Golestani et al., 2007 ) and phonet-

cs experts ( Golestani et al., 2011 ) are more likely to have split (i.e.

ommon stem duplication, or CSD), fully duplicated (complete poste-

ior duplication, CPD) or even triplicated left transverse temporal gyri

han slower phonetic learners and than non-experts, respectively. Also

n the domain of language, children, teenagers and adults with higher

anguage aptitude have larger volumes and also greater gyrification of

he right transverse temporal gyrus ( Turker et al., 2019 , 2017 ). Seem-

ngly paradoxically, children and adults with developmental dyslexia

re more likely to have right ( Altarelli et al., 2014 ; Serrallach et al.,

016 ) or left ( Leonard et al., 2001 ) CPDs than non-dyslexic children.

he presence of additional gyri in this disorder might be related to dif-

erences in the function or in the functional or structural connectiv-

ty of the duplicated gyrus with other auditory or non-auditory brain

egions in this disorder (for example, see Kuhl et al. 2020 ). Duplica-

ion of left HG (i.e. in the form of CSDs or of CPDs) also tends to be

ssociated with diminished L > R structural and language-related func-

ional asymmetries in the brain ( Tzourio-Mazoyer et al., 2015 ). In the

omain of musical expertise, greater gyrification of bilateral TTG has

een related to musical aptitude and expertise (i.e. in amateur and

rofessional musicians), in some cases with very complex and unusual

yrification patterns, e.g. including triplications ( Benner et al., 2017 ;

chneider et al., 2005b , 2009 ; Rus-Oswald et al., 2022 ). Although the

tudy by Schneider et al. (2009) did not quantify gyrification differ-

nces between musicians and non-musicians, a chi-squared analysis of

uplication rates reported in Table 2 shows a significantly higher pro-

ortion of CSDs compared to single gyri bilaterally in healthy musicians

ompared to in non-musicians [X 

2 (df = 1, N = 90) = 9.9, p = .0016].

esearch also shows that the presence of additional TTG (i.e. beyond

G) might bear functional significance: for example, fMRI and MEG

ata show that functional activation extends to posterior TTGs during

istening to musical sounds in professional musicians, whereas in non-

usicians the activation is confined to HG (Schneider et al, unpublished

ndings). This suggests that additional TTG bear some relationship with

usical (and possibly linguistic) aptitude, or experience. Whether the

hape of the TTGs taken together differs between musicians and non-

usicians remains to be evaluated. 

To date, given the high anatomical variability of HG, its diverse gyri-

cation patterns have been characterised using visual assessments re-

arding the presence or absence (i.e. binary classification) of possible

xisting sulci along the contour of HG, i.e. parallel to the cortical sur-

ace ( Schneider et al., 2002 , 2005b ; Marie et al., 2015 ; Benner et al.,

017 ; Golestani et al., 2007 , 2011 ; Turker et al., 2019 ). Typical gyri-

cation patterns include single HG; CSD, where there’s a partial split

f the gyrus by a laterally arising intermediate sulcus (SI) and by a

ommon (i.e. joint) medial stem; and CPD, where there are two fully

eparated gyri that are not joined medially ( Fig. 1 ). Less frequent pat-

erns also exist, such as three or more TTG, the presence of medially

rising sulci, or such as intermediate sulci that do not reach the medial

or the lateral end ( Abdul-Kareem and Sluming, 2008 ; Benner et al.,

017 ; Leonard et al., 1998 ; Marie et al., 2015 ). Typically, and depend-

ng on the relative length of the SI (i.e. having at least half the length of

G), gyri posterior to the first transverse temporal sulcus, also known as

eschl’s sulcus (HS) – when present, are defined as belonging to the PT

 Penhune et al., 1996 ). Others have defined additional TTG as belonging
2 
o the planum temporale (PT) ( Schneider et al., 2005 ; Seither-Preisler et

l., 2014 ; Wengenroth et al., 2014 ; Zoellner et al., 2019 ). We will hence-

orth refer to single and to CSDs as ‘Heschl’s gyrus’ (HG) (i.e. regardless

f the length of the SI), and will refer to HG together with additional

yri (e.g. complete posterior duplications, or CPDs), when present, as

transverse temporal gyri’ (TTG), consistent with the latter of the two

bove HG definitions. 

Given the large variability in HG/TTG shape, and given known rela-

ionships with aspects of behaviour such as musical and linguistic skill

nd with language disorder, among others, there is a need for novel

pproaches allowing the automatic and reproducible assessment of HG

hape in a continuous (rather than categorical) manner, with the pos-

ibility of identifying non-typically oriented sulci (i.e. not just laterally

ccurring ones). 

Previously proposed automated methods for assessing the shape of

pecific brain regions or of the brain more globally include automated

ulcus segmentation and identification ( Auzias et al., 2015 ; Borne et al.,

021 ; Rivière et al., 2002 ; Shi et al., 2009 ; Takerkart et al., 2017 ), to

hich automated algorithms can be applied to assess the shape of the

ulci. These include the use of machine learning methods ( Borne et al.,

021 ), moment invariants to assess sulcal shape ( Sun et al., 2007 ), spec-

ral graph features ( Maghsadhagh et al., 2021 ), Isomap ( de Vareilles

t al., 2022 ; Sun et al., 2012 ) and sulcal landmark-based approaches

o assess ‘cortical complexity’ ( Luders et al., 2004 ). Yet other meth-

ds involve assessment of cortical convolution using local mean cur-

ature measures ( Luders et al., 2008 ). Local gyrification indices have

lso been developed; these assess the ratio between the surface of a re-

ion of interest or of a vertex on the outer surface and the surface of

he corresponding region of interest or vertex on the pial surface, in

rder to quantify the amount of cortex buried within the region in ques-

ion ( Moorhead et al., 2006 ; Rettmann et al., 2006 ; Schaer et al., 2008 ;

