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Language learning and use relies on domain-specific, domain-general cognitive and sensory-motor functions. Using fMRI during
story listening and behavioral tests, we investigated brain-behavior associations between linguistic and non-linguistic measures
in individuals with varied multilingual experience and reading skills, including typical reading participants (TRs) and dyslexic
readers (DRs). Partial Least Square Correlation revealed a main component linking cognitive, linguistic, and phonological measures to
amodal/associative brain areas. A second analysis only in TRs revealed a stronger association between cognitive, linguistic, literacy
and phonological skills within the same brain network as in the full sample, suggesting better speech-print convergence in TRs.
In this sample, an additional component involving speed, automatization, and lexical access was associated with less involvement
in unimodal, lower-level auditory, and motor brain areas. The complementarity between the two components likely reflects TRs’
reduced reliance on lower-level sensorimotor regions and greater engagement of higher-level cortices and skills. Overall, our work
suggests convergence between behavioral measures of linguistic, domain-general cognitive and domain-specific non-linguistic skill,
and between these behavioral measures and neural processing of language. This convergence is greater in TRs, suggesting more
integrated processing in this group. Our work advocates a comprehensive, multimodal approach to understanding individual differences
in language abilities and experience.
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Introduction
Language is a key human ability and is represented by a complex
system of spoken, signed, or written symbols allowing us to
communicate with others (Crystal and Robins 2024 July 25). It
enables abstraction and is believed to support complex thinking
and cognition (Carruthers 2002; Majid et al. 2004). Language is
mostly learned and used during face-to-face interactions, and
with the support of paralinguistic and non-verbal cues (Levinson
and Holler 2014). Being a successful language user entails a
remarkable number of processes and subroutines, and yet neu-
rotypical individuals successfully learn and use a first (L1) and
often a second (L2) language. The most established models of the
neurobiology of language perception and production highlight the
hierarchical nature of language, involving phonological, lexico-
semantic and morphosyntactic information, subserved neurally
by a left-lateralized perisylvian network including primarily dor-
sal motor/premotor areas and inferior frontal areas, and supe-
rior, middle, and inferior temporal cortices (Hickok and Poeppel
2004; Hickok and Poeppel 2007; Rauschecker and Scott 2009;
Rauschecker 2012; Rauschecker and Scott 2016). Some authors
argue for a broader inclusion of areas in the so-called “language

network,” like the inferior parietal cortex, underlying knowledge
representation, as well as the anterior cingulate and dorsolateral
prefrontal cortices for control functions (Price 2012; Hagoort 2014;
Hagoort 2017; Hagoort and Özyürek 2024), while others take a
conservative approach and consider only areas strictly involved in
the access to meaning and sentence construction, including only
left-lateralized lateral frontal (IFG, middle frontal) and superior
temporal areas (Fedorenko et al. 2024), implying independence
between the neural networks for language and other cognitive
abilities.

Language is a uniquely human and relatively recent evolution-
ary skill, especially in the case of literacy. To understand how our
brains evolved to accommodate such a new and complex skill, dif-
ferent theories and findings suggest that specific aspects of lan-
guage had to rely on pre-existing mechanisms that predated the
emergence of language and that could be used and specialized for
language because of their computational properties (Asano and
Boeckx 2015; Asano et al. 2022). This has been described as neural
reuse or “exaptation” (Fitch 2011; Fitch 2012; Janacsek et al. 2022),
and these evolutionarily-shared neural resources may explain
why research has often detected overlap between language and
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other domain-general cognitive skills, such as music and arith-
metic. This may also explain why the question of whether and to
what extent language is distinct from other cognitive systems at
behavioral and neural levels remains unanswered even today.

Different implementations could underlie this overlap between
language-specific and other domain-general or domain-specific
functions. One possibility is that different abilities might leverage
the computational mechanisms of a specific brain area. The
computational mechanisms themselves may be shared across
domains, while domain-specificity may be shaped by the net-
works in which it is embedded (Asano and Boeckx 2015; Asano
et al. 2022). This has been proposed to be the case for the IFG,
specifically BA44/45, which is known to be involved in syntax
processing in language, but is thought to have evolved for this due
to its role in hierarchical motor planning (Asano and Boeckx 2015;
Asano et al. 2022). As such, this region is thought to commonly
underlie hierarchical processing for music, action, and language
(Fitch 2011; Fitch and Martins 2014; Asano et al. 2021; Asano et al.
2022). A second possible mechanism that has been proposed to
explain the neural underpinnings of language in brain regions
originally involved in a different function is that of a complete
replacement of old functions with new ones. A widely accepted
example of this “neuronal recycling” comes from research on
developmental brain adaptations to reading, a late-emerging skill
both in evolutionary and developmental terms. Initially involved
in face and object perception in preliterate children, this area is
repurposed for reading after acquisition. As a result, in adults,
this area responds reliably to words as an integral part of the lan-
guage system, while its sensitivity to faces and objects decreases
(Cohen and Dehaene 2004; Dehaene 2005; Dehaene et al. 2015;
Dehaene-Lambertz et al. 2018). These different explanations for
shared mechanisms between language and other domain-general
(e.g. cognition, perception, motor skills) and domain-specific skills
(e.g. musicality) processing can explain observed neural overlap
across language and other domains.

As discussed in the previous section, language and other
domain-general and domain-specific skills may be found to be
associated due to their shared neural circuitry. However, they may
also be associated because cognitive and bottom-up perceptual
processes support language development (Kidd et al. 2018; Kidd
and Donnelly 2020) and continue to be involved in adulthood,
particularly under more demanding conditions. This has been
suggested, for example, by “declarative-procedural” memory
model of language, one of the most prominent language models
(Ullman 2004; Ullman 2016). The model posits that the native
language acquisition of lexicon and grammar depends on general-
cognitive mechanisms of declarative and procedural memory,
respectively, with their associated neural networks playing a
crucial role in both language functions and general memory
abilities. Moreover, given that meaning interpretation is highly
context-dependent (Hagoort and Van Berkum 2007) and the pro-
cessing of the speech input is influenced by top-down information
(McClelland et al. 2006; Davis and Johnsrude 2007; Rutten et al.
2019), it is more plausible that language processing engages
broader cognitive mechanisms. It is also important to consider
that the use of language in successful communication (i.e. in
interaction with others) goes beyond the single word processing
paradigm often used in neuroimaging studies, and it is likely to
rely on additional cognitive processes, such as attention or theory
of mind in order to deal with the demands like turn-taking and
tracking the narrative of the conversation (Hagoort 2014). Lastly,
given the multimodal nature of language, which requires the
integration of oral, written and also paralinguistic information,
(Levinson and Holler 2014; Cohn and Schilperoord 2024; Hagoort

and Özyürek 2024), effective processing is likely to depend on
the coordination of wide multimodal cortical areas and binding
of top-down and bottom-up information, likely to be enabled by
subcortical structures, such as the basal ganglia, thalamus and
cerebellum (Asano et al. 2022; Janacsek et al. 2022; Turker et al.
2023). Taken together, this literature suggests that the neural
substrate supporting language may extend beyond traditional
models that include only perisylvian cortical regions and has
led some researchers to view language as “widely distributed
throughout the brain” (Aliko et al. 2023; Drijvers et al. 2025).

