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Abstract

Why is it that some people seem to learn new languages faster and easier than others? The present
study investigates the neuroanatomical basis of language learning aptitude, with a focus on the
shape of the transverse temporal gyrus/gyri (TTG/TTGs) within the Sylvian fissure of the auditory
cortex. The size and shape of the first TTG (i.e., Heschl’s gyrus; HG) and of additional posterior
TTG(s), when present, are highly variable both between brain hemispheres and individuals. Pre-
vious work has shown the shape of the TTG to be related to musical and linguistic abilities. Spe-
cifically, one study found that high language learning aptitude correlated with more TTGs in the
right hemisphere, even though language functions are generally left-lateralized. In this study, we
used TASH (Toolbox for the Automated Segmentation of Heschl’s Gyrus) and the newly devel-
oped MCAI (Multivariate Concavity Amplitude Index) toolbox, to automatically extract TTG's
morphology and shape from 82 MRI scans and relate it to participants’ language aptitude scores.
In contrast to the previous results, we found that what sets average form high language aptitude
apart was less TTGs in the right hemisphere, with more surface area in the first right TTG and
second left TTG. Furthermore, high executive working memory function and many languages
learned in life were associated with high language learning aptitude. This corroborates previous
findings of the importance of left lateralization, secondary auditory cortex and working memory

in language learning and it opens questions on how aptitude relates to seeking experiences.

Zusammenfassung
Warum lernen manche Menschen neue Sprachen scheinbar schneller und leichter als andere? Die

vorliegende Studie untersucht die Neuroanatomie der Begabung zum Sprachenlernen, mit einem
Fokus auf die Form des Gyrus temporales transversus/Gyri temporales transversi (TTG/TTGs),
die in der Fossa Sylvii des Horzentrums liegen. Die Morphologie und Form des ersten TTG (ge-
nannt Heschl'scher Gyrus; HG) sowie, sofern vorhanden, zusitzlicher TTG(s) variieren sowohl
zwischen Gehirnhélften als auch zwischen Individuen stark. Frithere Arbeiten haben Zusammen-
hinge zwischen der Morphologie und Form der TTGs und musikalischen und sprachlichen Féhig-
keiten gefunden. In einer Studie wurde festgestellt, dass Personen mit hoher Sprachlernbegabung
mehr TTGs in der rechten Gehirnhilfte aufweisen, obwohl Sprachfunktionen generell in der linken
Gehirnhélfte verortet sind. In dieser Studie nutzten wir TASH (Toolbox for the Automated Seg-
mentation of Heschl’s Gyrus) und die neu entwickelte MCAI (Multivariate Concavity Amplitude
Index) Toolbox, um die Morphologie und Form der TTGs automatisiert aus 82 MRT-Scans zu
extrahieren und mit der Sprachlernbegabung in Beziehung zu setzen. Im Gegensatz zu der fritheren
Studie fanden wir, dass hohe Sprachlernbegabung im Vergleich zu durchschnittlicher sich durch

weniger TTGs in der rechten Gehirnhélfte auszeichnet, dafiir aber groerer Oberflache im ersten



rechten TTG und im zweiten linken TTG. Dariiber hinaus waren hohe Werte des exekutiven Ar-
beitsgedachtnisses und viele erlernte Sprachen mit hoher Sprachlernbegabung korreliert. Diese
Ergebnisse unterstiitzen frithere Erkenntnisse zu der Wichtigkeit der linken Gehirnhélfte, des se-
kundéren Horzentrum und des Arbeitsgedédchtnisses beim Sprachenlernen und sie werfen Fragen

dariiber auf, wie Begabung mit dem Streben nach Erfahrungen zusammenhéngt.
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1 Theoretical Background
1.1 Language Aptitude

Individuals differ in their rate and success in foreign language (L2) learning and apart from age
and motivation, this is mostly determined by a certain “talent” for learning languages (Skehan,
2002; Dornyei & Skehan, 2003; Abrahamsson & Hyltenstam, 2008; Biedron & Pawlak, 2016).
Since the last century, this “talent” has been formalized and studied under the name of foreign
language aptitude or simply language aptitude (Carroll, 1981; Dérnyei & Skehan, 2003; Wen et
al., 2017; Turker et al., 2019). The ‘founding father’ of aptitude research, John Carroll, saw apti-
tude as the capacity to learn fast and with facility, this ability being relatively stable and innate
(Carroll, 1981). He conceptualized language aptitude as four distinct and measurable abilities:
phonemic coding ability (capacity to code unfamiliar sound so that it can be retained), grammatical
sensitivity (capacity to identify the functions that words fulfil in sentences), inductive language
ability (capacity to extrapolate from a given corpus to create new sentences) and associative
memory (capacity to form associative links in memory) (Carroll, 1981; Ddrnyei & Skehan, 2003).
Since then, these categories held up during empirical investigations, but due to their similarity,
‘grammar sensitivity’ and ‘inductive language learning’ were combined to the concept ‘language
analytic ability’ (Skehan 2002, Biedron, 2015; Biedron & Pawlak, 2016; Wen et al., 2017; Turker
etal., 2017, 2019). Currently, language aptitude is also considered to be more dynamic than it was
in Carroll’s time, meaning it is recognized to change for example in regard to age (Robinson, 2007;

Z. Wen et al., 2017).

Carroll and his colleague Stanley Sapon (1959) developed the first comprehensive aptitude test
battery, the Modern Language Aptitude Test (MLAT). While the MLAT was made for English
speakers and had to be adapted for different mother tongues (L1s), Meara (2005) developed on its
basis the language-independent LLAMA test with four subtests: vocabulary acquisition
(LLAMA_B), sound recognition (LLAMA D), sound-symbol correspondence (LLAMA_E) and
grammatical inferencing (LLAMA _F). The test gained popularity, as it is free, quick to administer
and easily available (Rogers et al., 2017), which is why it was used in this study. A meta-analysis
by Li (2015) showed that language aptitude test scores were indeed positively correlated with
ultimate L2 proficiency and independent of factors like motivation. Also, Rogers et al. (2017)
found that LLAMA test scores are robust to background variables with the only limitations that
participants with prior L2 instructions receive higher scores compared to monolinguals, and

younger children receive lower scores compared to adults (Rogers et al. 2017).

Since the beginning of the 2000s there has been a new wave of theorizing in language aptitude

(see Wen et al., 2017 for review). Special emphasis was given to the importance of working
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memory, as better working memory correlates with higher language aptitude, faster language
learning and greater L2 final proficiency (Skehan, 2002; Baddeley, 2003; Biedron, 2015; Linck et
al., 2014; Wen et al., 2017; Wen & Skehan, 2011). For example, Turker et al. (2019) found that
from 17 behavioral variables, those relying on language aptitude and working memory formed a

joint component in a principal component analysis.

There is also a relationship between language aptitude and musicality, especially for pronunciation
(Christiner & Reiterer, 2013; Milovanov & Tervaniemi, 2011; Turker et al., 2017, 2019;
Vangehuchten et al., 2015). An explanation for this can be the shared neurological underpinnings

of language and musical abilities (Turker et al., 2021; Turker & Reiterer, 2021).

1.2 Cognitive Abilities and Neuroanatomy

Neurolinguistic research of language aptitude has been growing in the past years and especially
phonological abilities have been thoroughly analyzed (Biedron, 2015). Brain structures that are
most often related to language aptitude are grey and white matter volumes of the left inferior pa-
rietal lobe (IPL), the left inferior frontal cortex and the auditory cortices (Turker et al., 2021). For
example, Golestani et al. (2007) found that faster learning of a foreign consonant correlated with
higher volume in the left IPL and Novén et al. (2019) found that higher cortical thickness in Broca’s
area (left inferior frontal gyrus/IFG) was related to higher language analytic abilities. Reiterer
found that less talented learners have greater activation in language related areas due to increased
“control effort” and highly talented individuals show enhanced grey matter volume (Christiner &
Reiterer, 2013; Reiterer et al., 2013). She suggests that high language aptitude is due to reduced

effort in speech production as well as increased cortical efficiency.

This study focuses on the auditory cortex, specifically the transverse temporal gyrus/gyri
(TTG/TTGs) in the Sylvian fissure. The auditory cortex (Brodmann’s area 41) is where auditory
input like speech, music and environmental sounds are processed (Moerel et al., 2014). The pri-
mary auditory cortex is located at the medial end of the first TTG, also called Heschl’s Gyrus (HG)
after its first descriptor Richard Heschl (Rademacher et al., 1993). The TTG(s) are located on the
superior plane of the superior temporal gyrus (STG) in the Sylvian fissure. Posterior to HG lies
the planum temporale (PT), which is known for its hemispheric asymmetry consistent with the
left-hemisphere specialization for language (Geschwind & Levitsky, 1968; Moerel et al., 2014).
Also the left HG has consistently more volume than the right due to more cortical white matter
(Marie et al., 2015; Penhune et al., 1996). HG and PT are separated by the first Heschl’s sulcus
(HS) and posterior to HS additional TTGs can be located, which are considered part of PT as they
do not contain the primary auditory cortex (Marie et al., 2015; Penhune et al., 1996; Rademacher

etal., 1993). TTG morphology (i.e. surface area, thickness and volume) and shape (i.e. gyrification
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patterns) is highly variable both between individuals and between hemispheres (Marie et al., 2015;
Rademacher et al., 1993). In the past, additional TTGs have often been referred to as duplicated
(or triplicated) HGs. Furthermore, a sulcus intermedius (SI) can also divide HG incompletely. It
has become practice to categorize TTG shape into a single gyrus, a common stem duplication
(CSD), defined as a SI that divides one-third of HG at the lateral, but not the medial end, a complete
posterior duplication (CPD), defined by a first Heschl’s sulcus (HS), that splits HG at its medial
end, and multiple duplications (MD), which include all possible variations with two HS or com-
bined CSD/CPD structures (Benner et al., 2017; Takahashi et al., 2022; Turker et al., 2019). The
study of Marie et al. (2015) revealed that 64% of the right-handed population have at least one
additional TTG besides bilateral single HG. More people have an additional TTG in the right
(49%) than in the left (37%) hemisphere. The most frequent hemisphere configuration is bilateral
single HG (36%), followed by two right TTGs and a single left HG (27%) (Marie et al., 2015).