illes et al., 1988 ). Another index that’s relevant to automated shape

ssessment is the local sulcal index (l-SI), which quantifies the percent-

ge of area labelled as sulcus from a predefined cortical regional surface

 Cachia et al., 2008 ). Although these tools can be very powerful for the

xploration of variation in shape, or of morphology across the cortex,

heir drawback is that they do not allow to map the obtained features

ack onto anatomical space. In other words, it’s not possible to relate

heir output to readily observable physical features, especially in small

nd variable regions such as HG. In particular, these methods do not

llow to distinguish between different specific gyrification patterns par-

llel to the cortical surface, in analogy to what is done during the visual

dentification of single HGs, CSDs, CPDs and of other TTG duplication

atterns (note that mean curvature and the gyrification index are more

eavily influenced by gyrification perpendicular to the cortical surface,

nd as such reflect the height of gyri in the dorsal-ventral direction in

egions such as the superior temporal plane, where HG lies).There is

herefore a need for finer assessment of shape and of gyrification pat-

erns in the auditory cortex, and for measures that go beyond binary

hape classification, and this in a directional manner. 

In this paper, we present a novel toolbox, called Multivariate Con-

avity Amplitude Index (MCAI), for characterizing the shape of HG in

1-weighted structural MRI scans. The method can also be applied to ad-

itionally occurring, posterior TTGs. Our first, recently developed TASH

oolbox serves to segment HG, and to extract measures such as vol-

me, surface area and thickness from the resulting label, but not shape
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 Dalboni da Rocha et al., 2020 ). An additional version of the toolbox,

TASH_complete’, allows for segmentation not only of HG but also of

ully duplicated posterior TTGs (see Dalboni da Rocha et al. 2020 for

etails). MCAI works on the output of TASH (or of TASH_complete),

nd is based on assessing concavities along the outer perimeter of any

f the segmented gyri, projected onto an inflated cortical surface. This

pproach is inspired by a concavity-based shape index that has been de-

eloped for characterizing the shape of the cornea, in the eye ( Aoki et al.,

019 ). When adapted to assess the shape of the outer perimeter of HG,

oncavities of a certain minimum magnitude typically reflect the pres-

nce of sulci of different lengths, in a continuous manner. We validate

his approach by showing strong relationships between the dominant

i.e. highest) lateral concavity index and visually assessed measures of

ateral gyrification, in a dataset of N = 181 participants in which high

ariability in HG shape is expected to exist. We also use MCAI to repli-

ate previously published findings showing higher HG gyrification in

usicians compared to non-musicians, in a fully automated and repro-

ucible manner. Finally, we extend the concavity analysis to gyri poste-

ior to the first transverse temporal gyrus, when present. 

. Methods 

As mentioned, MCAI characterizes the shape of HG using a set of

ontinuous measures reflecting the relative amplitude, scaled for over-

ll HG length, of concavities along the perimeter of inflated representa-

ions of HG, extracted using TASH. TASH obtains the HG label along the

rey-white matter surface boundary, and then uses the inflation function

ithin freesurfer (mris_inflate) to project that boundary onto the cortical

urface. It is that inflated representation that MCAI computes HG shape

n, to best reflect what is done during visual assessment of HG shape (i.e.

uplication patterns). Because deeper sulci are expected to be reflected

y higher concavity values, we expect CSDs to be associated with high

ateral concavity values. Further, MCAI can be directional, meaning that

t assesses concavities for each of a number of orientations separately.

hen applied to HG, MCAI by default computes results along 4 orienta-

ions: anterior, posterior, medial, lateral ( Fig. 2 ). However, the number

k) of orientations for MCAI can be customized (i.e. concavities can ei-

her be computed along a finer-grained set of [i.e. higher number of]

rientations, or they can be computed irrespective of orientation, in the

ase of k = 1). MCAI can also be customized with respect to the number

oncavities (defined by the parameter ‘n’) that are identified per ori-

ntation, progressively from the highest, which we will henceforth call

he ‘dominant’ concavity, to the next highest, etc. Note that a ‘domi-

ant’ concavity does not necessarily denote the presence of a sulcus; it

imply refers to the highest concavity value in a particular orientation.

eing able to identify several concavities is useful, for example, in the
3 
ase of multiple additional TTGs. The dimensionality of MCAI is flexible,

efined as ‘k × n’. 

In this section, we first describe the MCAI toolbox ( Section 2.1 ),

nd then describe its validation in relation to visual gyrification rat-

ngs ( Section 2.2.1 ) and its application in the context of musicianship

 Section 2.2.2 ). 

.1 MCAI toolbox 

.1.1. Initial processing by Freesurfer and by TASH 

As already mentioned, MCAI is applied to T1 weighted struc-

ural MRI data, processed first by Freesurfer’s structural segmenta-

ion pipeline, and then by TASH. We have already outlined the data

uality and preprocessing recommendations ( Dalboni da Rocha et al.,

020 ), but reiterate them here. For good segmentation by FreeSurfer,

t is recommended that voxels do not exceed 1.5mm along any direc-

ion (see FreeSurfer user guidelines); a spatial resolution of 1.0 cubic

illimetres is recommended. Good contrast between grey and white

atter in T1 images is crucial for accurate results. Depending on the

uality of T1 images, denoising is an optional step that can improve

he segmentation performed by FreeSurfer. For denoising, we recom-

end the use of the spatially adaptive non-local means (SANLM) filter

 Manjón et al., 2010 ) in SPM 8 ( Ashburner, 2012 ) and/or the ‘patch

nd pixel similarity’ approach ( Zhang et al., 2014 ). The native space T1

mages should then be processed by Freesurfer’s structural segmenta-

ion pipeline ( Fischl, 2012 ), to provide segmentation and parcellation

f different brain areas, including auditory regions relevant for TASH.

or best results, we recommend the use of Freesurfer versions 5.3, 7.1

r 7.2. Following this, HG should be segmented using the default ver-

ion of the TASH toolbox (i.e. the version that segments single HG and

SDs, but that excludes non-contiguous additional TTGs) ( Dalboni da

ocha et al., 2020 ). If investigating all TTGs, the ‘TASH_complete’ (i.e.

xtended) version of TASH should be used. TASH provides, as output,

nflated images of the segmented HG (or of all TTGs), rotated by -30 o 

nd + 30 o along the y-axis in the left and right hemispheres respectively,

nd rotated by -20 o along the x-axis in both hemispheres. This rotation

s automatically performed by TASH in order to allow a complete view

f HG and maximize its apparent surface area. 