At the behavioral level, and in particular in the study of
language aptitude (i.e. the potential for language learning),
various models and theories already consider skills beyond
language-specific abilities necessary to make a good language
learner. Language aptitude has been linked to musical abilities
(Nardo and Reiterer 2009; Fonseca-Mora et al. 2011; Turker et al.
2017; Turker and Reiterer 2021; Coumel et al. 2023), as well as
general cognition (Doughty et al. 2010) with particular attention
to the role of memory (Wen 2012; Singleton 2017; Feng et al.
2021). Also, in behavioral studies L1 processing language-specific
abilities have been consistently found to interact with general
cognition during development (for a review: Kidd and Donnelly
2020) and to be supported by cognition in healthy older adults
to ensure language comprehension despite sensory and cognitive
decline (Wingfield and Grossman 2006), particularly during the
perception of speech in noise (Wong et al. 2010). Moreover,
language is associated with early motor abilities (Alcock and
Krawczyk 2010; Libertus and Violi 2016; Gonzalez et al. 2019), as
well as music (for an overview: Nayak et al. 2022) and numerical
skills (Simmons and Singleton 2008; Purpura and Lonigan 2013).
It is worth noting that while these skills are positively linked
to language abilities in individuals with typical development,
they also show deficits in dyslexia, a neurodevelopmental
disorder that leads to poor literacy outcomes (Lyon et al. 2003).
Dyslexia has been associated with impairments in motor control
(Marchand-Krynski et al. 2017; Decarli et al. 2024) and musicality
(Overy et al. 2003; Christiner et al. 2022), with musical training
being explored as a potential remediation therapy (Overy 2003;
Rolka and Silverman 2015). Additionally, difficulties in numerical
skills are common, as dyslexia and dyscalculia frequently co-
occur and share genetic influences (van Bergen et al. 2025).

In order to learn about the componential structure of language
and cognition and of the relationships therein, individual differ-
ences can be leveraged to explore which abilities stably associate
and dissociate in light of the variability (Bates et al. 1991; Kidd
et al. 2018). Several behavioral studies having assessed cogni-
tive and linguistic performance used this approach to explore
the complex interplay between these domains, and showed in
adults (Hintz, McQueen, et al. 2024; Hintz, Voeten, et al. 2024)
and in children (Berthele and Udry 2021; Udry and Berthele 2021)
that language-specific abilities and domain-general cognition are
consistently associated across different ages. In light of these
works and of the above-described debate, in previous work we
collected data from a relatively large participant sample (n = 152)
on behavioral measures of language, cognition, musicality, arith-
metic and motor skills, as well as on measures of language and
reading experience to explore patterns of dissociation and asso-
ciation between these domains (Rampinini et al. 2024). In order
to maximize inter-individual variability, we recruited people with
a wide range of multilingual language experience, and we also
included a subgroup of adults who had previously been diagnosed
with dyslexia. Using exploratory graph analysis, we analyzed
the network of relationships between individual variables while
identifying underlying clusters. We confirmed that language and
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Fig. 1. Language background of the participants in the sample. Each bar represents the language experience of one participant; the height of the stacked
bars within each bar represents the self-reported speaking proficiency for individual languages (the taller the bar, the higher the speaking proficiency
for that language). Before plotting, the data was sorted based on cumulative language experience values; as a result, the left-hand side of the figure
displays hyperpolyglots’ data while the right-hand side shows data from monolinguals. The plot includes both DRs and TRs.

cognition are stably associated, and that none of the identified
clusters were exclusively composed of language-specific or of
domain-general cognitive skills. On the other hand, musicality, a
domain-specific skill often associated with language, was isolated
from language and cognition scores. The same pattern of isolation
was present for multilingualism measures and literacy, indicating
that these measures are possibly more linked to experience and
education and that they are dissociated from performance in
language/cognition.

Less work has explored the key dimensions supporting lan-
guage processing beyond language-specific skills and their cor-
responding neural correlates in a multivariate manner. Although
recent work has started to highlight the importance of multi-
modal and multivariate analyses of language learning profiles,
this approach remains relatively underexplored (Feng et al. 2021).
In the present work, we build upon our previous results at the
behavioral level to extend our study to brain activation for native
language speech processing (story listening). L1 speech process-
ing is an informative and stable neural marker (Mahowald and
Fedorenko 2016) of how language is represented in the brain and
of individual differences in language processing and experience.
Neural responses to L1 have been linked to outcomes in L2
learning (Díaz et al. 2022; Fuhrmeister et al. 2023), multilingual
experience (Jouravlev et al. 2020), and print processing that under-
lies successful language reading (i.e. print-speech convergence;
Rueckl et al. 2015). Furthermore, the use of data collected during
L1 as opposed to L2 speech listening allows individual variation
to be sampled while maintaining a degree of homogeneity in
terms of age of acquisition and baseline level of exposure. We
included whole-brain activation, including subcortical areas, to
assess brain-behavior associations in a fully data-driven man-
ner. This allowed us to avoid limiting the analysis to traditional
language areas and implicitly favoring one “language model”
over another. To uncover this relationship, we used Partial Least
Squares Correlation (PLS), a method that identifies components
explaining common variance between two types of data.

Methods
Stimuli and procedure
Participants
152 participants took part in the study. Participants were healthy,
mostly speaking French as a first language and having knowledge

of two or more languages. None of the participants had official
qualifications for language translation or interpretation, nor did
they have professional musical training. Participants who spoke
more than six languages were included in the study even if French
was not their native language, if they reported advanced French
proficiency. Fig. 1 depicts the multilingual background of the par-
ticipants in the sample included in the analysis, TRs had on aver-
age higher multilingualism scores than DRs (as shown also in the
Supplementary results). Details of the participants’ language and
demographic backgrounds are available in the supplementary
materials (Table 1). The final sample only included participants
who did not have missing data on any of the measures analyzed.
It consisted of 134 participants, aged between 18.1 and 47.2 years
(M = 24.0, SD = 4.9, 92 females). A subset of these participants
(n = 25) was diagnosed with dyslexia before taking part in the
study. A second analysis was run only on 109 typically reading par-
ticipants (TRs), again selected based on having no missing data. In
this subsample, participants were between 18.2 and 47.2 years of
age (M = 24.1, SD = 5.07, 74 females).

Procedure
Each participant took part in four different sessions (spread over
several testing days): session 1 to fill in online questionnaires, ses-
sion 2 to perform a portion of the tasks online while supervised by
one trained member of the team, session 3 to complete in-person
tasks that required closer supervision or standardized hardware
and session 4 for neuroimaging and genetic data collection (the
latter not included in this study). Questionnaires (session 1) were
delivered using Qualtrics XM©, online tasks (sessions 2 and 3)
were delivered using Gorilla, and the fMRI task (session 4) was
presented using Psychtoolbox3 (MATAB r2021b). An overview of
all the tasks and behavioral measures is presented in Table 1.
Detailed description of the hardware, procedure, and extended
descriptions of the behavioral tasks and their references can be
found in our previous work (Rampinini et al. 2024). All eligible
participants provided signed informed consent for all subsequent
experimental procedures and data reuse. The study received eth-
ical approval from the Geneva Cantonal Ethical Commission (Pro-
tocol N. 2021–01004).

fMRI data collection
All participants took part in an MRI session where we collected
brain structural data (including magnetization-prepared rapid
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Table 1. Overview of the tasks, scores and resulting variables obtained from behavioral testing. All the scores, including reaction times
and other metrics used in this analysis, were transformed such that higher values consistently indicate better performance.