Studies of the relationship between musical experience and TTG morphology and shape found that
90% of the professional musicians exhibited additional TTGs (Benner et al., 2017) and that pro-
fessional musicians, compared to non-musicians have higher gray matter volume at the medial end
of HG (Schneider et al., 2002) and higher overall volume of HG bilaterally (Schneider et al., 2005).
High musical aptitude in primary school children correlated with the intensity of musical practice
and higher HG volume overall, particularly in the right HG, while musical practice alone did not
influence volume as much (Seither-Preisler et al., 2014). Grey matter volume of the right HG

correlated also with absolute pitch perception proficiency (Wengenroth et al., 2014).

In the domain of language functions, more successful learners of foreign speech sounds and lin-
guistic pitch patterns exhibited larger volumes in left HG and more left TTGs (Golestani et al.,
2007; Wong et al., 2008). The same was found for phonetic transcription expertise (Golestani et
al., 2011). However, it is of note that even though expert phoneticians were more multilingual than
controls, foreign language experience was not correlated with structural brain measures (Golestani
et al., 2011). In contrast, Ressel et al. (2012) showed that language experience may be related to
auditory cortex morphology after birth, given that early Spanish-Catalan bilinguals were found to
have larger HGs, especially in the left hemisphere, and Kepinska et al. (in preparation) found a
relationship between the thickness of the second TTGs and the languages that people knew. In
contrast to language ability, dyslexia in boys was found to be correlated with additional right TTGs
(Altarelli et al., 2014). Another disorder connected with a prevalence of additional right TTGs is
schizophrenia, specifically the deficit syndrome subtype (Takahashi et al., 2022)

The findings of specific relationships of left and right HG's morphology with language and music,

respectively, are in accordance with the spectrotemporal model of acoustic processing of Zatorre

8



et al. (2002) and the theory of asymmetric sampling in time of Poeppel (2003). According to these
models, the left HG is specialized for handling fast temporal information like the rapid acoustic
changes in phonemes and the right HG is more apt at analyzing fine frequency distinctions like
the complex spectral information of music due to the integration of relative longer periods of time
(Poeppel, 2003; Warrier et al., 2009; Zatorre et al., 2002). Warrier et al. (2009) corroborated this
by correlating participants HG volume with their functional activation depending on an increasing
number of spectral components and temporal change rate. Also, volume of left or right lateral HG
predicted preference for fundamental or spectral pitch perception, respectively (Schneider et al.,

2005).

Thus, it could be expected, that language aptitude would benefit from left hemisphere processing.
However, recent research into the neurobiology of language aptitude revealed a different picture:
Subjects with high language aptitude and high phonetic coding abilities exhibited predominately
additional right TTGs (Turker et al., 2017, 2019). Notably, Turker et al. (2017) found a positive
relationship between language aptitude scores and number of instruments played, but not with the
number of foreign languages spoken. Also, in an artificial grammar learning task, participants with
high language analytical abilities (based on LLAMA_F) showed in general more widespread acti-
vation and specifically increased activity in the right hemisphere compared to those with average
scores (Kepinska, de Rover, et al., 2017). An EEG study showed that highly skilled learners ex-
hibited stronger local synchronization within the right hemisphere during an artificial grammar
learning task (Kepinska, Pereda, et al., 2017). A recent overview article relating individual differ-
ences in the right hemisphere to language learning proposed a model, in which the right hemi-
sphere integrates a model of what is happening with memory and detects novelty, which subse-
quently the left hemisphere uses for learning feature-processing (Prat et al., 2023). As a result,
language learning should be facilitated by the right hemisphere in the early stages, while activation
in later stages "might reflect poorer performance, more reliance on context, or a slower transition

to feature-specific LH systems".

In general, the shape of the TTG is thought to develop in utero (Chi et al., 1977), be stable during
development (Seither-Preisler et al., 2014) and be heritable as shown in studies of di- and monozy-
gotic twins (Peper et al., 2007). The unique folding pattern of human brains characterized by con-
vex (gyral) and concave (sulcal) regions serves to increase the surface area (Grasby et al., 2020;
Rakic, 1988). Its development is explained by the radial unit model (Rakic, 1988): after migration
to the cortex stacks of neurons, called ontogenetic columns, become basic processing units in the
adult cortex. The number of these columns determines the surface area of each cytoarchitectonic

region, while the thickness is determined by the number of cell divisions produced by them. During



evolution, an increase in the number of radial units results in increased surface area and gyrifica-
tion. This model is corroborated by a modern genome wide association study (GWAS), that
showed a higher genetic component to cortical surface area, while cortical thickness was found to
be more influenced by regulatory elements in adult brains (Grasby et al., 2020). Therefore, the
relationship between TTG's shape and language aptitude could point towards potential innate, ge-

netic influences on this cognitive ability.

The correlation between multiple right TTGs in high language aptitude could explain the close
correlation of musicality with language aptitude. Turker et al. (2021) argued that a reason for the
interplay between musicality and language aptitude could be a shared genetic basis, that gives rise
to distinct abilities that develop side-by-side. They presented a neurocognitive model of language
aptitude, where a largely genetically predetermined language aptitude profile develops into a lan-
guage competence profile. The language aptitude profile possesses a neural basis, visible in the
anatomy of the auditory cortex and other language-related regions like the left IPL or the left IFG,
and a cognitive basis like auditory and musical capacities, fluid reasoning abilities and memory-
related abilities. During development environmental factors interact with neuroanatomical and

cognitive predispositions to give rise to a language competence profile.

However, to date the high variability of TTG's shape made manual classification necessary (Ben-
ner et al., 2017; Golestani et al., 2007, 2011; Marie et al., 2015; Schneider et al., 2002, 2005;
Turker et al., 2017, 2019), which is slow, work-intensive and dependent on somewhat inconsistent
definitions. There are also instances where classifications fail (Benner et al., 2017). Due to this
need, the Toolbox for the Automated Segmentation of Heschl’s Gyrus (TASH) (Dalboni da Rocha
et al., 2020) and Multivariate Concavity Amplitude Index (MCAI) toolbox were developed. They
segment and characterize the shape of HG and/or additional TTGs in a continuous manner (Dal-
boni da Rocha et al., 2023), which allows a fully automated and reproducible assessment of shape.
For this, MCALI uses structural T1-weighted MRI images, which are segmented by Freesurfer and
then by TASH that extracts volume, surface area and shape (Dalboni da Rocha et al., 2020). The
output of TASH is used to calculate a lateral MCAI value either of HG alone or of HG with poten-
tial additional TTGs (Dalboni da Rocha et al., 2023). The MCALI toolbox was able to replicate the
finding of a higher amount of bilateral gyrification in professional musicians compared to non-
musicians (Dalboni da Rocha et al., 2023). It revealed, that the shape of HG alone predicted mu-
sicianship status better than of all TTGs together.

1.3 Research Questions and Hypotheses
In this study, we will analyze data from participants who completed the LLAMA test and subse-

quently underwent MRI scanning. We will extract the shape of HG and potential additional TTGs
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with the TASH and MCALI toolboxes and investigate their relation to language aptitude and deter-
mine if this relationship is limited to only HG or if it exists across additional TTGs when present.
Finally, self-reported measures of musical experience and language experience and working

memory scores will be related to language aptitude and auditory cortex anatomy.

Our hypothesis is that (1) participants with higher language aptitude scores will have higher lateral
MCALI values in the right hemisphere and that this will be due to the shape of all TTGs. Further-
more, (2) we expect better working memory to be related to higher language aptitude. We have no
prediction for the relationship between working memory and the anatomy of the auditory cortex.
Additionally, (3) language experience is expected not to be related to language aptitude, but to be
related to TTG morphology. Finally, (4) we expect that participants with more musical experience

will have higher language aptitude scores and higher volume of bilateral HG.
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2 Methods

2.1 Language Aptitude

Language aptitude was measured with the LLAMA test (Meara, 2005). The LLAMA test is free,
computer-based and language-independent relying only on pictures and a made-up language based
on Native American languages. It consists of four subtests:

1) LLAMA B tests vocabulary learning, where participants have 2 minutes to learn 20 pairs
of words and imaginary figures. Afterwards, they are asked to identify the correct figure
for each word.

2) LLAMA D tests phonetic memory. Participants hear a stream of unknown words and then
the same words interspersed with new words. They have to decide for every word if they
already heard it or not.

3) LLAMA _E tests sound-symbol correspondence. Participants have 2 minutes to learn asso-
ciations between a consonant-vowel syllable and a written symbol consisting of a simple
digit-letter combination (e.g. /pa/ may be written as 01). Afterwards, they are presented with
new words and have to choose the correct spelling from two possible ones.

4) LLAMA F tests grammatical inferencing. Participants are provided with 20 sentences and
corresponding imaginary figures in a picture for 5 minutes. They have to infer syntax and
semantics of the sentences and in the testing phase they are presented with two sentences
for every picture, and they have to decide, which one describes the picture in a grammati-
cally correct way.