.1.2. MCAI 

The MCAI toolbox environment consists of scripts written using the

ATLAB R2022a software package ( MathWorks, 2022 ). The HG (or any

TG) surface labels produced by TASH (or by TASH_complete) are con-

erted to MATLAB matrices, where the perimeter as well as the convex

nvelop are extracted. The convex envelop is a polygon whose sides

re bases for possible perimeter concavities of the gyrus. The amplitude
Fig. 2. The four orientations over the surface 

of HG represented on an inflated image: lateral, 

medial, anterior, and posterior. HG lays hori- 

zontally over the superior aspect of the tem- 

poral cortex. During to the pre-processing step 

of inflation, this horizontal surface turns into a 

vertical projection of HG, projecting the medi- 

olateral axis onto an up-down view. 
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Fig. 3. The amplitude index of each concavity is the local amplitude (‘a’) of the 

respective concavity (i.e. maximum perpendicular displacement between the 

basis (‘b’) and the contour of the underlying concavity of the gyrus divided by 

the global maximum length of the gyrus (‘L’)). ‘L’ is an estimate of overall size 

of the gyrus, while ‘a’ and ‘b’ are computed for each concavity. 
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see ‘a’ in Fig. 3 ) of each concavity on each polygon’s side is assessed

y computing the maximum perpendicular displacement between the

olygon’s side (i.e. ‘basis of the concavity’, see ‘b’ in Fig. 3 ) and any

ode of the contour of the underlying concavity of the gyrus enclosed

n the respective polygon’s side. The amplitude of each concavity is

hen divided by the global maximum perpendicular length of the gyrus

maximum height of the gyrus when going from any basis of the con-

ex envelope perpendicularly to any point along the outer surface of the

yrus, see ‘L’ in Fig. 3 ; note also that each gyrus has a unique L-value),

esulting in the amplitude index of a concavity. This value thus reflects

he proportion between a) the maximum distance from the basis to any

ode of the underlying concave contour, and b) the maximum distance

rom any edge to any node of the convex envelop surrounding the gyrus

abel ( Fig. 4 ). 

.2 Validation and application of the method 

.2.1. Dataset 

For the validation and application of MCAI, we made use of

hree existing structural MRI datasets acquired on different scan-

ers ( Benner et al., 2017 ; Schneider et al., 2005a , 2005b , 2002 ;

engenroth et al., 2014 ; Zoellner et al., 2019 ), henceforth called the

musicianship’ dataset ( Table 1 ). These data have already been described

n our recent TASH paper ( Dalboni da Rocha et al., 2020 ). This includes

tructural MRI data from 69 professional musicians, 75 amateur musi-
ig. 4. Schematic illustration showing that for different underlying concavity shape

mplitude ‘a’ of each respective concavity is half the global maximum perpendicular 

4 
ians and 37 non-musicians. Non-musicians had never played a musical

nstrument beyond standard school education; professional musicians

ad undergone a professional musical education ending with a diploma

nd were actively performing; amateur musicians had received special

nstruction in one or more musical instruments ( Schneider et al., 2002 ).

s per Table 1 , 23 participants were scanned on a Symphony 1.5T,

4 participants were scanned on a Trio 3T and 94 participants were

canned on a Trio-Tim 3T scanner. All the scans were acquired using 12-

hannel head coils and a standardized scanning protocol (MPRAGE, 1

m 

3 isotropic resolution, TR = 1930 ms, TE = 4.38 ms). As also reported

n the TASH paper ( Dalboni da Rocha et al., 2020 ), there was a similar

roportion of men and women across groups (F = 0.201, p = 0.818), but

he groups differed significantly with respect to mean age (F = 8.893,

 < 0.001), with the amateurs being significantly younger than both

rofessionals (t = 2.84, p = 0.005) and non-musicians (t = 3.93, p <

.001). Please note that the term musicians (when not further specified)

ncludes both professional and amateur musicians. 

.2.2. Validation 

We validated MCAI by assessing the relationship between the highest

i.e. dominant) lateral (i.e. arising from the lateral aspect of HG) concav-

ty amplitude indices and visual assessments of the degree of lateral gyri-

cation in the combined ‘musicianship’ dataset (N = 181, see Table 1 ).

he validation was only performed on laterally occurring sulci because,

s mentioned before, in the case of CSDs sulci occur laterally. For the

isual assessments, two raters (LS and NG) independently evaluated the

egree of lateral gyrification of HG (i.e. looking only at the first gyrus,

hether it be a single gyrus or a CSD), blind to group. Similarly to MCAI,

hese visual assessments were done in a continuous rather than in a bi-

ary manner. In other words, the raters did not simply determine if the

yrus was single or a CSD, but they provided a number ranging between

 and 0.99 reflecting the degree of gyrification (‘g’) (i.e. reflecting the

epth of the SI), when present ( Golestani et al., 2011 ; Benner et al.,

017 ). For example, a single HG got a rating of ‘0’; a CSD having an SI

panning half the length of HG got a rating of 0.5; and a CSD having

 SI spanning 8/10ths of the length of HG got a rating of ‘0.8’. Fig. 5

rovides a few examples. Both raters assessed the gyrification of left

nd right HG in all 181 participants, and Pearson correlations were per-

ormed to assess inter-rater reliability. Pearson’s correlations were also

erformed to assess the relationship between the automatically derived

ateral MCAI values and visual assessments of lateral gyrification; high

orrelations would support the validation of MCAI. 