Variable name Task Name Brief task description Selected score Domain

Reading history AHRQ Reading experience, enjoyment and familiarity
with reading difficulties

AHRQ index Language
experience

Musical abilities AMMA Sensitivity to tonal and rhythm change Accuracy Domain-specific
skills

Alerting network
(ANT)

ANT-I Ability to use an auditory alerting cue to speed
the reaction to a target

RT no cue trials – RT
cued trials

General cognition

Orienting network
(ANT)

ANT-I Ability to use an orienting cue to orient attention
to the target location

RT incorrectly cued
trials—RT correctly cued
trials

General cognition

inhibition (ANT) ANT-I Ability to correctly report target direction
irrespective of the surrounding flankers (Flanker
task)

RT incongruent
trials—RT congruent
trials

General cognition

Grammar analysis ArtGram Ability to infer morphosyntactic characteristics of
an artificial language and translate sentences
after the presentation of some examples and
dictionary

Accuracy Language skills

Artificial grammar
learning

Brocanto Grammaticality judgment of sentences in an
artificial grammar after repeated presentation of
grammatical examples

Accuracy Language skills

Visual memory span Corsi blocks Reproducing a visuo-spatial sequence Span (forward and
backward)

General cognition

CVLT short term California Verbal
Learning Test

Ability to recall a 16-item list immediately after
presentation (5 trials) and after presenting an
interference list.

Accuracy General cognition

CVLT long term California Verbal
Learning Test

Recognition, 20 min after encoding, of items
memorized. Presentation of both targets and
semantic and phonological distractors

Accuracy General cognition

Visual declarative
memory

DecLearn Ability to recognize both real and invented
objects 10 min after incidental encoding

Accuracy General cognition

Verbal memory span Digit span Short-term and working memory span for digits Span (forward and
backward)

General cognition

Foreign speech
sounds imitation

Farsi uvular
production

Imitation abilities for uvular sound production Percentage of correct
responses

Finger tapping speed Finger tapping Tapping speed with dominant and non-dominant
hands

Average tapping speed Motor skills (speed)

Foreign speech
sound
discrimination

Hindi dental retroflex
contrast

Adaptive task measuring ability to discriminate a
dental-retroflex plosive consonant contrast

Accuracy weighted by
difficulty

Language skills

Multilingualism
(speaking)

LEAP-Q Self-report of language experience: number of
languages known, in what modality, manner and
age of acquisition, proficiency and current
exposure

Entropy scores for
speaking

Language
experience

Multilingualism
(comprehension)

LEAP-Q Self-report of language experience: number of
languages known, in what modality, manner and
age of acquisition, proficiency and current
exposure

Entropy scores for
comprehension

Language
experience

Multilingual
exposure

LEAP-Q Self-report of language experience: number of
languages known, in what modality, manner and
age of acquisition, proficiency and current
exposure

Entropy scores for
exposure

Language
experience

Motivation (attitude) MFQ Self-report for motivation for language learning Total score Language
motivation

Motivation
(openness)

MFQ Self-report for motivation for language learning Total score Language
motivation

Rote learning MLAT 5 Vocabulary learning in an unknown language Accuracy Language skills
Musical training MUSEBAQ Questionnaire on musical experience and type

and amount of musical training
Musical training index Music experience

Phoneme
suppression

Phoneme suppression Repetition of nonword removing the first sound Accuracy Phonological
awareness

Purdue pegboard
dominant

Purdue pegboard test Test for fine motor dexterity Average number of
completed trials,
dominant hand only

Motor skills
(dexterity)

RAN (RT) Rapid automatized
naming

Rapid naming of objects, colors, digits Average reaction time
(all categories)

Literacy mediator

(continued)
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Table 1. Continued.

Variable name Task Name Brief task description Selected score Domain

Fluid intelligence Raven’s APM Reasoning abilities, ability to complete an
incomplete pattern

Accuracy General cognition

Arithmetic Revised tempo test Speeded resolution of sums and subtractions Maximum number of
completed trials

Domain-specific
skills

Word spelling ECLA16 Spelling of words after auditory presentation Accuracy Literacy
Pseudoword spelling ECLA16 Spelling of pseudowords after auditory

presentation
Accuracy Literacy

Spoonerism Spoonerisms Ability to transpose the initial sounds of two
pseudowords

Accuracy Phonological
awareness

Procedural memory Serial reaction time Ability to tap following the pattern visually
present on screen, implicit sequence presented
across 5 blocks

Procedural learning gain General cognition

Reading text
(Alouette)

Alouette Ability to correctly read a non-sensical text
passage within 3 min.

Accuracy Literacy

Reading text
(Pollueur)

Pollueur Ability to correct a text passage within 3 min. Accuracy Literacy

Word reading (RT) ECLA16, EVALEC Reading of regular and irregular words Average reaction time
per block

Literacy

Pseudoword reading
(RT)

ECLA16, EVALEC Reading of pseudowords Average reaction time
per block

Literacy

Nonword repetition Nonword repetition Repetition of nonwords with increasing span
length

Accuracy Phonological
awareness

gradient-echo imaging (MPRAGE), magnetization prepared 2
rapid acquisition gradient echoes (MP2RAGE) and diffusion-
weighted imaging), and functional imaging data during resting-
state, and during music, reading and language localizers, the
latter both in the participants’ L1 and L2. In this work, we only
analyzed fMRI data from the language localizer in the L1, and
used the T1 MPRAGE sequences for co-registration. Images were
acquired using a Siemens 3 T Magnetom-Prisma scanner at
Campus Biotech (Geneva), equipped with a 64-channel head
coil. T1-weighted MPRAGE structural images were collected
using 208 sagittal slices (TRs = 2300 ms, TE = 3,26 ms, voxel size:
1 × 1 × 1 mm;). BOLD activation was measured using a whole-
brain EPI sequence (acceleration factor − 1, FOV = 224 mm, voxel
size: 2 × 2 × 2 mm, TRs = 2000,0 ms, TE = 32,00 ms flip angle 75 ˚,
interleaved acquisition, 72 slices).

During the fMRI task, participants passively listened to intact
and degraded speech passages of the story “Alice in Wonderland”
while fixating a black fixation cross on a white screen. The stimuli
and task are openly available (http://web.mit.edu/evlab/aliceloc/
index.html), and the procedure for the degradation of low-level
auditory features is described in Malik-Moraleda et al. (2022). We
used the localizer to present intact and degraded passages for
both the L1 and the L2 to each participant. In total, three runs
were acquired, each including five fixations blocks of 12 s and 16
blocks of 18 s each, 4 per each of the intact and degraded condi-
tions. No response was required, and participants took short, self-
timed breaks between blocks. Of the 134 participants included in
the final analysis, a total of 127 listened to passages in French
for the L1, while the remaining seven chose another language
(this always either being their first language or a language that
felt native to them): three participants chose English, one chose
Spanish, one chose German, and one chose Portuguese. More
information on the individual profiles of each participant can be
found in the supplementary material (Table 1).