For LLAMA_D, scores from 0 to 75 can be obtained. For the other subtests, scores from 0 to 100
can be obtained (Meara, 2005). The total LLAMA score ranges between 0 and 375.

2.2 Participants

307 participants were recruited for the LLAMA test at Leiden University through posters, email
invitations and word of mouth advertising from February 2013 until November 2014. They com-
pleted it on computers in a computer lab at the Faculty of Humanities. 239 of them completed all
parts of the test and the biographical information sheet, had Dutch as first language and were not

early bilinguals (i.e., acquired a second language after age of four).

2.3 MRI Data Acquisition

Of those, 82 (59 female, 18-43 years old, M = 22.83, SD = 4.12) were invited for MRI scanning
between January and December of 2014. They were all right-handed. They were chosen for either
high or average vocabulary (LLAMA_B) or grammar learning (LLAMA_F) subtest scores (as per
criteria of the larger study the data was collected for). Imaging data were acquired using a Philips

3T MR-system (Best, The Netherlands) located at the Leiden University Medical Centre (LUMC)
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equipped with a SENSE-32 channel head coil. For each subject, an anatomical image including a
3D gradient-echo T1-weighted sequence was acquired (TR =9.755 ms, TE = 4.59 ms; matrix 256

x 256; voxel size: 1.2 x 1.2 x 1.2 mm; 140 slices).

2.4 Multilingual Experience and Musicality

Participants filled out an online questionnaire where they listed their foreign languages and the age
of acquisition for each language. They also answered questions on their musicality, including “Do
you play an instrument, or do you sing?”, "Which instruments do you play?" and “How active do
you sing or play an instrument?” with a choice between "I'm taking lessons", "I used to take les-
sons", "I play in an orchestra/ensemble/band", "I sing in a choir/band", "I used to sing in a
choir/band", "None of this, I only play/sing at home for myself".

To assess the multilingual experience with between 1 and 5 different foreign languages, we created
a single "language entropy" score per participant (following Kepinska et al. 2023 and in prepara-
tion). To do this, we used age of acquisition (AoA) of each language which were log-transformed
(to minimize the differences between values for languages learned later in life) and inverted (to
express early AoAs as the highest values). To avoid values equal to zero, a constant value of 1 was
added before each step. The language entropy score was computed with Shannon's entropy (H)

equation (Shannon, 1948), where n stands for the number of languages participants reported and

n
H=— E p;log,i
i=0

It was calculated using the R package entropy (v1.3.1; Hausser & Strimmer, 2021). More extensive

pi for the AoA index.

multilingual experience is expressed by higher language entropy values.
Two participants that were invited for MRI scanning had incomplete questionnaires and were ex-

cluded from analyses of multilingualism and musicality.

2.5 Working Memory

Additionally, participants were invited to perform the Operation Span Task (OSPAN). The OSPAN
tests working memory by engaging participants in solving simple mathematical equations and ver-
ify the solution offered while at the same time presenting them with to-be-remembered letters
(boki¢ et al., 2018). After presentation of the letter the next equation follows. A set contains three
to seven such sequences and after each set participants have to click on the letters in correct serial
order on a computer screen. Each set is presented three times in random order for a total of 75
equations and letters. In a training phase beforehand, the time available for solving the processing
tasks is individualized as the average time plus 2.5 SD. The to-be-remembered letters in correct
serial order give a measure of recollection versus interference by the processing task. Scores are

calculated in two ways: the absolute score counts the to-be-remembered letters only from sets that
13



are completely correctly reproduced, while the partial score counts all to-be-remembered letters in
the correct serial position even if the entire set was not completely correctly reproduced. Here, the
partial score is used since it has been argued to be a more complete and continuous measure of a
participant’s performance and has been proven to be more normally distributed and to have higher
reliability (Friedman & Miyake, 2005).

60 participants completed the OSPAN (45 female, 18-43 year old, M =23.18, SD =4.19).

2.6 Neuroanatomical Analyses

T1-weighted MRI images were processed with FreeSurfer, version 7.2 (Fischl et al., 2004). Free-
surfer output was then further segmented by the Toolbox for the Automated Segmentation of
Heschl‘s Gyrus (TASH). For the current study the extension of TASH, TASH complete was used,
which extracts a numerical output for surface area, average thickness, volume, and mean curvature
for every single TTG and all TTG of one hemisphere together (Dalboni et al., 2020). The TTG as
segmented by TASH were visually inspected and those that were fully located in the parietal ex-
tension of the PT (Honeycutt et al., 2000), or if the majority was located there, were removed. If
the majority of it was located in the superior temporal gyrus, its corresponding volume and area
was recalculated accordingly. Those regions mostly corresponded to the third or fourth regions
selected by TASH. In two subjects, the first left hemisphere TTG selected by TASH extended too
far into the anterior part of the temporal lobe, so they were removed. All TTG with their bottom
borders on the part of the superior temporal sulcus which borders on the medial temporal gyrus
were kept. This classification was performed by three classifiers. Discrepancies were resolved in
a separate discussion.

The visual inspection of TASH output leaned towards removing right hemisphere gyri as seen in

Table 1.

Original After visual inspection
Left hemisphere = Right hemisphere Left hemisphere Right hemisphere
mean number of TTG | 2.88 2.66 2.49 1.98

Table 1: Original and adjusted after visual inspection mean number of TTG per hemisphere.

On the TASH output, the Multivariate Concavity Amplitude Index (MCAI) was calculated (Dal-
boni da Rocha et al., 2023). MCALI outputs a concavity score for every gyrus in four directions:
anterior, posterior, medial and lateral. It was calculated for every gyrus separately. In this study,
lateral MCALI values were used, since most sulci in CSD occur laterally (Dalboni da Rocha et al.,
2023). From here on they will be meant when referring to MCAI scores. Total MCALI score per
hemisphere was calculated by adding the sum of MCALI scores to the number of TTG according to

TASH.
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We furthermore calculated asymmetry indices of TTG volume, area, thickness, MCAI scores and
number per hemisphere (TTG volume, area, MCAI scores and number per hemisphere were
summed up and TTG thickness per hemisphere was averaged). The following formula was used

to calculate an asymmetry index.
(Left — Right)
(Left + Right)

All statistical analyses were performed using R Statistical Software (v4.1.1; R Core Team, 2021).
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3 Results

3.1 Language Aptitude

Total LLAMA scores ranged between 135 and 340 (M = 258.60, SD =46.00). Total LLAMA
scores summarize LLAMA B (M = 64.45, SD = 20.89), LLAMA D (M = 38.66, SD = 13.13),
LLAMA E (M =87.20, SD =20.08) and LLAMA _F scores (M = 68.29, SD = 23.08). In general,
scores for subtests and total LLAMA were high (Figure 1). This is probably due to the high edu-
cation level of the participants. As university students, they are already a sample selected for aca-
demic achievements which also involve language skills. This can be seen especially for
LLAMA _E, the sound-symbol correspondence task, which shows a ceiling effect. LLAMA B and
LLAMA F are bimodal, because participants were chosen for average and high scores in those
tests. For this reason, in the subsequent analyses we focused on total LLAMA score as an average

of different language learning subskills with subsequent exploration of the subtests.
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Figure 1: a-f) LLAMA subtests and total LLAMA score, g) density plot of subgroup contribution to total LLAMA

score

Table 2 presents an overview of all tests done on the neuroanatomy of the auditory cortex.

Analysis Region Measure(s) Motivation Results
Mixed effect model AllTTG Volume Exploratory first Negative correlation between
of total LLAMA Surface area step total LLAMA score and second
scores Thickness right hemisphere TTG volume (t
= -2.11, p = .04) and surface
area (t =-2.64, p = .009)
Linear models be- Firstand  Volume To further confirm No significant correlation
tween TTG volume second, mixed effect model
and total LLAMA left and results
scores right TTG
Linear models be- Firstand  Surface area To further confirm Significant positive correlation
tween TTG surface second, mixed effect model between total LLAMA score and
area and total left and results surface area of first right TTG (t =
LLAMA score right TTG 2.38, p =.02) and second left
TTG (t =2.22, p =.03)
Linear models be- Left and Number of TTG To further confirm Significant negative correlation
tween number of right TTG mixed effect model between total LLAMA score and
TTG and total results right hemisphere number of TTG
LLAMA score (t=-2.23,p=.03)
Mixed effect models  Firstand  Surface area To elucidate above LLAMA_B, LLAMA_E and
between TTG second, total LLAMA score LLAMA_F are associated to the
measures and left and results surface area of the second right
LLAMA subtests right TTG hemisphere TTG
Linear models be- Left and MCAI scores Test finding of rela- Significant negative correlation
tween MCAI scores right first tionship between between total right hemisphere
and total LLAMA TTG, all right hemisphere MCAI score and total LLAMA
scores TTG TTG shape and lan-  score (t =-2.09, p = .04)
guage aptitude
t-test on total First right MCAI scores Test finding of in- No significant effect
LLAMA score be- TTG crease in LLAMA
tween single HG and score between sin-
common stem dupli- gle HG and common
caton stem duplication
Linear models be- AllTTG Volume, Surface Exploration of asym-  No significant correlation

tween asymmetry
indices and total
LLAMA score

area, thickness,
TTG number and
MCAI asymmetry
indices

metry indices

Table 2: Overview of neuroanatomy analyses. Dark colours indicate primary analyses, that were corrected for multi-

ple testing, and the light colours indicate follow-up analyses

3.2 Mixed effect models of language aptitude and auditory cortex morphology

In an exploratory search, we used the R package Ime4 (Bates et al., 2015) to perform three linear

mixed effects analyses of the relationship between TTG volume, surface area, average thickness
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and language aptitude. As fixed effects, we entered age, gender, whole brain measurements and
the interaction between total LLAMA scores, gyrus number and hemisphere. As random effects,
we had intercepts for subjects. Visual inspection of residual plots did not reveal any obvious devi-

ations from homoscedasticity or normality. Results are seen in Table 3.