.2.3. Application 

In addition to the above validation, we applied our toolbox

o the same ‘musicianship’ dataset, combined across the different

canners/field strengths, with the goal of replicating previous visually

etermined findings of increased HG gyrification in musicians compared

o non-musicians ( Schneider et al., 2009 ; Rus-Oswald et al., 2022 ), us-

ng our fully automated toolbox. To test our prediction, we performed
s, the amplitude index can be the same (e.g. 0.5 in this case), since the local 

length (‘L’) of the gyrus. 
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Table 1 

Musicianship data used for the validation of MCAI: demographics (age and sex) of participants scanned on different 

MRI scanners (std = standard deviation). 

Scanner Group Professionals Amateurs Non-musicians All 

Sex Fem Male Fem Male Fem Male Both 

Number 5 5 6 4 1 2 23 

Symphony 1.5 T Age (mean) 28.2 24.4 29.0 56.2 53.0 58.5 36.2 

Age (std) 13.3 4.0 8.1 12.4 - 6.4 16.3 

Number 9 17 4 11 9 14 64 

Trio 3.0 T Age (mean) 40.0 41.0 39.7 31.2 40.1 51.8 41.3 

Age (std) 8.2 9.1 8.7 13.5 15.8 8.0 12.2 

Number 14 19 24 26 5 6 94 

Trio-Tim 3.0 T Age (mean) 39.1 39.1 29.4 31.2 26.0 29.7 33.2 

Age (std) 13.2 12.5 10.2 9.7 4.5 5.1 11.4 

Number 28 41 34 41 15 22 181 

All fields Age (mean) 37.5 38.1 30.6 33.7 36.3 46.4 36.4 

Age (std) 10.1 11.5 10.1 13.1 14.7 12.6 12.9 

Fig. 5. Schematic illustrations of visual gyrification ratings, ‘g’. Left: single HGs got a rating of ‘0’, middle: CSDs having an SI spanning half the length of HG got a 

rating of 0.5, right: CSDs having a SI spanning 8/10ths of the length of HG got a rating of ‘0.8’. 
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 mixed ANCOVA on the highest MCAI concavity values obtained from

he first TTG (i.e. HG), with group (3 levels: non-musicians, amateur

usicians and professional musicians) as the between-subjects factor,

nd with orientation (4 levels: lateral, medial, anterior and posterior)

nd hemisphere (2 levels: left and right) as the within-subject factors,

ontrolling for the covariates of age, sex and scanner. We predicted that

e would find higher lateral concavity amplitude indices in both hemi-

pheres of musicians compared to non-musicians, reflecting a higher

ikelihood of CSDs compared to single gyri in the former group. 

To further explore the relationship between gyrification patterns of

he TTG and musicianship status, we extended our concavity analysis

o gyri posterior to HG. For this, we tested for whether musicianship

as associated with the gyrification of the HG (first TTG) specifically,

r with the overall shape of all TTGs in each hemisphere. Here, we rep-

esented the overall shape of the TTGs by counting all gyri identified

y TASH_complete, and adding the number of gyri to the highest lateral
ig. 6. Examples of TTGs present in our data having equal lateral MCAI (lMCAI) va

ndex values (LMI): Left (lMCAI = 0, LMI = 1), Middle (lMCAI = 0, LMI = 3.05), Righ

5 
CAI values summed across all present TTGs in the respective hemi-

phere. This summary metric, henceforth ’lateral multiplication index’,

rovides a continuous metric accounting for the most complex gyrifi-

ation patterns of all existing TTGs. The lateral multiplication index is

ot a core MCAI variable (i.e. it’s not provided as output by MCAI); it is

n additional, derived index that can be obtained by combining lateral

CAI values from multiple TTG with their full multiplication amount.

e present an example of three different lateral multiplication index

alues (low, average and high) in Fig. 6 , below. To test whether the lat-

ral multiplication index offered additional predictive value for deter-

ining musicianship status compared to MCAI values computed for HG

nly, we ran two multinomial logistic regression analyses designed to

redict musicianship status from: 1) the highest lateral MCAI concavity

alues of the first TTG (i.e., HG), and 2) the lateral multiplication index

alues computed over all TTGs, in both cases controlling for the covari-

tes of age, sex and scanner. To determine which of these anatomical
lues for the first TTG (i.e., Heschl’s gyrus), but different lateral multiplication 

t (lMCAI = 0, LMI = 5.16). 
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Table 2 

Pearson’s correlations between dominant lateral concavity values de- 

rived from MCAI and visually determined lateral gyrification ratings, 

averaged across two independent raters. 

Category Hemisphere Pearson Correlation (df = 360) 

R-value P-value (2-tailed) 

MCAI vs raters average Left 0.924 < 0.001 

Right 0.928 < 0.001 
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Fig. 7. Average dominant MCAI values for concavities arising from laterally, 

medially, anteriorly and posteriorly located bases, for professional musicians, 

amateur musicians, and for non-musicians. Results reveal significantly higher 

lateral MCAI values in professional musicians compared to non-musicians ( ∗ ). 

Error bars: + /- 1 standard error. 
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ndices had a better predictive value for determining the musicianship-

tatus, we compared fits of the two models to the data with Akaike in-

ormation criterion (AIC). 

. Results 

.1 Validation of the method 

Pearson’s correlations on the visually determined measures of gyri-

cation showed very high inter-rater reliability, in both the right (r

df = 360) = 0.97, p < 0.001) and the left (r (df = 360) = 0.97, p < 0.001)

emispheres. Thus, we next assessed the relationship between the visual

atings, averaged across the two raters, and the dominant lateral con-

avity values, obtained using MCAI. Results showed very high correla-

ions between the automatically computed MCAI values and the visual

atings, for both hemispheres (see Table 2 ). 