Analysis
Behavioral data
Behavioral data for the questionnaires and the tasks completed
on the Gorilla online platform were analyzed and scored using

in-house Python scripts. Tasks requiring manual scoring, such as
spelling or foreign speech sound imitation, were scored manually
by native speakers. All measures, with their corresponding tasks
and scores, are outlined in Table 1. A more detailed description
of the behavioral tasks, together with descriptive results and
reliability indices for each task, can be found in Rampinini et al.
(2024). The supplementary materials include plots with scores for
all participants in all of the included behavioral measures, divided
by reading group.

Preprocessing functional brain data
Functional images were preprocessed using FSL 6.0. Preprocessing
was carried out using FEAT (FMRI Expert Analysis Tool, version 6.0)
with a standard preprocessing pipeline that included the follow-
ing steps: removal of non-brain tissue using optiBET (Lutkenhoff
et al. 2014), B0 unwarping using fieldmap images and nonlinear
registration to structural T1 images (BBR, FNIRT), and spatial
smoothing using a Gaussian kernel of 5 mm FWHM. Data were
motion-corrected using ICA-AROMA (Pruim et al. 2015) and no
participant had an absolute displacement higher than 5 mm
(which would have resulted in their exclusion from the sample).
We then removed nuisance regressors (white matter, WM, and
cerebral-spinal fluid, CSF), performed high-pass filtering at 90 s
and registered the preprocessed data to the MNI152 standard
space (Grabner et al. 2006). The BOLD response was modeled using
a double-gamma hemodynamic response function. Activation for
intact and degraded L1 speech listening was modeled, and the
intact vs. degraded speech contrast was generated.

Extraction of individual level activity with parcellation
Once the intact vs. degraded brain activation contrast was com-
puted for each participant, we defined different brain parcels in
order to maintain a whole-brain approach while reducing the
numbers of brain variables for the PLS analysis (i.e. as compared to
a voxel-based approach). We included all cortical and subcortical
regions. For the cortical regions, a total of 397 parcels, or regions
of interest (ROIs) were identified. The cortex was segmented using
the Glasser multimodal parcellation (Glasser et al. 2016). The par-
cellation was adapted to volume space, registering it to the same
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MNI152 template as the functional data (Horn 2016, June). The vol-
ume was then split by hemisphere to obtain 180 parcels per hemi-
sphere. In the results section, cortical ROI labels correspond to
each area’s name in the original parcellation publication (Glasser
et al. 2016). ROIs for the hippocampus were excluded from the
cortical parcellation because hippocampal areas were defined
using a subcortical atlas, as follows: subcortical regions com-
prising bilateral hippocampus, thalamus, amygdala, pallidum,
putamen, and caudate nucleus were identified using the Harvard-
Oxford subcortical atlas (Makris et al. 2006). Cerebellar regions
were identified using a probabilistic cerebellar atlas (Diedrichsen
et al. 2009; full list of cerebellar ROIs in the supplementary
material). Both subcortical and cerebellar areas were extracted
using a threshold of 50%. The full list of ROIs is presented in the
supplementary materials. For each of the ROIs obtained using the
above parcellations, average contrast values for the difference in
brain activation for intact vs. degraded speech were extracted. The
resulting brain dataset extracted for each participant contained
the average contrast values for each of the 397 ROIs.

Partial Least Square analysis
We used PLS to evaluate the multivariate relationships between
two data modalities, brain and behavioral, aiming to isolate com-
ponents that maximize shared variance between the two sets of
data. PLS is conceptually similar to principal component analysis,
which finds patterns within a single dataset, with the different
that PLS extracts components that best explain the correlation
between two sets of variables. PLS works by computing linear
combinations of variables from both datasets to uncover hidden
relationships. This makes it a powerful tool for studying complex
interactions between different types of data.

We implemented it by first z-scoring both datasets and cor-
recting them for age, sex and handedness through residual cal-
culation (McIntosh and Lobaugh 2004; Krishnan et al. 2011). After
data preprocessing and preparation, the analysis was performed
using the myPLS toolbox (https://github.com/danizoeller/myPLS).
A correlation matrix between behavioral and brain data was
generated, and then the main components which explained the
relationship between the two modalities were extracted through
singular value decomposition.

For each component, behavioral and brain weights were cal-
culated: these explain how strongly each single variable con-
tributed to the multivariate correlation between the data modal-
ities in that component. Behavioral weights, or saliences, repre-
sent how strongly each variable contributes to the correlation
between brain and behavior in each component. Brain weights,
or saliences, represent how strongly the intact versus degraded
speech listening average contrast values within each ROI con-
tributes to the correlation between brain and behavior in each
component.

The significance of each component was assessed using 1000
permutations, and the stability of the weights of each variable
per component was evaluated using a bootstrapping procedure
(500 samples). The significance of each variable was determined
using a Z score > =|3| threshold, which corresponds to a two-tailed
probability of 0.0013. Previous work suggested that a Z score > =|2|
(Krishnan et al. 2011) or > =|2.57| (equivalent to a two-tailed prob-
ability of 0.01; McIntosh and Lobaugh 2004) could be used, but in
the present analysis, given the high number of variables used in
both datasets, we chose a stricter threshold to consider the results
robust/significant. The results report weight means and standard
deviation after bootstrapping for each variable/ROI. More details
on permutation, bootstrapping and thresholding procedures are

available in the Supplementary Materials (Supplementary meth-
ods section).

As mentioned in the Participant section, we initially ran the
analysis on the full sample including TRs and DRs (n = 134), and
then on a subsample including TR participants only (n = 109). We
could not perform a separate analysis on the DRs alone due to
their smaller sample size (n = 25), which, given the number of
variables included in the analysis, would likely have resulted in
overfitting and poor generalization (Mihalik et al. 2022). To ensure
that any potential differences between the two analyses were due
to sample characteristics and not to differences in sample size,
we ran an additional PLS analysis on a third subsample, hereafter
referred to as the verification subsample. This had the same
sample size as the subsample of TRs only (n = 109), but included
the same proportion of TRs and DRs as the full sample.

Results
Partial least square results
Overall, the analysis of the whole sample resulted in one sig-
nificant component whereas the analysis including only TR par-
ticipants resulted in three significant components. The analysis
from this verification subsample only involving TR participants
showed a substantial overlap with the results in the whole sample,
confirming that differences between the latter and the subsample
were likely due to differences driven by sample characteristics
and not sample size reduction. All the results for the verification
subsample are available in the supplementary material.

Brain and behavioral relationships in the whole sample
We applied a PLS analysis to the 36 behavioral measures and
to the average activation (contrast values for intact vs. degraded
L1 speech) from the 397 cortical and subcortical areas during L1
story listening. One component was significant after permutation
testing (P = 0.006, r = 0.34). Fig. 2 shows the contribution of each
variable from both modalities to the brain-behavioral correlation
component (more details are available in the Results section of
the Supplementary Material). The component explained 36% of
the brain-behavioral covariance.