Volume Area Thickness
(Intercept) B 366.587*** | 0.931*** | -0.086**
SE  (33.978) (0.078) (0.026)
Age B 6.675 0.077* 0.002
SE  (4.616) (0.038) (0.004)
Gender 1 B -33.346 0.006 -0.074*
SE (47.737) (0.103) (0.033)
LLAMA_TOTAL B -0.580 -0.002 0.000
SE  (0.692) (0.002) (0.001)
Gyrus 2 B -516.765*** | -1.363*** | 0.190***
SE (42.715) (0.102) (0.033)
Gyrus 3 B -614.602%** | -1.644*** | 0.147***
SE  (54.801) (0.130) (0.042)
Hemisphere 1 B -154.816%** | -0.343*** | -0.029
SE (42.428) (0.101) (0.032)
LLAMA_TOTAL : Gyrus 2 B 2.229* 0.007** | -0.001
SE  (0.932) (0.002) (0.001)
LLAMA_TOTAL : Gyrus 3 B 0.705 0.002 0.001
SE  (1.227) (0.003) (0.001)
LLAMA_TOTAL : Hemisphere 1 B 1.897* 0.006** 0.000
SE  (0.928) (0.002) (0.001)
Gyrus 2 : hemispherel B 38.727 0.020 0.071
SE  (62.173) (0.148) (0.048)
Gyrus 3 : hemispherel B 28221 -0.026 0.245%*
SE  (103.002) (0.242) (0.079)
LLAMA_TOTAL : Gyrus 2 : Hemisphere1l B  -2.851* -0.008** | 0.000
SE  (1.350) (0.003) (0.001)
LLAMA_TOTAL : Gyrus 3 : Hemisphere1l B  -1.959 -0.007 0.000
SE  (2.027) (0.005) (0.002)
Cortex Volume B 0.002%**
SE  (0.000)
Cortex White Surface Area B 0.192%**
SE (0.044)
Cortex Mean Thickness B 1.746%**
SE (0.177)
SD (Intercept id) 88.735 0.139 0.083
SD (Observations) 271.591 0.647 0.208
Num.Obs. 360 360 360
R? Marg. 0.489 0.569 0.426
R? Cond. 0.538 0.588 0.505
AIC 5042.4 835.4 75.3
BIC 5108.5 901.4 141.4
ICC 0.1 0.0 0.1
RMSE 256.35 0.62 0.19

.p<0.1, *p<0.05, ** p<0.01, *** p <0.001
Table 3: Results of linear mixed effect models of TTG volume, surface area and average thickness with total

LLAMA scores
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Benjamini—Hochberg correction for multiple comparisons (Benjamini & Hochberg, 1995) was
used on all comparisons with total LLAMA score of this model, as well as on comparisons between
total LLAMA score and auditory cortex shape and asymmetry. All comparisons of this model with
surface area remained significant, while those with volume did not. Linear models between lan-
guage aptitude and the volume of the first and second TTGs left and right were not significant

(Table 1 and Figure 1 in the Appendix).

3.2.1 Language Aptitude and TTG surface area

In the mixed model between TTG area and total LLAMA scores, there was a significant interaction
between total LLAMA score and the second TTG, total LLAMA score and the right hemisphere
and total LLAMA score and the second right hemisphere TTG.

For this reason, we ran linear models between the first and second right and left hemisphere TTG

area and total LLAMA score. Results are reported in Table 4.

Total LLAMA score

1st TTG 2nd TTG
Left Right Left Right
(Intercept) B 293.262*** 276.979*** 254.686** 291.897**
SE (81.435) (79.755) (82.756) (92.426)
Estimated Total Intracranial Volume B 0.000 0.000 0.000 0.000
SE (0.000) (0.000) (0.000) (0.000)
Gender B 0.791 6.196 6.017 2.356
SE (13.890) (13.776) (13.900) (15.927)
Age B -0.523 -1.585 -0.827 -0.738
SE (1.338) (1.298) (1.288) (1.636)
Area B -0.078 0.150* 0.127* 0.074
SE (0.063) (0.063) (0.057) (0.087)
Num.Obs. 82 82 80 66
R? 0.028 0.077 0.069 0.023
R? Adj. -0.023 0.029 0.020 -0.041
AIC 869.2 865.0 845.6 704.6
BIC 883.6 879.4 859.9 717.8
Log.Lik. -428.597 -426.485 -416.798 -346.319
RMSE 45.05 43.91 44.30 45.99

Table 4: Results of linear models with total LLAMA score as the dependent variable and left and right first and sec-

ond TTG surface area as the explanatory variable. The highlighted variable is the variable of interest.

The overall regression between the first right hemisphere TTG area and total LLAMA score was
not significant (Adj. R’ = 0.03, F(4, 77) = 1.60, p = .183) (Figure 2a). However, the variable of
interest, first right hemisphere TTG area, had a statistically significant relationship with the total
LLAMA score (f =0.15, SE =0.06, t = 2.38, p = .020).

The overall regression between the second left hemisphere TTG area was not significant (Adj. R’

= 0.02, F(4, 75) = 1.40, p = .242) (Figure 2b). However, the variable of interest, second left
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hemisphere TTG area, had a statistically significant relationship with the total LLAMA score (f =
0.13, SE=0.06, t=2.22, p=.030).

Total LLAMA score as a function of 1st right hemisphere TTG Total LLAMA score as a function of 2nd left hemisphere TTG
area area
35 35

Total LLAMA score
Total LLAMA score
s o

100 200 400 500 600 100 400 500

300 200 300
a) 1st right hemisphere TTG area b) 2nd left hemisphere TTG area

Figure 2: Scatterplots of total LLAMA score and a) first right hemisphere TTG area and b) second left hemisphere
TTG

The other linear models were not significant (Figure 2 in the appendix).

3.2.2 Language Aptitude and TTG number

As significant effects of the mixed models involve also the entire right hemisphere, which is not
captured by correlations with individual TTG, linear models with age and gender as covariates
were used to determine the effect of the number of gyri on language aptitude. Results are reported
in Table 5.

The linear model for the left hemisphere number of gyri was not significant (Adj. R = 0.02, F(4,
77)=0.25, p=.907) (Figure 4 in the appendix).

Also the overall regression of the right hemisphere number of gyri was not significant (Adj. R’ =
0.02, F(4,77) =142, p = .235). However, total LLAMA scores had a statistically significant neg-
ative relationship with the right hemisphere number of gyri (f = -18.21, SE =8.18, t =-2.23, p
=.029) (Figure 3a). Figure 3b shows how different LLAMA scores are distributed over the number
of right hemisphere TTG, showing that people with one TTG have more frequently a high LLAMA

Score.
Total LLAMA score
Left hemisphere Right hemisphere

(Intercept) B | 287.435** 349.035***

SE | (85.764) (82.138)
Estimated Total Intracranial Volume [ | 0.000 0.000

SE | (0.000) (0.000)
Gender B | 0.976 -0.276

SE | (14.109) (13.575)
Age B -0.768 -1.407

SE | (1.334) (1.291)
Number of TTG B | 4.680 -18.213*
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SE (8.288) (8.181)

Num.Obs. 82 82

R? 0.013 0.069

R? Adj. -0.038 0.020
AIC 870.4 865.7
BIC 884.9 880.1
Log.Lik. -429.220 -426.832
RMSE 45.40 44.09

Table 5: Results of linear models with total LLAMA score as the dependent variable and left and right hemisphere
TTG number as the explanatory variable. The highlighted variable is the variable of interest.
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Figure 3: a) Scatterplot of total LLAMA score and number of right hemisphere TTG b) Density plot of total
LLAMA score and right hemisphere number of TTG

3.2.3 LLAMA subtests and Auditory Cortex Morphology
To further explore the relationship between total LLAMA score and TTG surface area, we per-
formed a linear mixed effect analyses of TTG surface area for every subtest individually. Table 6

shows which interactions were significant.

LLAMA_B LLAMA_D LLAMA_E LLAMA_F
(Intercept) B 0.923*** 0.927*** 0.932*** 0.930***
SE  (0.079) (0.080) (0.079) (0.078)
Age B 0.069. 0.072. 0.077* 0.070.
SE  (0.039) (0.040) (0.039) (0.038)
Gender B 0.034 0.009 -0.001 0.003
SE  (0.106) (0.107) (0.104) (0.103)
Surface Area B 0.194%*** 0.186*** 0.194%** 0.178%***
SE  (0.045) (0.046) (0.045) (0.045)
LLAMA_Subtest B -0.005 0.001 -0.004 -0.002
SE  (0.004) (0.006) (0.004) (0.003)
Gyrus 2 B -1.361*** -1.355%** -1.359*** -1.358***
SE (0.103) (0.104) (0.103) (0.103)
Gyrus 3 B -1.643*** -1.641*** -1.644%** -1.642%**
SE  (0.131) (0.133) (0.132) (0.131)
Hemisphere 1 B -0.338** -0.336** -0.340*** -0.340***
SE  (0.102) (0.103) (0.102) (0.102)
LLAMA_Subtest : Gyrus 2 B 0.012* -0.003 0.011* 0.009.
SE  (0.005) (0.008) (0.005) (0.004)
LLAMA_Subtest : Gyrus 3 B 0.008 -0.001 0.005 -0.001
SE  (0.006) (0.012) (0.007) (0.006)
LLAMA_Subtest : Hemisphere 1 B 0.009. 0.001 0.010* 0.008.
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SE  (0.005) (0.008) (0.005) (0.004)