.2. Application 

We used MCAI to test for group differences in HG shape between

he participant groups: professional musicians, amateur musicians, and

on-musicians. The ANCOVA revealed a significant main effect of group

F(2,175) = 3.834, p = 0.023], and a significant group-by-concavity

rientation interaction [F(6,175) = 5.057, p < 0.001]. The effect

f concavity orientation [F(3,175) = 1.231, p = 0.298], hemisphere

F(1,175) = 0.028, p = 0.867], concavity orientation-by-hemisphere in-

eraction [F(3,175) = 1.102, p = 0.348], hemisphere-by-group interac-

ion [F(2,175) = 0.13, p = 0.878], and the concavity orientation-by-

emisphere-by-group interaction [F(6,175) = 0.421, p = 0.865] were

ot significant. 

Due to the significant effects of group and of the group-by-concavity

rientation interaction, we performed pair ‐wise post-hoc comparisons

Bonferroni corrected) on bilateral (i.e. averaged across hemispheres)

ominant concavities for each orientation between professional musi-

ians, amateur musicians and non-musicians, controlling for age, sex
Table 3 

Post-hoc pairwise comparisons: independent samples t-tests (

concavity indices between professional musicians, amateur mu

for age, sex and scanner. ∗ indicates significance at 𝛼 = 0.05. ∗

Orientation Pairwise Comparisons Differe

Professionals Vs Amateurs 0.016 

Lateral Professionals Vs Non-Musicians 0.060 

Amateurs Vs Non-Musicians 0.044 

Professionals Vs Amateurs 0.000 

Medial Professionals Vs Non-Musicians 0.006 

Amateurs Vs Non-Musicians 0.005 

Professionals Vs Amateurs 0.005 

Anterior Non-Musicians Vs Professionals 0.005 

Non-Musicians Vs Amateurs 0.010 

Amateurs Vs Professionals 0.004 

Posterior Professionals Vs Non-Musicians 0.000 

Amateurs Vs Non-Musicians 0.004 

6 
nd scanner. Results showed that professional musicians have signif-

cantly higher MCAI values bilaterally in the lateral orientation com-

ared to non-musicians ( Table 3 and Fig. 7 ). This finding was consistent

ith an analysis of the visually obtained gyrification ratings; indepen-

ent samples t-tests (2-tailed, Bonferroni corrected) on the lateral gyri-

cation ratings of bilateral HG of professional musicians, amateur mu-

icians and non-musicians, adjusting for age, sex and scanner, revealed

igher gyrification values in professional musicians compared to non-

usicians only ( Table 4 ). 

For exploratory purposes, we also ran a number of correlations and

eport the following Bonferroni-corrected (for 25 correlations) results.

irst, we tested for relationships between left and right MCAI values

cross participants, and also, within each hemisphere, for relationships

etween MCAI values and more traditional (i.e. volume) and previ-

usly established (i.e. local gyrification index) ( Schaer et al., 2008 ) mea-

ures of anatomy. We found a trend towards a relationship between left

nd right hemisphere lateral dominant concavity [r(df = 360) = 0.23; p(2-

ailed) = 0.002]. For a better understanding of the distribution of MCAI

alues across participants, see the scatterplot illustrating left versus right

emisphere lateral MCAI values ( Fig. 8 ). 

Further, across all participants, we found a significant correlation be-

ween lateral MCAI values and the volume of HG in the right hemisphere

r(df = 360) = 0.49; p(2-tailed) = 2.5 ×10 − 12 ], while in the left hemisphere

 trend towards this relationship was observed [r(df = 360) = 0.19; p(2-

ailed) = 0.01]. Moreover, in the right hemisphere this correlation was

ignificant for amateur [r(df = 148) = 0.65; p(2-tailed) = 3.4 ×10 − 10 ], and
2-tailed) assessing differences in bilateral HG dominant 

sicians and non-musicians for each orientation, adjusted 
 ∗ Bonferroni adjusted. 

nce Std. Error t-value (df) p-value ∗ ∗ 

0.015 1.067 (142) 0.900 

0.018 3.333 (104) 0.003 ∗ 

0.019 2.316 (110) 0.055 

0.004 0.000 (142) 1.000 

0.005 1.200 (104) 0.754 

0.005 1.000 (110) 0.914 

0.004 1.250 (142) 0.541 

0.005 1.000 (104) 0.690 

0.005 2.000 (110) 0.075 

0.005 0.800 (142) 1.000 

0.006 0.000 (104) 1.000 

0.006 0.667 (110) 1.000 
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Table 4 

Independent samples t-tests (2-tailed) assessing differences in visually determined lateral gyrification val- 

ues averaged across hemispheres between professional musicians, amateur musicians and non-musicians, 

adjusted for age, sex and scanner. ∗ indicates significance at 𝛼 = 0.05. ∗ ∗ Bonferroni adjusted. 

Pairwise Comparisons Difference Std. Error t-value (df) p-value ∗ ∗ 

Professionals Vs Amateurs 0.053 0.035 1.514 (142) 0.401 

Professionals Vs Non-Musicians 0.149 0.042 3.548 (104) 0.002 ∗ 

Amateurs Vs Non-Musicians 0.096 0.044 2.182 (110) 0.087 

Fig. 8. Scatterplots showing left versus right hemisphere lateral MCAI values. 

Blue: Non-musicians, Red: Amateur musicians, Green: Professional musicians. 
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or professional musicians [r(df = 136) = 0.37; p(2-tailed) = 0.0018], but

ot for controls [r(df = 72) = 0.1; p(2-tailed) = 0.55]. In the left hemi-

phere, a trend towards this relationship was observed for professional

usicians [r(df = 136) = 0.27; p(2-tailed) = 0.02]. 