At the behavioral level, the component was mostly positively
associated with half of the behavioral tasks (Fig. 2A). This compo-
nent identified an association between measures of general cog-
nition (memory in particular), language skills (with a prominent
role of grammar) and to a lesser extent of phonological skills. More
specifically, a positive association was found between the brain
measures and measures of language and cognition that rely heav-
ily on memory processes (such as nonword repetition, declarative
and verbal memory, and rote learning), pattern recognition and
learning (morphosyntactic patterns for a grammar analysis task,
and visual patterns for fluid intelligence scores), or a combination
of both (as seen in artificial grammar learning). Artificial grammar
learning skills were, both in the full sample and in the typical
readers only (see next analysis) the strongest contributors to
the component. Another set of measures pertain to the auditory
domain and to auditory working memory: musicality and phono-
logical awareness (including spoonerisms, nonword repetition,
and foreign speech sound imitation), and to a literacy measure
involving sound-symbol correspondences (i.e. word spelling). Mul-
tilingualism scores, with a stronger influence of multilingual
comprehension than of speaking, also contribute positively to this
component. Moreover, there was a positive contribution of alert-
ing skills, i.e. a measure of response readiness and of sustained
attention to incoming stimuli (Ishigami et al. 2013), and of motor
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Fig. 2. Results of the behavioral, cortical and subcortical saliences/weights for the significant correlational PLS component in the whole sample. Only
significantly associated behavioural variables and ROIs are reported. (A) Contribution of behavioural variables to the component (for all scores, higher
values represent better performance). (B) Contribution of cortical ROIs to the component. (C) Contribution of subcortical areas to the component. For
each component, mean weights, SD and brain uncorrected results can be found in the supplementary material, in the Supplementary results section.

dexterity (Purdue pegboard test). Last, Multilingual exposure, dif-
ferently from multilingual comprehension and speaking abilities,
contributed negatively to the component, with a relatively low
weight compared to positively associated variables.

All cortical and subcortical brain regions showing a significant
contribution to the component, and their weights, are shown in
Fig. 2B (results for cerebellar ROIs and uncorrected results can
be found in the Supplementary Materials). Overall, better perfor-
mance on the above tasks correlated with stronger activation of
bilateral anterior temporal cortical areas (e.g. STGa, STSda, STSva,
TGd, TGv, TE1), posterior cingulate areas (e.g. RSC, v23abm, POS1),
inferior parietal regions (PGi, PGs, PFm), and temporo-parietal-
junction (TPJ; TPOJ1, TPOJ2, TPOJ3). The latter regions—inferior
parietal cortex and adjacent temporo-parietal junction—showed
somewhat left versus right hemisphere lateralization, respec-
tively. Other areas that displayed a significant positive activation
in relation to behavioral measures comprised predominantly left-
lateralized dorsolateral prefrontal (8v, 8c) and inferior frontal (IFJp,
45) regions. Better scores also positively correlated with activity
in medial temporal regions such as the entorhinal cortex and
perirhinal cortex in the left hemisphere, presubiculum (PreS) in
the right hemisphere and para-hippocampal (PHA3) areas bilat-
erally. Subcortically, Fig. 2C shows a positive correlation with
bilateral amygdala and right hippocampus. None of the cerebellar
regions were significantly associated with the component.

Brain-behavioral relationship in typical readers only
We applied a second PLS analysis to the same behavioral and
brain measures presented in the above section, but this time,
we included only participants without a dyslexia diagnosis
(n = 109). After permutation testing, we identified three significant
components.

Component 1

The first component accounted for 44% of the variance (P = 0.001,
r = 0.45). Behaviorally, this component resembles the one iden-
tified in the whole sample, but it is associated with a higher

number of memory measures and, differently from the whole-
sample analysis, includes a larger number of literacy measures
(brain and behavioral saliences are shown in Fig. 3).

A positive association was found with memory measures
(such as Nonword repetition, Visual declarative and Verbal
memory span, and Rote learning), pattern recognition and
learning (Grammar analysis, Fluid intelligence, Artificial gram-
mar learning), auditory measures including working memory:
musicality and phonological awareness (including Spoonerisms,
Nonword repetition, and Foreign speech sound imitation), and
to a literacy measure involving sound-symbol correspondences
(i.e. Word spelling). Positive associations were present also for
multilingualism scores for comprehension and speaking, alerting
skills and motor dexterity (Purdue pegboard test). Moreover,
focusing on the differences in the present TRs analysis compared
to that in the full sample, here Component 1 was associated
with additional measures for memory (CVLT long term, Visual
memory span), arithmetic, literacy and literacy mediators (RAN,
both Reading text measures, Reading history). Also, even though
this component includes measures of phonological abilities in
both the TRs and the whole-sample analyses, in this analysis
including only the TRs group, the phonological measures play
a more prominent role (i.e. higher weights). This suggests a
stronger influence of phonology, which is particularly interesting
when considering that this component also encompasses literacy
measures. Finally, in the whole sample, multilingualism exposure
contributes negatively to the component.

At the brain level, the ROIs contributing to the first component
were similar to those contributing to the single component found
in the whole sample, with more bilateral activation especially in
temporal areas. Higher behavioral scores were associated with
more activity in middle-to-superior posterior (STSdp, STSdp) and
anterior (STSda, STSva, TE1a, STSva, STSda, STGa, TGd, TGV)
temporal areas, in frontal areas (IFJa and 45 on the left, 45 and 47l
on the right), in posterior inferior parietal regions (e.g. PGi, and
surrounding clusters, again predominantly left-lateralized) and in
temporoparietal regions (e.g. TPOJ2), the latter again somewhat
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Fig. 3. Results of the behavioral, cortical and subcortical saliences/weights for the first significant correlational PLS component in the typical readers.
Only significantly associated behavioural variables and ROIs are reported. (A) Contribution of behavioural variables to the component (for all scores,
higher values represent better performance). (B) Contribution of cortical ROIs to the component. (C) Contribution of subcortical areas to the component.
For each component, mean weights, SD and brain uncorrected results can be found in the supplementary material, in the Supplementary results section.

right lateralized in extent. There was also a positive correlation
with medial posterior cingulate (RSC, POS1, 23ab, 31 pv, and
surrounding areas), and bilateral PreS and parahippocampal
(PHA1, PHA2, PHA3) areas. Subcortically, areas that contribute
positively to the relationship are the right hippocampus and left
amygdala, and the cerebellum on the right crus II. All results
for cerebellar ROIs and uncorrected results can be found in the
Supplementary Materials.

Component 2

The second component (Fig. 4) accounted for 19% of the vari-
ance (P = 0.012, r = 0.35). This component was mostly negatively
associated with tasks mainly related to motor and processing
speed and lexical access compared to Component 1. Negative
associations were present for motor speed, with Finger tapping
speed (and not for dexterity, as in Component 1) and lexical
access, reading and memory (RAN, CVLT short term, word and
pseudoword reading, non-sensical text reading) and phonological
perception. Two tasks measuring Visual declarative memory and
phonological skills (Spoonerisms) were also positively associated
with the component, with overall smaller weights compared to
the negatively correlated measures.

At the brain level, mirroring the behavioral results, lower-level
auditory and sensorimotor areas were associated with this second
component. Poorer performance on the tasks negatively con-
tributing to the component was associated with more activation
in bilateral early auditory (A1, MBelt, PBelt, LBelt, A4, A5) and other
auditory temporal association areas (TA2). Moreover, left primary
motor (4) and bilateral sensorimotor cortices (areas 3a, 3b on the
left, and areas 1, 2 on the right) were involved. Smaller positive
contributions came from bilateral opercular/insular regions (e.g.
OP4, 43, FOP1 bilaterally, OP1, RI, PFcm on the left). None of the
subcortical or cerebellar ROIs contributed significantly to this
second component. All results for cerebellar ROI and uncorrected
results can be found in the Supplementary Materials.