Gyrus 2 : Hemisphere 1 B 0.012 0.004 0.014 0.011
SE (0.149) (0.151) (0.149) (0.149)
Gyrus 3 : Hemisphere 1 B -0.013 -0.003 -0.004 -0.031
SE  (0.238) (0.241) (0.245) (0.252)
LLAMA_Subtest: Gyrus 2 : Hemisphere 1 B -0.013. -0.001 -0.014. -0.013*
SE  (0.007) (0.011) (0.007) (0.006)
LLAMA_Subtest : Gyrus 3 : Hemisphere 1 B -0.012 -0.013 -0.010 -0.007
(0.010) (0.020) (0.011) (0.011)
SD (Intercept id) 0.143 0.149 0.143 0.135
SD (Observations) 0.653 0.659 0.653 0.654
Num.Obs. 360 360 360 360
R? Marg. 0.560 0.550 0.560 0.561
R? Cond. 0.580 0.572 0.580 0.579
AIC 833.3 834.0 832.8 833.0
BIC 899.4 900.0 898.9 899.0
ICC 0.0 0.0 0.0 0.0
RMSE 0.63 0.63 0.63 0.63

.p<0.1,* p<0.05, ** p < 0.01, *** p < 0.001
Table 6: Mixed effect model of LLAMA subtest scores depending on surface area measures

3.3 Language Aptitude and Auditory Cortex Shape
Linear models with age and gender as covariates were used to determine the effect of MCAI scores

on LLAMA scores. Results can be seen in Table 7.

Total LLAMA score

1st TTG AlITTG
Left Right Left Right
(Intercept) B 271.457*** 280.269*** 255.176*** 315.503***
SE  (39.119) (39.068) (50.103) (43.401)
Gender B 3.187 3.314 4.222 2.788
SE | (12.087) (11.853) (12.240) (11.676)
Age B -0.769 -1.479 -0.670 -1.112
SE | (1.286) (1.351) (1.299) (1.252)
MCAlscore B  -11.140 62.354 4.322 -17.224%*
SE  (55.240) (44.264) (8.169) (8.236)
Num.Obs. 82 82 82 82
R? 0.007 0.031 0.010 0.059
R? Adj. -0.031 -0.006 -0.028 0.023
AlC 868.9 866.9 868.7 864.5
BIC 881.0 878.9 880.7 876.5
Log.Lik. -429.463 -428.454 -429.337 -427.247
RMSE 45.53 44.98 45.46 44.32

Table 7: Results of linear models with total LLAMA score as the dependent variable and left and right first and total
TTG MCALI score as the explanatory variable. The highlighted variable is the variable of interest.

The regression of right hemisphere first TTG MCALI on total LLAMA score was not significant
(Adj. R>=-0.01, F(3,78) = 0.84, p = .477) (Figure 4a). The overall regression of right hemisphere
all TTG MCAI on total LLAMA scores was also not significant (Adj. R’ = 0.02, F(3, 78) = 1.64,
p = .187). However, the variable of interest, total right hemisphere MCALI score, had a statistically
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significant negative relationship with the total LLAMA score (f =-17.22, SE =8.24,t=-2.09, p
= 0.040) (Figure 4b).

This relationship is not significant after correction for multiple testing. It is however in accordance
with the negative correlation of the number of right hemisphere TTG on total LLAMA score, as
all TTG MCAI scores are strongly driven by the number of TTG.

Total LLAMA score as a function of First TTG right hemisphere Total LLAMA score as a function of total right hemisphere
MCAI MCAI

300

Total LLAMA score
Total LLAMA score

01 02 03 2 3
a) First TTG right hemisphere MCAI b) Total right hemisphere MCAI

Figure 4: Scatterplot of total LLAMA score and a) first right hemisphere MCALI b) total right hemisphere MCAI

MCALI does not distinguish categorically between single HG and common stem duplication. To
explore if this made a difference, after a visual inspection, MCAI scores below 0.12 were classified
as a single gyrus and MCALI scores equal or above 0.12 were classified as common stem duplica-
tion. A #-test on total LLAMA scores between these groups was not significant (#(64.63) =0.72, p
= .474) (Figure 5).

Comparison of Total LLAMA Scores
Based on MCAI Score Threshold

300
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Figure 5: Boxplot of total LLAMA score depending on the shape of the HG (single gyrus or CSD determined by
MCAI threshold)

3.4 Language Aptitude and Auditory Cortex Asymmetry
We ran linear models with age and gender as covariates between language aptitude and the asym-
metry indices of auditory cortex measures with a previous significant correlation. Results are re-

ported in Table 8.
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Total LLAMA score

Area Number of TTG =~ All TTG MCAI

(Intercept) B | 266.636*** 255.836%** 259.104***

SE  (40.471) (38.874) (38.994)
Gender B  3.934 7.603 6.072

SE  (12.175) (11.946) (11.901)
Age B  -0.774 -0.651 -0.714

SE  (1.277) (1.257) (1.254)
Asymmetry index B  18.165 44.883. 46.556.

SE  (37.585) (24.962) (26.292)
Num.Obs. 82 80 82
R? 0.010 0.046 0.045
R? Adj. -0.029 0.009 0.008
AIC 868.7 844.5 865.7
BIC 880.8 856.4 877.8
Log.Lik. -429.361 -417.237 -427.868
RMSE 45.48 44.55 44.65

Table 8: Results of linear models with total LLAMA score as the dependent variable and asymmetry measures of
TTG surface area, number and total MCALI score as the explanatory variable. The highlighted variable is the variable

of interest.

The linear model for asymmetry of surface area was not significant before correction (Adj. R’ = -
0.03, F(3, 78) = 0.25, p = .861) (Figure 6a).

The linear model for asymmetry of number of gyri was not significant before correction (Adj. R’
=0.01, F(3, 76) = 1.23, p = .305). However, there was a tendency towards a relationship with the
value of interest (f = 44.88, SE = 24.96, t = 1.80, p = .076) (Figure 6b).

The overall regression of total MCAI asymmetry on total LLAMA scores was not significant be-
fore correction (Adj. R>=0.01, F(3,78) = 1.23, p=.307). However, the variable of interest showed
a tendency towards a relationship with total LLAMA score (f = 46.56, SE =26.29,t=1.77,p =
.081) (Figure 6c¢).

oo 10181 LLAMA score as a function of TTG area asymmetry Total LLAMA score as a function of TTG number asymmetry
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Figure 6: Scatterplot of total LLAMA score and a) TTG area b) TTG number asymmetry c) total MCAI asymmetry

3.5 Language Aptitude and Related Measures

Table 9 presents an overview of all analyses of language aptitude with related behavioral measures.

Analysis Region Measure(s) Motivation Results
Linear model be- Behavioral Ospan Partial Score  Known relationship  Significant positive correlation
tween total LLAMA between language  between working memory and
score and working aptitude and work-  total LLAMA score (F(3,56)=
memory ing memory 3.98, p=.01)
Linear models be- Behavioral Ospan Partial Score  To further explore Significant positive correlation
tween LLAMA sub- above result between working memory and
tests and working LLAMA _F (F(3,56)=3.30,p =
memory .03)
Mixed effect model Al TTG Volume To explore the rela-  No significant correlation
of partial Ospan Surface area tionship between
scores Thickness working memory

and the auditory

cortex
Linear model be- Behavioral Number of lan- To explore the rela-  Significant positive correlation
tween total LLAMA guages, Language tionship between between total LLAMA score
score and language entropy language experi- and number of languages (F(3,
experience ence and language  75) =4.06, p = 0.010) and lan-
measures aptitude guage entropy (F(3, 75) = 4.41,

p=.017)

Mixed effect model Al TTG Volume Test finding of rela-  No significant correlation
of language en- Surface area tionship between
tropy Thickness language entropy

and second left

hemisphere TTG

thickness
t-tests on total Behavioral Absolute musical Known relationship  No significant effect of musi-
LLAMA score be- experience, active between language  cality on language aptitude
tween musicality musical involve- aptitude and musi-
categories ment cality
Linear models be- Behavioral Number of instru- Test finding of rela-  No significant correlation be-

tween number of
instruments and
total LLAMA score
and LLAMA sub-
tests

ments

tionship between
number of instru-
ments and lan-
guage aptitude

tween instrument number and
language aptitude
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Anova on TTG
measures depend-
ent on active musi-
cal involvement

Left and right
TTG

Volume, Surface

Area, Thickness

Test finding of rela-
tionship between
musical experience
and auditory cortex
measures

No significant effect of active
musical involvement on audi-
tory cortex morphology

Table 9: Overview of related aptitude analyses. Dark colours indicate primary analyses, that were corrected for mul-

tiple testing, and the light colours indicate follow-up analyses.

3.5.1 Working Memory

A linear model was used to determine the effect of partial OSPAN score on total LLAMA score.

The regression was statistically significant before correction (Adj. R’ =0.13, F(3, 56) =3.98, p =

.012) (Figure 7a), but not if all analyses on behavioral tests were corrected for multiple compari-

son. To explore the effect, we ran linear models between partial OSPAN score and LLAMA sub-

tests. Of all subtests, only LLAMA_F was statistically significant (Adj. R> = 0.11, F(3, 56) = 3.30,

p =.027) (Figure 7b, Figure 5 in the appendix). Results can be seen in Table 10.