The local Gyrification Index of HG, however, was not signifi-

antly correlated either with HG volume [left: r(df = 360) = 0.03; p(2-

ailed) = 0.66] / [right: r(df = 360) = 0.06; p(2-tailed) = 0.41] nor with

ateral HG MCAI [left: r(df = 360) = -0.03; p(2-tailed) = 0.65] / [right:

(df = 360) = -0.06; p(2-tailed) = 0.45]. Looking at the groups separately,

e found a trend towards a relationship between lateral MCAI and lo-

al Gyrification Index of HG in the left hemisphere only in the con-

rols [r(df = 72) = 0.49; p(2-tailed) = 0.002], although this trend disap-

ears when the data from an outlier is excluded [r(df = 70) = 0.21; p(2-

ailed) = 0.21]. The lateral MCI vs local Gyrification Index relationship

as not significant in amateur [r(df = 148) = -0.22; p(2-tailed) = 0.06)]

or in professional musicians [r(df = 136) = -0.06; p(2-tailed) = 0.62].

airwise relationships between MCAI values, the local Gyrification In-

ex and volume of HG within each hemisphere are presented in the

elow scatterplots ( Fig. 9 ). 

Given the significant correlation between HG volume and lateral

CAI values, we tested whether lateral MCAI could predict the mu-

icianship status over and above the HG volume values. We fit three

ultinomial logistic regressions predicting the membership in the three

roups (Professionals, Amateurs, and Non-Musicians) from 1) HG vol-

me, 2) lateral MCAI values, and 3) HG volume and lateral MCAI val-

es combined (each time controlling for covariates of no-interest), with

on-musicians as the reference group. We used AIC model selection to

hoose the best fitting model. The model with both volume and MCAI

ad the best fit out of the three models, with AIC equal to 730.8 (com-

ared to 733.8 and 734.1 for the models with only volume and MCAI

espectively). The model with both variables had an evidence ratio (ER)

f 3.78 over the model with volume only. In the best fitting model, both

G lateral MCAI and volume significantly differentiated between Non-
7 
usicians and Professionals and between Non-Musicians and Amateurs

all p s < .01), see Table 5 . 

Next, we tested whether the lateral multiplication index (computed

ver HG and additional TTGs, when present) offered additional pre-

ictive value for determining the musicianship status over MCAI val-

es computed for HG alone. We chose the lateral MCAI values for all

yri here, given the result reported above pointing to the lateral MCAI

alues of HG being significantly higher in professional musicians than

n non-musicians. A multinomial logistic regression was performed to

reate two models for the relationship between the two anatomical in-

ices (controlling for covariates of no-interest) and membership in the

hree groups (Professionals, Amateurs, and Non-Musicians), with Non-

usicians as the reference group (see Table 5 ). The model containing

ateral MCAI values computed for HG alone had a better fit than the

odel with the lateral multiplication index for multiple TTGs, with AICs

qual to 734 and 745 respectively, and ER of 297 for the best model.

urthermore, lateral HG MCAI significantly differentiated between Non-

usicians and Professionals ( p < .001) and between Non-Musicians and

mateurs ( p = .003), while the lateral multiplication index only signifi-

antly differentiated between Non-Musicians and Amateurs ( p = .048),

ut not between Non-Musicians and Professionals ( p = .14) showing that

he shape of the first TTG (the Heschl’s gyrus) predicts the musicianship

tatus better than an index describing multiple TTGs. To ascertain that

he above result was not driven by potentially too generous automatic

lassification of gyri segmented by TASH_complete as TTG, we repeated

he above analysis after visually inspecting the segmentations and re-

ecting some of the most posterior gyri that were oriented differently

han the rest of the TTGs, and retaining gyri that would be classified

s TTG only by most conservative criteria. Of note, these most posterior

yri were still located within the planum temporale, and as such are con-

idered as belonging to the auditory complex. The result of the analysis

n the lateral multiplication index calculated from TTGs selected by vi-

ual inspection and more conservative criteria, however, was consistent

ith the result of the original, fully automated analysis (see Supplemen-

ary Materials, Table S1). The model with lateral MCAI values for HG

lone had a better fit than the model with lateral multiplication index

AIC = 749 versus AIC = 734), with ER of 1616, thus further confirming

hat musicianship status can be best predicted from the shape of the first

TG, i.e., of HG. 

. Discussion 

In this paper, we present a novel multivariate toolbox, MCAI, de-

igned to assess the shape of HG. Given that our toolbox is automated,

t allows for fully reproducible assessment of shape, and is not subject

o arbitrary and subjective decisions regarding shape categorization. We

alidated MCAI by showing that the lateral dominant concavity index

orrelates highly with visually-determined, continuous lateral gyrifica-

ion ratings. This indicates that the strength of such concavities indeed

orresponds to the prominence of existing SIs, with high values not only

ndicating the presence of a CSD but also serving to quantify its length

elative to HG length. As an application of MCAI, we aimed at replicat-

ng previous findings of greater HG gyrification in musicians compared

o non-musicians ( Schneider et al., 2009 ; Rus-Oswald et al., 2022 ).

ur results replicate the predicted HG shape differences, reflected by
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Fig. 9. Scatterplots showing lateral MCAI by volume (top), lateral MCAI by local Gyrification Index (middle), volume by local Gyrification Index (bottom), for HG 

on the left (left) and right (right) hemispheres. Blue: Non-musicians, Red: Amateur musicians, Green: Professional musicians. 
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igher lateral MCAI values in professional musicians compared to non-

usicians bilaterally, confirmed also by visual ratings. We furthermore

how that musicianship is related to the shape of HG specifically, and

ot to the overall lateral multiplication index of TTGs (when present). 