Component 3

The third component accounted for 8% of the variance (P = 0.026,
r = 0.67). This component showed the most complex pattern of
results in the analysis. Fig. 5A shows that it was behaviorally
negatively associated with measures of auditory and phonological
skill (e.g. Nonword repetition, Foreign speech sound discrimi-
nation, Phoneme suppression) and Verbal memory span score,
and positively associated with a mix of cognitive, linguistic, and
multilingual experience measures, some of which are negatively
correlated with the previous components (e.g. Text reading, RAN,
Orienting).

In terms of relationships with brain activation, we observed a
clearly lateralized pattern, mostly in higher-level language regions
(Fig. 5B). In the left hemisphere, regions contributing positively to
the component included early auditory (MBelt, Pbelt) and associa-
tive auditory areas (STSda, STSva, STSdp, STSvp, STGa, A4, A5), as
well as some clusters in opercular regions (45,43, OP4). Negative
relationships were observed in right-lateralized areas such as
the inferior frontal (IFJp, IFJa, IFSp, IFSa, 44, 45) and dorsolateral
prefrontal cortices (55b, 8c, P9-46v, p47r), in the temporoparietal
junction (e.g. TPOJ1, DTV), in the posterior STS and in other medial
clusters (SFL, SCEF). In the right hemisphere, positive associa-
tions were only found with a left parahippocampal area (PHA2)
and with one region in the posterior cingulate cortex (v23ab).
None of the subcortical regions were significantly associated
with this component (Fig. 5C), and only the left cerebellar area
VIIb negatively contributed, though marginally, to the component
(Supplementary material).

Discussion
We investigated brain-behavior associations by examining, in a
data-driven and multivariate manner, behavioral measures of
linguistic, domain-general and domain-specific skills and brain
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Fig. 4. Results of the behavioral and cortical and subcortical saliences/weight for the second significant correlational component in the typical readers.
Only significantly associated behavioural variables and ROIs are reported. (A) Contribution of behavioural variables to the component (for all scores,
higher values represent better performance). (B) Contribution of cortical ROIs to the component. (C) Contribution of subcortical areas to the component.
For each component, mean weights, SD and brain uncorrected results can be found in the supplementary material, in the Supplementary results section.

Fig. 5. Results of the behavioral and cortical and subcortical saliences/weight for the third significant correlational component in the typical readers.
Only significantly associated behavioural variables and ROIs are reported. (A) Contribution of behavioural variables to the component (for all scores,
higher values represent better performance). (B) Contribution of cortical ROIs to the component. (C) Contribution of subcortical areas to the component.
For each component, mean weights, SD and brain uncorrected results can be found in the supplementary material, in the Supplementary results section.

activation during story listening in the native language. We per-
formed two PLS analyses, one on the full sample including TRs
and dyslexic DRs readers, and the other only in typical readers.
The former analysis allowed us to explore brain-behavior relation-
ships across a wider range of performance—one which included
a (language/reading) learning disorder, and the latter allowed us
to determine which relationships are more likely to be observed
in typical readers. Results that are consistent across the two
analyses are likely to reflect more stable and potentially more
generalizable results. Results that differ between the two analyses
are likely to reflect differences arising from the additional inclu-
sion of individuals with a previous history of reading disorder,
and/or differences arising from the inclusion of individuals with

lower multilingual language experience, given that DRs on aver-
age have a lower multilingual language experience and exposure
than the TRs.

In the next sections, we will discuss the brain-behavior multi-
variate components arising from the two analyses, in light of how
brain activation during speech processing is related to positive or
negative relationships with subsets of tasks.

Overview of the components
Component 1
Behaviorally, Component 1 (accounting for 36% of the brain-
behavioral covariance in the full sample, and 44% of the variance
in the TRs) in both samples showed an association between
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higher-level cognitive and linguistic skills, particularly for mem-
ory and grammar, and phonological awareness. These were asso-
ciated with neural activation in higher-level areas within the lan-
guage network known to be involved in combinatorial processes,
in amodal semantic hubs, and in areas involved in phonological
processing. In the TRs sample, behaviorally this component also
included motor dexterity, and literacy measures, for text reading
and spelling, with a heavier involvement of memory and phono-
logical skills. This suggests that while language and cognitive
measures are strongly and consistently associated across sam-
ples, literacy also becomes part of this association when only
typically reading participants are included.

Overall, there are substantial similarities between the brain-
behavioral association observed in the two analyses. In more
detail, two of the tasks that positively contributed to this com-
ponent reflect grammatical rule learning and knowledge (i.e.
Artificial grammar learning and Grammar analysis) and pattern
recognition (i.e. Fluid intelligence) skills, which reflect complex
pattern analysis, arguably important components of cognition
and intelligence. In fact, Artificial grammar learning was the
strongest behavioral contributor to the brain-behavioral relation-
ship. Neurally, activity in the bilateral dorsal and ventral anterior
temporal lobes (ATL) was one of the strongest contributors to
the brain-behavior relationship of this component, again in both
analyses. The ATL has been shown to be sensitive to abstract
syntactic structure (Fedorenko et al. 2010; Pallier et al. 2011), and
to be involved in lexico-semantic and compositional semantic
processes (Hickok and Poeppel 2007). The left IFG (area 45) also
contributed to this component; this area is known to support mor-
phosyntactic processes (Hickok and Poeppel 2007) and is proposed
to be involved in semantic combinatorics (Friederici 2006; Schell
et al. 2017).

There were also positive behavioral contributions of tasks that
support or are related to lexico-semantic processing, such as
memory and vocabulary learning tasks (e.g. Verbal memory, Rote
learning and Visual declarative memory scores). Both brain imag-
ing research and neuropsychological work on patients with stroke
or neurodegeneration support the role of the ATL as an amodal,
domain-general hub for semantic and conceptual knowledge and
memory (Lambon Ralph et al. 2010; Lambon Ralph et al. 2016;
Gainotti 2017). In both analyses, we found contributions of other
brain areas that are also known to be amodal semantic hubs,
where unimodal information converges: the bilateral IPL (PGi,
PGs), bilateral posterior cingulate/retrosplenial (e.g. RSC, POS1,
v23ab), medial prefrontal (9 m, left-lateralized in the whole sam-
ple and bilateral for TRs), bilateral parahippocampus, and subicu-
lum areas in the right hemisphere and entorhinal cortex in the left
hemisphere (Fernandino et al. 2016).

Another set of tasks positively correlated with this compo-
nent pertained to phonological/auditory processing and working
memory (e.g. Foreign speech imitation, Spoonerisms, Phoneme
suppression, Musical abilities). These tasks contributed in both
analyses, but more so in the TRs analysis. These skills may partly
drive the correlation with the activation in the posterior STS,
known to be involved in speech and phonological processing
(Hickok and Poeppel 2007; Hein and Knight 2008). Also, the rela-
tionship with phonological and language processing (imitation
and multilingualism) may be driven by the activation of the IPL, a
central hub in the dorsal phonological route of reading (Kuhl et al.
2020; Turker and Hartwigsen 2021). The IPL is also associated with
sound-based phonemic representations (Coslett and Schwartz
2018), perception of ambiguous speech (Kilian-Hütten et al. 2011)

and works in combination with IFG areas to support phonological
memory processes (Kellmeyer et al. 2013).