(Intercept)

Gender

Age

Ospan Partial Score

Num.Obs.
RZ

R? Adj.
AIC

BIC
Log.Lik.
RMSE

.p<0.1,* p<0.05, ** p < 0.01, *** p < 0.001

SE

SE

SE

SE

LLAMA_TOTAL
234.671%**
(48.313)
-13.893
(11.834)
-1.278
(1.168)
1.405**
(0.460)

60

0.176
0.131
613.2
623.7
-301.602
36.88

LLAMA B LLAMA D LLAMA_E
32946 40.936*  106.963***
(22.327)  (17.376)  (22.555)
10.328.  -4.345 -6.630
(5.469)  (4.256)  (5.525)
0.179 -0.460 -1.003.
(0.540)  (0.420)  (0.545)
0.233 0.272 0.270
(0.212)  (0.165)  (0.215)

60 60 60

0.079 0.078 0.095
0.030 0.029 0.047
520.6 490.5 521.8
531.0 501.0 532.3
-255.286  -240.243  -255.898
17.04 13.26 17.22

LLAMA_F
53.827.
(27.541)
-13.246.
(6.746)
0.007
(0.666)
0.631*
(0.262)
60

0.150
0.105
545.8
556.2
-267.881
21.03

Table 10: Results of the linear models of partial OSPAN scores with LLAMA scores before correction. The high-

lighted variable is the variable of interest.

Total LLAMA score

Total LLAMA score as a function of Ospan score
350
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core as a function of Ospan score
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LLAMA_F score
o

b)

40 50 60 70
Ospan score

Figure 7: Scatterplot of partial OSPAN score and a) total LLAMA score and b) LLAMA _F score
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In an exploratory search, three mixed models were run for the relationship between TTG volume,
surface area, average thickness and partial OSPAN score. As fixed effects, we entered age, gender,
whole brain measurements and the interaction between partial OSPAN score, gyrus number and
hemisphere. As random effects, we had intercepts for subjects. No interaction with partial OSPAN
score was significant (Table 11). However, while visual inspection of residual plots for average
thickness did not reveal any obvious deviations from homoscedasticity or normality, for volume

and surface area residuals formed two distinct clouds, probably related to the high and average

LLAMA F groups.

Volume Area Thickness
(Intercept) B 353.308*** | 0.943*** | -0.103***
SE (42.185) (0.097) (0.030)
Age B 6.482 0.066 0.007.
SE  (5.491) (0.046) (0.004)
Gender 1 B 7.288 0.104 -0.107**
SE  (62.168) (0.134) (0.037)
Ospan Partial Score B 2.190 0.004 0.002
SE  (3.642) (0.008) (0.003)
Gyrus 2 B -485.836*** | -1.338*** | 0.213***
SE  (52.058) (0.124) (0.039)
Gyrus 3 B -618.063*** | -1.690*** | 0.126*
SE (70.170) (0.167) (0.052)
Hemisphere 1 B -125.813* -0.284* -0.022
SE  (51.815) (0.124) (0.038)
Ospan Partial Score : Gyrus 2 B -1.987 -0.001 -0.003
SE (4.817) (0.012) (0.004)
Ospan Partial Score : Gyrus 3 B -3.540 -0.007 -0.002
SE  (5.613) (0.013) (0.004)
Ospan Partial Score : Hemisphere 1 B -4.391 -0.004 -0.006
SE (4.815) (0.012) (0.004)
Gyrus 2 : Hemisphere 1 B -9.417 -0.073 0.039
SE (76.474) (0.183) (0.057)
Gyrus 3 : Hemisphere 1 B 23.016 -0.041 0.252*
SE  (135.998) (0.321) (0.100)
Ospan Partial Score : Gyrus 2 : Hemisphere1 f$  1.761 0.000 0.005
SE (7.015) (0.017) (0.005)
Ospan Partial Score : Gyrus 3 : Hemisphere1 B  -0.855 -0.014 0.019
SE  (16.333) (0.039) (0.012)
Cortex Volume B 0.002**
SE  (0.001)
Cortex White Surface Area B 0.167**
SE (0.054)
Cortex Mean Thickness B 1.839***
SE (0.195)
SD (Intercept id) 105.823 0.181 0.063
SD (Observations) 283.801 0.678 0.210
Num.Obs. 257 257 257
R? Marg. 0.451 0.544 0.444
R? Cond. 0.518 0.574 0.490
AIC 3589.8 633.1 67.1
BIC 3650.2 693.4 127.4
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RMSE 263.64 0.64 0.20
.p<0.1, *p<0.05, ** p<0.01, *** p <0.001
Table 11: Results of linear mixed effect models of TTG volume, surface area and average thickness with partial

OSPAN scores

IcC 0.1 ‘ 0.1 ‘ 0.1

3.5.2 Multilingual experience

The number of foreign languages reported to be known by participants ranged from one to five,
with most participants having learned three (M = 2.75, SD = 1.07).

A linear model with age and gender as covariates was used to determine the effect of number of
languages learnt in life on language aptitude. The overall regression was statistically significant
before correction (Adj. R’ =0.11, F(3, 75) = 4.06, p = .010) (Figure 9a), but lost significance after
correction of behavioral tests for multiple comparisons.

Furthermore, a linear model with age and gender as covariates was used to determine the effect of
language entropy on language aptitude. The overall regression was also statistically significant
(Adj. R°=0.09, F(3, 75) = 4.41, p = .017) (Figure 9b) and lost it after correction.

Results can be seen in Table 12.

Number of languages as a function of total LLAMA score Total LLAMA score as a function of language entropy
350 350

Total LLAMA score
Total LLAMA score
s

200 + 200

1 2 3 4 5 06 08 12 15 18
a) Number of foreign languages b) Language entropy

Figure 9: Linear model of a) number of languages and b) language entropy as a function of total LLAMA score

Total LLAMA score
Number of languages = Language entropy

(Intercept) B 212.497*** 187.506***
SE  (40.110) (44.559)
Gender B 16.546 15.631
SE  (11.717) (11.819)
Age B -1.380 -1.287
SE  (1.218) (1.228)
Measure B 17.650*** 57.863%**
SE (4.784) (16.804)
Num.Obs. 80 80
R? 0.160 0.143
R? Adj. 0.126 0.109
AIC 834.4 835.9
BIC 846.3 847.9
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Log.Lik. -412.180 -412.971
RMSE 41.82 42.23
.p<0.1, *p<0.05, ** p<0.01, *** p<0.001
Table 12: Results of linear models with total LLAMA score as the dependent variable and number of languages and

language entropy as the explanatory variables.

We performed three linear mixed effects analyses on the relationship between TTG volume, sur-
face area, average thickness and language entropy. As fixed effects, we entered age, gender, whole
brain measurements and the interaction between language entropy, gyrus number and hemisphere.
As random effects, we had intercepts for subjects. Visual inspection of residual plots did not reveal
any obvious deviations from homoscedasticity or normality. No interaction with language entropy

was significant (Table 13).

Volume Area Thickness
(Intercept) B 370.393*** | 0.937*** | -0.083**
SE  (34.082) (0.079) (0.026)
Age B 5.743 0.071. 0.002
SE  (4.591) (0.038) (0.004)
Gender 1 B -49.549 -0.026 -0.085*
SE (48.313) (0.105) (0.034)
Language Entropy B 94.219 0.061 0.009
SE  (89.879) (0.073) (0.069)
Gyrus 2 B -513.935%** | -]1.354%** | 0.189***
SE (42.876) (0.103) (0.033)
Gyrus 3 B -612.649%** | -1.640*** | 0.149***
SE  (54.947) (0.131) (0.042)
Hemisphere 1 B -152.260*** | -0.335** | -0.029
SE (42.587) (0.102) (0.032)
Language Entropy : Gyrus 2 B -17.944 0.003 -0.019
SE  (119.013) (0.100) (0.090)
Language Entropy : Gyrus 3 B  -289.838. -0.243. 0.079
SE  (157.813) (0.132) (0.120)
Language Entropy : Hemisphere 1 B 95.252 0.078 0.071
SE  (118.563) (0.100) (0.090)
Gyrus 2 : Hemisphere 1 B 29.480 -0.006 0.074
SE (62.482) (0.150) (0.047)
Gyrus 3 : Hemisphere 1 B 21.963 -0.046 0.265%**
SE  (101.956) (0.242) (0.078)
Language Entropy : Gyrus 2 : Hemisphere1l [  -58.163 -0.049 -0.058
SE  (178.673) (0.150) (0.136)
Language Entropy : Gyrus 3 : Hemisphere1 B  87.433 -0.013 0.449.
SE  (330.191) (0.274) (0.252)
Cortex Volume B 0.002***
SE  (0.000)
Cortex White Surface Area B 0.179%**
SE (0.045)
Cortex Mean Thickness B 1.727***
SE (0.174)
SD (Intercept id) 86.935 0.134 0.079
SD (Observations) 272.668 0.654 0.207
Num.Obs. 360 360 360
R? Marg. 0.487 0.560 0.435
R? Cond. 0.534 0.578 0.507
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AlC 4984.7 795.4 11.4

BIC 5050.8 861.5 77.5
ICC 0.1 0.0 0.1
RMSE 257.69 0.63 0.19

.p<0.1, *p<0.05, ** p<0.01, *** p < 0.001
Table 13: Results of linear mixed effect models of TTG volume, surface area and average thickness with language

entropy

3.5.3 Musicality

37.8% of participants reported to neither sing nor play an instrument. A ¢-test revealed, that partic-
ipants who neither sung nor played an instrument (M = 256.94, SD = 45.10) and those who did (M
=259.61, SD = 46.91), did not differ in their total LLAMA score, #80) = -0.25; p = .8 (before
correction).