We also explored the relationship between MCAI values and more

raditional or previously established methods for assessing HG anatomy

nd shape. The results showed that MCAI (which assesses shape parallel

o the cortical surface) and the local gyrification index (which measures

yrification perpendicular to the cortical surface) are independent of

ach other, demonstrating, as might be expected, that these are orthog-

nal aspects of HG shape. We also observed a moderate relationship

etween lateral MCAI and HG volume in the right hemisphere. This re-

ationship was observed in both amateur and professional musicians,

ut not in controls. MCAI characterises shape in a manner that’s in prin-

iple independent of volume, since the concavity index is normalized

or the size of the gyrus. In our recent TASH paper ( Dalboni da Rocha

t al., 2020 ), we reported larger HG volumes in musicians compared
8 
o non-musicians, and this in same data as used in the present paper.

he fact that there are nonetheless relationships between MCAI values

nd HG volume could reflect greater mechanical pressure for more fold-

ng within a limited space, with increasing HG volumes. Conversely,

t’s possible that greater folding of this brain region – and in particular

aterally, in the context of common stem duplications, better accommo-

ates higher HG volumes (i.e. provides more available space, resulting

n expansion of HG volume). These possible interpretations remain to

e further explored and/or modelled in future studies. Of note, we find

hat although the lateral MCAI value in HG is related to HG volume, it

redicts musicianship status above and beyond volume. 

The lack of association between MCAI and the local gyrification

ndex was expected because the latter assesses the amount of cortex

uried within the sulcal folds relative to the amount of cortex on the

uter visible cortex, whereas MCAI measures the shape of HG over

he local visible surface, ignoring any deviation beyond the local vis-

ble surface. As such, MCAI purposefully disregards how the curvature
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Table 5 

Results of multinomial logistic regression models predicting musicianship-status from HG Volume and MCAI Combined (Model 

1), MCAI HG values (Model 2) and Lateral multiplication index values (Model 3). In all models Non-Musicians were included as 

reference group. 

Model 1: HG Volume & MCAI HG 

(Intercept) MCAI HG Volume HG Hemisphere Scanner Sex Age 

Amateur Estimate 0.17 4.30 0.002 0.21 0.42 -0.08 -0.06 

SE 0.37 0.09 0.0006 0.30 0.19 0.31 0.01 

P 0.63 < 0.001 0.002 0.49 0.03 0.79 < 0.001 

Professional Estimate -0.15 5.05 0.002 0.17 0.08 -0.18 -0.02 

SE 0.38 0.09 0.0006 0.30 0.18 0.31 0.01 

P 0.70 < 0.001 0.005 0.56 0.67 0.57 0.01 

Residual Deviance: 702.8 AIC: 730.8 

Model 2: MCAI HG 

(Intercept) MCAI HG Hemisphere Scanner Sex Age 

Amateur Estimate 1.59 6.17 -0.02 0.46 -0.05 -0.06 

SE 0.82 2.07 0.30 0.22 0.31 0.01 

p 0.05 0.003 0.94 0.04 0.88 < 0.001 

Professional Estimate 1.09 6.73 -0.03 0.13 -0.13 -0.03 

SE 0.80 2.04 0.30 0.22 0.31 0.01 

p 0.17 < 0.001 0.91 0.56 0.67 0.02 

Residual Deviance: 710.0618 AIC: 734.0618 

Model 3: Lateral multiplication index 

(Intercept) Lateral multiplication index Hemisphere Scanner Sex Age 

Amateur Estimate 3.18 -0.36 -0.17 0.46 -0.07 -0.06 

SE 1.07 0.18 0.31 0.22 0.31 0.01 

p 0.003 0.05 0.59 0.03 0.82 < 0.001 

Professional Estimate 2.37 -0.27 -0.12 0.13 -0.14 -0.02 

SE 1.04 0.18 0.30 0.21 0.30 0.01 

p 0.02 0.13 0.70 0.53 0.65 0.04 

Residual Deviance: 721.45 AIC: 745.45 
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f the gyrus contributes to shape. Our correlational results show that

CAI is indeed complementary to indices such as the local gyrification

ndex. 

More complex HG and TTG gyrification patterns have been

hown to correlate with larger volumes of HG and of PT combined

 Takahashi et al., 2021 ), and HG surface area has been shown to be

ositively related to HG duplication patterns ( Marie et al., 2015 ). Local

ifferences in brain volume but also in shape are likely accompanied by

nderlying cellular and molecular differences. Grey and white matter

olume differences, for example, can arise from underlying differences

n axon sprouting, dendritic branching, and myelin formation and re-

odelling, among others ( Zatorre et al., 2012 ), and these are all known

o come hand in hand with brain functional and functional and struc-

ural connectivity differences ( Lee et al., 2022 ). The cellular and molec-

lar differences underling gyrification and the functional implications of

yrification are, however, less well understood. Different theories have

een proposed to explain cortical gyrification. Several theories / mod-

ls such as the tension-based hypothesis and the differential expansion

ypothesis, for example, posit that gyrification arises from purely me-

hanical reasons ( Ronan et al., 2014 ; Van Essen et al., 2018 ). These

odels would not predict that local gyrification differences would have

n impact on the functional recruitment of underlying brain tissue, and

s such, they would not predict relationships between gyrification and

ehaviour, skill, expertise or dysfunction. But there’s also evidence that

ulcal and gyral boundaries at least partly map onto different underly-

ng functional regions. For example, studies have shown differences in

he relative proportion of specific cytoarchitectonic layers across sul-

al boundaries, as proposed in the ‘differential expansion’ ( Kroenke and

ayly, 2018 ) and in the ‘grey matter’ hypotheses ( Zilles et al., 2013 ).

n line with this, within the auditory cortex, the ‘core’, or primary audi-

ory region tends to lie within the medial two thirds of the anterior-most

TG (i.e. also in the case of CSDs and CPDs), despite the lack of one to

ne correspondence between gyral/sulcal and cytoarchitectonic bound-

ries ( Rademacher et al., 2001 , 1993 ). More generally, there is growing

vidence that cortical folds predict Brodmann areas much better than
9 
reviously thought, supporting the idea that there may be a common

echanism underlying the development of gyrification patterns and of

ytoarchitectonic fields ( Fischl et al., 2008 ). This non-mechanical expla-

ation for gyrification is more aligned with the findings reported herein

nd with previously reported findings showing differences in TTG gyri-

cation in relation to musical and linguistic skill and expertise, and to

isorder (i.e. dyslexia). 