The prominent role of grammatical processing and of verbal
declarative memory in this first component inevitably recalls
Ullman’s declarative/procedural model (Ullman 2004; Ullman
2016). While the model predicts that in L1, lexicon depends on the
declarative memory system and grammar on the procedural one,
it also posits that for L2, especially if explicitly learned and at low
level of proficiency, both of these language components would
depend on explicit and effortful retrieval from the declarative
memory. The tasks associated with this component tapped into
memory for lexical items and memory for verbal items, as well as
into the learning and analysis of artificial languages, which are
expected to assess L2 grammar learning processes. In line with
this, our results show that procedural memory (measured through
a serial reaction time task) did not contribute to the component.
However, the declarative-based tasks that do contribute to
the component correlate positively with brain activation in
areas supporting declarative processes, in combination with a
set of semantic and amodal conceptual hubs. This suggests
that the learning and use of novel (i.e. L2-like) grammatical
rules and verbal memory may rely on declarative skills and
underlying medial temporal structures, as suggested by the
declarative/procedural models, but that they are additionally
supported by combinatorial and amodal semantic systems.

Component 2
Component 2 (accounting for 19% of the brain-behavioral
covariance), obtained in the analysis with TRs only, represents a
complementary, lower-level component compared to Component
1. Behaviorally, there are negative contributions from tasks
reflecting automatization, processing and motor and processing
speed and lexical access (Penolazzi et al. 2007). What appears to
commonly underlie most of the tasks showing negative weights
is that most require fast processing and quick reactivity (RAN,
Orienting and Finger tapping speed). In terms of the brain, lower-
level auditory and sensorimotor cortices contribute positively
to this component. The negative relationship between the brain
and most of the behavioral measures of this component could
reflect optimization or efficiency, with lower behavioral scores
being associated with increased brain activation. There were
also, however, positive contributions of Spoonerisms, measuring
phonological awareness, and Visual declarative memory to this
component.

In more detail, bilateral activation of auditory and sensori-
motor areas was associated with the above tasks, with a left-
lateralized bias particularly in superior temporal regions and
in the frontal opercular regions. Lower behavioral scores were
associated with greater activation in auditory areas including the
planum temporal, which are important for both phonological and
orthographic processing in good readers (McNorgan et al. 2014).
Moreover, greater activation was present in the TPJ, known to
be important for speech-related auditory-motor association, this
being a fundamental step in lexical access (Davis 2016 Jan 1)
and being required in several of the tasks that are negatively
associated with this component.

Most of these tasks also require speech production, which can
explain the involvement of frontal opercular and motor areas.
Bilaterally, the posterior frontal opercular/insular area 43 is asso-
ciated with movements such as swallowing, area FOP1 is associ-
ated with imagined movements, and OP4 integrates sensorimotor
information into actions (Baker et al. 2018).
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There was also activation in the left motor (Area 4) and sen-
sorimotor areas (Areas 3a and 3b). Areas 4 and 3b are thought
to be involved in the control of hand/finger movements and in
the processing of finger-specific information, respectively (Baker
et al. 2018). The involvement of motor cortices is consistent with
the correlation with our motor speed task. Moreover, left area 4
has been shown to be active during passage and alphabet writing
tasks (Beeson et al. 2003).

Component 3
Component 3 (accounting for 8% of the brain-behavioral covari-
ance), again identified only in TRs, showed a more complex pat-
tern of associations. Behaviorally, it was positively associated
with cognitive and multilingualism scores, and negatively with
auditory/phonological abilities. These performances were asso-
ciated with more activation in left superior temporal and some
inferior frontal/opercular areas, and with less activation in right
hemispheric IPL/TPj and IFG/DLPFC areas.

In particular, better memory, inhibition and multilingualism
scores were associated with lower activity in the right inferior
frontal sulcus regions (IFS; IFSa, IFSp, IFJa, IFJa), right middle
frontal gyrus (area 8, p9-46v), right IFG (44, 45, p47r), and IPL/TPJ
regions (e.g. TPOJ1, STV, PFm, PSL). The right IFS has been linked
to music, reasoning, attention (Ruland et al. 2022) and to rule
implementation (Demanet et al. 2016). The right middle frontal
gyrus has been shown to be involved in attention re-orienting
(Japee et al. 2015), and its connectivity to be negatively correlated
with numeracy (Koyama et al. 2017), which is also negatively
associated in this component. Moreover, the right IPL/TPJ region
supports executive functions (including working memory and
inhibition) (Rothmayr et al. 2011; Igelström and Graziano 2017)
and together with right IFG areas it is part of the ventral attention
network, underlying bottom-up attentional processes (Corbetta
and Shulman 2002; Igelström and Graziano 2017). At the same
time, in this component, better scores on these tasks are also
associated with poorer phonological awareness/musical abilities,
and with greater engagement of left lateralized, early auditory (A5,
A4, Pbelt, Mbelt), auditory association (STSda, STSvp, STSdp), and
opercular areas (43, 45, OP4).

The relationships within this component suggest that increased
multilingualism is associated with better short- and long-
term memory for words and with better attention, but with
poorer phonological awareness and poorer performance on tasks
requiring working and short-term memory for sublexical (i.e.
phoneme-level) information. This may be partly explained by
the nature of our sample. Some of the most multilingual speakers
(poly- and hyperpolyglots) in this study were highly proficient but
non-native French speakers. Although the hyperpolyglots did not
differ from the other participants in their behavioral scores on
these tasks (as shown in the supplementary results, Table 10), the
fact that they were performing tasks in a non-native language
may have led some of them to rely more on lower-level auditory
(e.g. acoustic) processes and on greater engagement of lower-level
auditory regions to perform tasks requiring subtle phonological
manipulations. Moreover, within this third component, higher
multilingual experience is associated with clear brain functional
lateralization, suggesting greater engagement of a left-lateralized
higher-level auditory (i.e. belt and parabelt regions including STS
subregions and inferior frontal (i.e. BA 45) language network,
and lower (maybe optimized) engagement of right-lateralized
attention and executive areas. It should be noted, however, that
this third (and last) component explains a smaller percentage
of the variance (8%) compared to the other two (63% in total),

and that therefore these results and interpretations may not be
representative of broader and generalizable trends.

Language and its components
Language and cognition
Our data-driven analysis did not explicitly confirm or refute any
of the traditional language models presented in this paper, nor
was it our goal to compare language models. We aimed at more
broadly exploring the relationship between performance on lin-
guistic and non-linguistic tasks thought to be involved in aspects
of language, and brain activation during a story listening task. Our
results identified components that span most of the major areas
considered essential for language processing, as well as additional
regions.