According to the theory that aptitude drives experience seeking (Golestani et al., 2011; Seither-
Preisler et al., 2014; Turker et al., 2019) we chose from the group of participants who sung or
played an instrument, those that actively sought out musical involvement. This included partici-
pants who reported to receive music lessons, play or sing in an orchestra, ensemble, band or choir
or did so in the past. Those that had received lessons in the past and only sung or played for them-
selves were excluded, because it did not provide evidence of active niche construction. By these
criteria 54.9% sought out musical experiences and 45.1% did not. A density plot reveals that those
who did (M = 261.33, SD = 45.64), had a tendency for higher total LLAMA scores, while those
who did not (M =255.27, SD = 46.78) had more widely distributed scores (Figure 10a). However,
the difference was not statistically significant in a #-test, #(80) = -0.59; p = .6 (Figure 10b). We
tested if LLAMA D, the subtest for phonetic memory, was influenced by active musical involve-
ment. However, the difference was not statistically significant in a z-test, #80) = -0.77; p = .4

(before correction) (Figure 10d).

Total LLAMA score depending on active musical involvement Total LLAMA score depending on active musical involvement
350

0.009 200 ‘

Active musical involvement

[w
s

Total LLAMA score
1 s

0.000

150 200 250 300 350 No Yes
a) Total LLAMA score b) Active musical involvement
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Figure 10: a,c) Density plot and b,d) Boxplot of LLAMA score depending on musical activities

Turker et al. (2017) found a correlation between number of instruments and LLAMA score. Here,

we found no significant relationship between the number of instruments and LLAMA scores in a

model with age and gender as covariates before correction. See Table 14 and Figure 11.

Model
(Intercept)

Gender
Age
Instrument number

Num.Obs.
R2

R? Adj.
AIC

BIC
Log.Lik.
RMSE

SE

SE

SE

SE

LLAMA_TOTAL
272.126%**
(40.775)
3.393
(12.175)
-1.007
(1.313)
3.597
(4.800)

82

0.018
-0.019
868.0
880.0
-428.990
45.27

LLAMA_B
35.807.
(17.997)
13.360*
(5.374)
0.219
(0.579)
0.681
(2.119)
82

0.074
0.038
733.9
745.9
-361.925
19.98

.p<0.1, *p<0.05, ** p<0.01, *** p <0.001
Table 14: Results of the linear models of instrument number with LLAMA scores. The highlighted variable is the

variable of interest.

Total LLAMA score as a function of number of instruments
350

300

Total LLAMA score
o

200

2
Number of instruments

4

LLAMA_D
56.730%**
(11.525)
-4.547
(3.441)
-0.472
(0.371)
0.320
(1.357)

82

0.038
0.001
660.8
672.8
-325.383
12.80

LLAMA_E
98.462%**
(17.690)
-0.301
(5.282)
-0.566
(0.569)
2.264
(2.083)

82

0.031
-0.006
731.0
743.1
-360.513
19.64

Figure 11: Scatterplot of total LLAMA score and the number of instruments

31

LLAMA_F
81.127***
(20.561)
-5.119
(6.139)
-0.189
(0.662)
0.331
(2.421)

82

0.010
-0.028
755.7
767.7
-372.847
22.83



Benner et al. (2017) found a significant difference in right hemisphere HG volume between non-
musicians and amateur musicians. Also Dalboni da Rocha et al. (2020) found this using TASH.
However, their criteria for amateur musicians were much stricter than ours. Benner et al.’s (2017)
criteria included musical training intensity of 17.7 £ 2.2 weekly hours averaged over the past 3
years and a minimum of 5 years of instrumental practice beyond standard school education.

For the participants of this study, a boxplot reveals that those with no active musical involvement
have a slightly lower mean volume in comparison to those with it (Figure 12a). A mixed ANOVA
on first TTG volume, with musicianship status as between-subjects factors and hemisphere as
within-subject factor revealed no statistically significant effect on musicianship status (F(1,80) =
2.40, p = .125). Exclusion of the outliers did not affect the result.

The same is true for first TTG area and average thickness (Figure 12bc). Their tendency is in
accordance with the findings of Benner at al. (2017) and Dalboni et al. (2020), but the effect is not
strong enough to be significant. The values for the mixed ANOVA for HG area were F(1,80) =
0.764, p = .385 and for average thickness F(1,80) = 1.458, p = .231. Exclusion of the outliers did

not affect the results.

Volume of Heschl's Gyrus depending on active musical Area of Heschl's Gyrus depending on active musical involvement
involvement
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Active musical involvement
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Left Hemisphere Right Hemisphere Left Hemisphere Right Hemisphere

a) Hemisphere b) Hemisphere

Thickness of Heschl's Gyrus depending on active musical
involvement

Active musical involvement
S
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Left Hemisphere Right Hemisphere

C) Hemisphere

Average thickness
o

Figure 12: a) Volume b) Area and c) Thickness of the first TTG depending on musical involvement
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4 Discussion

In this study, previous findings on the relationships between (1) the morphology and shape of
auditory cortex TTGs and language aptitude, (2) multilingual experience, (3) working memory
and (4) musicality were tested in a new dataset. It was found that higher language aptitude was
related to less TTGs in the right auditory cortex as well as bigger surface area in the first right and

second left TTG.
4.1 Language Aptitude and Auditory Cortex Neuroanatomy

The main question was about the relationship between neuroanatomy and language aptitude as
measured by four subtests of the LLAMA test. We used both the total LLAMA score as the main
measure, as it gives a mean between specific language learning skills, as well as individual tests

in the follow-up analyses.

Hypothesis (1) stated that participants with higher language aptitude would have more complex
shape in the right auditory cortex. However, we found the opposite: subjects with high language
aptitude had less complex shape in the right auditory cortex. This is in line with our second hy-
pothesis, that language aptitude is influenced not by the shape of the first TTG alone, but by all
TTG. The negative relationship between language aptitude and TTG shape (in the right hemip-
shere) was indeed significant only for all TTGs and not for the first TTG.

This relationship was also found when investigating the number of TTG, a measure related to the
shape of all TTG per hemisphere. The number of TTG drives the total MCALI score, our measure

for shape, and it is also significantly negatively related to language aptitude.

We hypothesized that we would find a positive relationship between language aptitude and more
complex TTG shape due to Turker et al. (2019), who found a positive relationship between lan-
guage aptitude and TTG number and volume. However, our results are rather in line with previous
studies, supporting left lateralization of language skills in the auditory cortex: Phoneticians are
more likely to have multiple or split TTGs in the left auditory cortex (Golestani et al., 2011) and
dyslexic boys are more likely to have more than one TTG in the right auditory cortex in comparison

to controls (Altarelli et al., 2014).

However, direct comparisons with either study may be difficult, as there may be a difference in
the distribution of TTG number between studies that performed visual inspection and studies that
use TASH. While Altarelli et al. (2014) had a similar sample size as this study, only five partici-
pants had two TTGs in the right hemisphere. Marie et al. (2015) report in their study with a sample

size of 430, that the most common combination is bilateral single TTG, with single left and two
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right TTGs being second most common (while not investigating additional TTGs). Also the data
of Turker et al. (2019) follows this distribution, while other studies using TASH follow our distri-
bution of more TTGs on the left and most participants having at least two gyri bilaterally (n=650,
unpublished data, Arato 2023). Reasons for the difference may be that in visual inspection shallow

gyri are not picked up or no additional TTG are expected (or even investigated, as in Marie et al.

2015).

Regarding the shape of the first TTG, Turker et al. (2019) found already higher language aptitude
scores in participants with a common stem duplication in the first right TTG (in comparison to a
single gyrus). In our data, we did not find a relationship between the shape of the first right TTG
and language aptitude, even though there was a positive correlation between the first right TTG
surface area and language aptitude. As MCAI ranges per gyrus continuously from 0 to 0.4, it does
not categorize between single HG and common stem duplication. However, even when MCAI
scores were binarized into single HG and common stem duplication, higher language aptitude for

duplicated HG could not be replicated.

That language aptitude is positively correlated with surface area of the first TTG and negatively
with the number of TTG in the right hemisphere might be explained by the difference between the
first TTG, which houses the primary auditory cortex, and additional TTG, which are structurally
part of the PT and functionally part of the secondary auditory cortex. Altarelli et al. (2014) found
that only when additional TTG were included was the size asymmetry between left and right PT
in dyslexia significant. When both dyslexia and language aptitude are seen on a spectrum spanning
from a disability to extraordinary ability, it could be understood, that a higher predisposition to-
wards dyslexia could be negatively related to language aptitude, because more TTGs in the right
PT may negatively impact optimal secondary auditory processing of language. The exact mecha-
nism behind such explanation is still an open question, though it could be speculated that there is
a difference in microstructure underlying continuous surfaces and surfaces that are split by sulci
(as when there are multiple TTG) and that processing in the continuous surface of a big first right
TTG could be beneficial for language learning and processing in split surfaces could be disadvan-

tageous.

In addition to the positive correlation between language aptitude and the first right TTG, there was
also a positive correlation between language aptitude and the surface area of the second left TTG.
This is in accordance with left-lateralized processing of language, which may benefit language
learning. While previously correlations have been found between phonetic coding and surface area
of the first left TTG (Golestani et al., 2011), our more general test for language aptitude may draw

more on secondary auditory cortex.
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We found no evidence for a significant correlation of language aptitude with asymmetry of TTG
surface area, number or shape. The reason why we find relationships between language aptitude
and the right hemisphere instead of the left hemisphere or the asymmetry between left and right
hemisphere might be because the right hemisphere is more variable and its variability has a bigger
influence on language aptitude in this sample of average to high language learners (see Dalboni
da Rocha et al., 2020; Penhune et al., 1996; Westbury et al., 1999 for accounts of greater morpho-
logical variability in right HG and STG).