The exact mechanisms underlying the relationship between gyrifica-

ion and differences in behaviour need to be elucidated in future studies.

t is possible for example that such gyrification differences come hand-

n-hand with differences in cytoarchitecture and/or in myelination,

hich are in turn related to differences in brain function, and/or in func-

ional or structural connectivity differences with other parts of the audi-

ory / language networks in the brain (for example see Lee et al. 2022 for

uch findings in relation to different HG subregions). This could, in

urn, lead to behavioural differences in auditory and higher level cog-

itive skills involving auditory processing (e.g. language and music).

or example, recent work has shown that there is greater processing

omplexity in the superficial cortical layers of primary auditory cortex

 Moerel et al., 2019 ), yet the relative proportion of different cortical

ayers in gyri versus sulci remains to be established ( Waehnert et al.,

014 ). It could for example be that greater HG gyrification in musicians

s associated with a greater proportion of superficial layers, and that this

ight underlie a capacity for better processing of complex or subtle mu-

ical sounds these groups (c.f. Dalboni da Rocha et al. 2020 ). Further,

 study in a very large sample (N = 430) of healthy individuals has also

evealed relationships between left and right HG gyrification patterns

nd cortical surface area differences in adjacent brain regions such as

he planum temporale and the superior temporal sulcus ( Marie et al.,

016 ). As such, local HG gyrification differences may also come hand

n hand with anatomical differences in higher level auditory and associ-

tion regions, possibly also in part explaining the mechanism whereby

G gyrification is related to auditory skill or dysfunction. Elucidation

f these relationships could explain how macroscopic gyrification differ-

nces across people with different degrees of musical or linguistic skill
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B  
ight lead to differences in processing complexity, efficiency and/or

kill. 

Longitudinal work has shown that the folding pattern of some brain

egions, for example of the anterior cingulate cortex (ACC), remains sta-

le between childhood and adulthood ( Cachia et al., 2016 ). The shape

f this brain region is, just as for the folding patterns in and around

G, known to be established prenatally ( Chi et al., 1977a ). Cortical

yrification patterns have been shown to be affected by genes but also

y non-genetic factors ( Bartley et al., 1997 ), with greater genetic in-

uences near major sulci and primary fissures compared to higher or-

er gyri and sulci ( Le Guen et al., 2018 ; Schmitt et al., 2021 ). Con-

istent with the idea that the gyrification of HG might be relatively

ore influenced by predisposition than by experience-dependent plas-

icity are the results of a post-mortem study in foetuses, having shown

hat the gyri of the auditory cortex (i.e. of HG) are established before

irth, in the last weeks of gestation ( Chi et al., 1977b ). Also, in the

ontext of musicianship and of musical training, a longitudinal study

n children undergoing musical training has shown relative stability

f auditory cortex volumes ( Seither-Preisler et al., 2014 ). It is thus

ossible that the intermediate sulcus of HG is, just as for the ACC,

elatively invariant to post-infancy maturational processes, and that

n the case of musicians, that individuals with greater gyrification of

his brain region self-select (also known as ‘niche picking) to excel in

heir musical careers, due to inherent facility in the musical domain.

urther work is needed to address the question of the relative influ-

nces of genetics versus of experience-dependent plasticity on different

tructural measures related to HG, i.e. volume, surface area, shape, etc

 Grasby et al., 2020 ). 

MCAI can also be extended for the assessment of shape in other

rain regions. Theoretically, it can be applied into any 2-dimensional

hape of a single object. We have chosen to use 2D images inflated from

heir 3D surfaces for this application of MCAI to HG/TTG, but other

ethods for projecting 3D brain native space onto 2D images could be

lternatives for image pre-processing before application of MCAI. An

xample of approaches for projecting 3D images into 2D is HIP-HOP

 Auzias et al., 2013 ). 

MCAI can be applied to a wide range of studies on auditory skill, dys-

unction, and plasticity. Its automated and reproducible nature allows

or application to very large data sets. Together with our first toolbox,

ASH, MCAI can lead to a better and more systematic assessment not

nly of traditional auditory cortex anatomical measures such as volume,

urface area and thickness but also of shape. Moreover, despite being a

ultivariate approach, MCAI characterizes shape in a much more in-

erpretable manner than complex feature extraction methods, such as

pectral graph features ( Maghsadhagh et al., 2021 ). MCAI captures HG

hape in a continuous manner, moving towards an unbiased measure of

G pattern types. Continuous and multivariate characterisation of shape

long with other measures such as volume, surface area and thickness

an shed light on alterations that might occur in the context of health,

isease, training, expertise, development, and aging. Exploration of how

uch auditory cortex features are relatively influenced by experience

ersus by predisposition can also advance our understanding of the rel-

tive contributions of nature versus nurture for auditory skill and dys-

unction in the brain. It’s important however to be mindful of the ethical

ssues that such research may raise; just as for a lot of research, results

an be used for helping individuals, but could also be used to their detri-

ent (ex. in the context of job screening). We therefore stress the utmost

mportance of putting this type of research to the service of construc-

ive applications, such as for helping to determine biomarkers of dis-

ases, studying mechanisms of aging, and studying auditory processing

echanisms. 
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