When exploring the relation of language aptitude with surface area, all underlying cognitive abil-
ities related to surface area in a similar way as general language aptitude, except for the test for
phonetic memory (LLAMA_D). It is surprising that of all the tests, the phonetic memory test does
not relate to surface area of the auditory cortex. It may be that LLAMA D, while testing the
memory of unfamiliar words, does not draw as much on phonetic processing as on memory. Sub-

sequently, we tested the relationship between language aptitude and working memory.
4.2 Language Aptitude and Working Memory

In accordance with the literature (Baddeley, 2003; Linck et al., 2014; Z. Wen & Skehan, 2011), we
hypothesized (2) that individuals with higher working memory would also have higher language

aptitude. Indeed, we found a positive correlation between language aptitude and working memory.

First and second language acquisition have been connected to phonological and executive working
memory (Wen, 2015). The phonological loop supports vocabulary acquisition in the first and sec-
ond language and possibly long-term grammar acquisition (Baddeley, 2003; Baddeley et al., 1998;
Duyck et al., 2003). Polyglots indeed show expanded phonological loop capacity, while no other
comparable cognitive task proved different to controls (Papagno & Vallar, 1995). However, the
domain-general operation span task draws more on the executive function of working memory,
which is implicated in conscious monitoring of language processing activities and noticing correc-
tive feedback (Wen, 2015). This is corroborated by our study, where out of all LLAMA subtests
only LLAMA F, the test for grammatical inferencing, was related to the partial OSPAN measures.

Studies on executive control function of working memory indicate a crucial role of the prefrontal
cortex, though also distributed networks including sensory systems and sub-cortical areas are in-
volved (Mansouri et al., 2015). We did not find a correlation between executive working memory
functions and auditory cortex morphology, thus while executive working memory might draw on

auditory processing, this might not be reflected by auditory cortex anatomy.
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4.3 Language Aptitude and Multilingual Experience

On the basis that language aptitude should be an innate trait, we hypothesized (3) that there would
be no correlation between the number of languages learned in life and language aptitude. However,
we did find a positive relationship between the number of languages learned in life and language
aptitude. Previously, Turker et al. (2017) reported no correlation between the number of languages
spoken by adults and their language aptitude, while Turker et al. (2019) found a correlation be-

tween the number of languages learned by the children and their language aptitude.

The effect of learned languages on language aptitude can either be due to participants scoring
higher who learned more languages in their life, or participants who have high language aptitude
seeking out more opportunities to use this skill. Though intuitively it makes sense that people who
learned many languages are better at language learning, also the second option seems intriguing

as these are Dutch people, who besides English are under no pressure of learning more languages.

We hypothesized, that there would be a relationship between auditory cortex morphology and lan-
guages learned, because Kepinska et al. (in preparation) found a relationship between language
entropy and the thickness of the second TTG. We could also not corroborate this hypothesis, as we
did not find a relationship between participants’ language experience measure and their auditory
cortex thickness or any other measure. This could be, because in our sample early bilinguals were
excluded, so nobody had to integrate two or more languages in their still highly plastic brain under
the age of four. Another reason could be that our relatively homogenous Dutch university-student
participants had not experienced as much language diversity as the sample of Kepinska et al. (in

preparation).
4.4 Language Aptitude and Musicality

We hypothesized (4), that higher musicality would correlate with higher language aptitude, due to
previous findings in the literature: Milovanov and Tervaniemi (2011) reviewed findings of how
individuals with higher musical aptitude were better in phonetic discrimination and second lan-
guage pronunciation tasks, which is supported by the findings of Vangehuchten et al. (2015). Chris-
tiner and Reiterer (2013) showed a correlation between singing abilities and speech imitation and
Turker et al. (2017) showed a correlation between number of instruments played and language
aptitude and between a musicality test and speech imitation ability. Turker et al. (2021) proposed
that the correlation between musical skills and language learning skills are due to shared neuroan-
atomical basis. However, we could not find an effect of active musical involvement or instrument
number on language aptitude or phonetic memory. This can be explained with the fact that here

only general self-reported measures were collected and there was low variance in participant's
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musicality. Also, previous findings related musicality with specific phonetic tasks like pronuncia-
tion, speech imitation and discrimination of phonemic minimal pair contrasts. This is not tested in
LLAMA D, our test for phonetic memory, or any other of the LLAMA subtests. Furthermore, in
the study of Christiner and Reiterer (2013) singing abilities explained much less variance in speech
imitation tasks than working memory. Thus, the effect of musicality on language aptitude is prob-
ably only small and limited to phonetic abilities, which cannot be captured well with the LLAMA
test. While this explains why no effect can be found, there is a tendency towards higher language
aptitude in participants who actively engage in musical activities. This tendency is not as strong
for phonetic memory, as it is for general language aptitude, which may support that LLAMA D
does not test for phonetic abilities well and there may be other factors, that both contribute to

language aptitude and musicality, like working memory.

It has been established, that musical aptitude correlates with the volume of anteromedial HG
(Schneider et al., 2002), overall volume bilaterally (Schneider et al., 2005) and volume of right
HG in school children (Seither-Preisler et al., 2014). This is why we hypothesized that participants
with active musical involvement would exhibit higher volumes of HG. While our results do not
support this, they also do not contradict it. Our university-student participants with active musical
involvement had bilaterally a higher mean for volume, surface area and thickness of HG, even
though the difference was not significant. This fits with the notion of musicality and linked audi-
tory cortex structure as being on a spectrum, on which only expert populations (who were absent

from the present sample) differ significantly from the general population.
4.5 Summary and Outlook

What constitutes a talent for language learning? According to our results, what distinguishes high
language aptitude is less TTGs in the right hemisphere, high executive working memory function
and many languages learned in life. Furthermore, also higher surface area in the first right and

second left TTG are beneficial.

Future studies with TASH and MCALI should provide large datasets, with which diverse popula-
tions can be studied and compared, to more finely resolve relationships between the anatomy of
the auditory cortex and behavioral measures. As language aptitude can be measured relatively easy
with the LLAMA test, it could be included as a behavioral measure in large MRI studies, to refine
our understanding of the relationship between total LLAMA scores, LLAMA subtests and auditory
cortex anatomy in populations with high variability. To answer the question if language aptitude
is indeed relatively stable or can be improved by language learning, studies on a diverse sets of

language learners are necessary. In countries with a large population of monolinguals like the USA,
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the number of languages learned may indeed be influenced by the ease in learning languages. In
contrast, it would be interesting to test whether a relationship between language aptitude and the
number of languages persists in countries or regions where it is a necessity to learn multiple lan-
guages, like Switzerland or South Tyrol. What is more, the number of foreign languages does not
reflect how well they are spoken. Thus, future studies addressing this question should assess ob-
jectively the level of proficiency of each foreign language in relation to the time of its exposure.
To answer the question if musicality is beneficial for language aptitude, the language aptitude of

professional musicians could be measured.

Finally, unravelling the relationships between language ability and disability variation, brain anat-
omy, function and genetics can aid in our understanding of how these abilities evolved in our past.
Selection works on variation and by understanding how genetics, brain anatomy and the experi-
ences with the environment give rise to language ability variations, we can try to understand how

in our past higher and higher abilities were selected for.
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Appendix

Language Aptitude and TTG volume

In the mixed model between TTG volume and total LLAMA scores, there was a significant inter-
action before correction between total LLAMA score and the second TTG, total LLAMA score
and the right hemisphere and total LLAMA score and the second right hemisphere TTG.

For this reason, we ran linear models between the first and second right and left hemisphere TTG
volume and total LLAMA score while controlling for age and gender and whole brain volume. No

model was significant (Table 1 in the appendix; Figure 1 in the appendix).

Total LLAMA score

1st TTG 2nd TTG
Left Right Left Right
(Intercept) B  300.524***  285.915***  273.412*%* 289.819**
SE | (81.641) (80.386) (81.295) (92.637)
Estimated Total Intracranial Volume f  0.000 0.000 0.000 0.000
SE  (0.000) (0.000) (0.000) (0.000)
Gender B  0.694 3.104 4.319 2.840
SE | (13.998) (13.772) (13.859) (15.911)
Age B -0.787 -1.202 -0.919 -0.718
SE  (1.318) (1.290) (1.281) (1.640)
Volume B -0.013 0.035. 0.029. 0.017
SE | (0.017) (0.018) (0.015) (0.023)
Num.Obs. 82 82 82 66
R? 0.016 0.055 0.056 0.020
R? Adj. -0.035 0.006 0.006 -0.044
AIC 870.2 866.8 866.8 704.8
BIC 884.6 881.3 881.3 718.0
Log.Lik. -429.099 -427.417 -427.413 -346.419
RMSE 45.33 44.41 44.41 46.05

Table 1: Results of linear models of total LLAMA scores depending on left and right first and second TTG volumes.
The highlighted variable is the variable of interest.

Total LLAMA score as a function of 1st left hemisphere TTG Total LLAMA score as a function of 1st right hemisphere TTG
~ volume ~ volume

Total LLAMA score
Total LLAMA score

1000 2000 500 1000 1500 2000
a ) 1st left hemisphere TTG volume b) 1st right hemisphere TTG volume
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Total LLAMA score as a function of 2nd left hemisphere TTG Total LLAMA score as a function of 2nd right hemisphere TTG
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Figure 1: a-d Scatterplots of total LLAMA score and auditory cortex volumes
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Figure 2: Scatterplot of total LLAMA score and a) first left hemisphere area b) second right hemisphere TTG area
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Figure 3: Scatterplot of total LLAMA score and whole TTG thickness asymmetry
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Figure 4: Scatterplot of total LLAMA score and number of left hemisphere TTG
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Figure 5: a-c Scatterplot of partial OSPAN score and LLAMA subtests
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