In both samples, we have been able to show that, at the behav-
ioral level, cognition and language present a stable association,
suggesting a consistent overlap. This is in line with previous
behavioral analysis, with different statistical methods, in this
sample (Rampinini et al. 2024), and also in children tested with
tasks tapping into similar domains (Udry and Berthele 2021). In
both of our analyses, measures including memory and grammar
learning abilities were strong drivers of the brain-behavioral asso-
ciation in the first, most important component. Previous work has
successfully shown dissociations between language-specific and
cognitive processes at both the brain and behavioral levels using
finer-grained, targeted analyses, and areas responsive to language
have previously been shown to be less responsive to domain-
general cognitive tasks (Fedorenko and Varley 2016; Fedorenko
et al. 2024). However, language does not occur in a vacuum. Our
analysis involved exploration of the relationship between behav-
ioral scores and language-specific activation rather than with task-
free neural data (e.g. resting-state functional connectivity or brain
structural metrics). As such, our results strengthen the case for
the connection between language and cognition, since testing for
associations with language-specific activation during story listen-
ing could have biased results in favor of language-specific tasks
and/or of brain activation underlying language subcomponents
(i.e. phonology vs. lexicon/semantics), while minimizing the role
of cognitive measures. However, a consistent association between
language and cognition was observed in the brain-behavior com-
ponents, despite the use of brain activation for story listening in
the analysis which could have favored language-specific outcome.

As discussed in the introduction, the overlap between
language-specific processing and other domain-general and
domain-specific abilities is predicted in light of evolutionary
and developmental mechanisms and the nature of language
in interaction. Language is mostly used in interaction with
other individuals (Levinson and Holler 2014), and the use of
language in real-life contexts requires us to engage in other
cognitive processes beyond simply retrieving semantic and
syntactic information, in order to keep track of the narrative,
turn-taking and conversation (Hasson et al. 2018). Moreover,
language and cognitive processes mutually influence each
other during language learning (Kidd et al. 2018; Kidd and
Donnelly 2020; Schwering and MacDonald 2020; Donnelly and
Kidd 2021). The principles of Hebbian plasticity (i.e. “what fires
together, wires together”) suggest that, at the neural level,
interactions between the brain functional underpinnings of
different processes can establish enduring functional connections
between them. It is likely that the interaction between these skills
during development, language learning and language use results
in long-lasting connections between these domains throughout
life, both at behavioral and neural levels (Munakata and Pfaffly
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2004; Caporale and Dan 2008). Additional support for this idea
comes from clinical work, where neurodegeneration has been
observed to spread along established brain networks (Bak and
Chandran 2012; Zhou et al. 2012; Drzezga 2018). One example of
this is found in Motor Neuron Disease, in which the linguistic skills
that are more impaired are those with the closest brain functional
links to the motor system, with earlier impairment of verb and
action processing than object naming (Bak and Chandran 2012).
Taken together, these findings support the view that language and
cognition are deeply intertwined at both behavioral and neural
levels, shaped by shared developmental trajectories, overlapping
neural circuitry, and continuous interaction throughout life.

Complementary patterns for language and cognition
Examining the components obtained in the TRs reveals a pat-
tern of complementarity, particularly between the components
explaining most of the variance, Components 1 and 2.

Component 1 was predominantly linked to higher-order cogni-
tive and linguistic skills, as well as domain-specific skills, and lit-
eracy measures such as spelling and text reading. It is known that
higher instructional time with opaque orthographies is associated
with better performance on spelling (Zaretsky et al. 2009). Higher
instructional time with opaque orthographies is also related to
text reading fluency, which requires additional skills beyond
the necessary automatized ability to read single words, such as
sequential processing of words (van Viersen et al. 2024). This could
potentially indicate that this component is linked to higher-level,
well-established skills. Even in the motor domain this component
was more strongly associated with more complex motor abilities,
like dexterity and fine motor coordination as measured by the
Purdue Pegboard Test, rather than simple motor speed, assessed
through speeded tapping. This component was reflected in the
cortical activation of higher-order language and cognitive areas,
where increased activation correlates with better behavioral
performance. This suggests an active role of these regions during
language processing, particularly in individuals with automa-
tized, proficient reading skills and more multilingual experience.

Conversely, the second component captured a subset of lower-
level abilities, including motor speed, rapid lexical access, and
reading single items and nonsensical text. This component was
mostly associated with activity in sensory and motor cortices.
Higher activation in these regions correlated with poorer behav-
ioral performance, suggesting that people with lower abilities rely
more heavily on lower-level cortical regions.

This component appears to show a complementary pattern in
terms of the behavioral tasks involved, with Component 1 involv-
ing higher-level, well-established skills and Component 2 involv-
ing lower-level, speed-related skills. Furthermore, at the neural
level, Component 1 is primarily associated with higher-order asso-
ciation cortices, which are predominantly amodal, whereas Com-
ponent 2 is primarily associated with lower-order sensorimotor
cortices, which are typically considered to be unimodal (Sydnor
et al. 2021). The complementarity between the two components
is likely to reflect an interplay between the two key aspects that
characterize a typical skilled reader. Individuals with stronger
linguistic, cognitive, musical and higher-level reading skills and
with greater multilingual experience appear to use higher-level
language and cognitive brain areas more actively, while relying
less on lower-level sensorimotor regions.

Literacy and other language functions
The association between language/cognitive scores and literacy
may be unexpected given the previous work by our group

(Rampinini et al. 2024) in which both in the full sample and
in TRs only, literacy measures tended to consistently cluster
separately from other language/cognitive scores. However, we
need to consider that the analysis methods were different across
studies, and that here, we explored the relationship between
different data types, i.e. brain and behavior, and not just between
variables within one modality. We must consider that “cognitive
processes and neural processes are not the same thing” (Valian
2016, p. 570), and while literacy tasks can be dissociated from
other language/cognitive skills at the behavioral level, they could
rely on mostly shared underlying neural substrates.

In the present study, the differences between the analysis in
the full sample (i.e. including the DRs) and the analysis includ-
ing only the TRs showed that in the latter, these cognitive and
linguistic processes are also associated with measures of literacy,
particularly for reading fluency and history, while also showing
a stronger association with phonological awareness (accompa-
nied by more STG activation). This may suggest that in typical
readers, literacy skills may rely on, or be more strongly linked to,
more general cognitive/linguistic abilities and to their associated
high-level neural mechanisms, reflecting a more specialized and
expert, reading-ready cognitive architecture. On the other hand, in
dyslexic readers, these literacy tasks engage different brain areas
(i.e. not those language/cognitive ones associated with Compo-
nent 1), perhaps as compensatory or more variable (e.g. noisy;
Hancock et al. 2017) neural activations. Moreover, it suggests that
when TRs only are considered, spoken language and literacy skills
(along with phonological mediators) are associated to overlapping
neural substrates. This finding is in line with the print-speech
convergence hypothesis, which postulates that successful reading
is supported by strong overlap between the neural substrates
underlying the processing of written and of spoken language
(Shankweiler et al. 2008; Rueckl et al. 2015; Preston et al. 2016).

Multilingualism
In this study, we characterized multilingualism using three sep-
arate entropy scores that continuously captured participants’
language experience in terms of proficiency, comprehension abil-
ities and current exposure. Importantly, multilingualism was not
treated as an independent variable or used to categorize par-
ticipants into binary groups such as “monolinguals” and “bilin-
guals.” While this approach does not allow us to draw strong
conclusions regarding the differences in the components based
on language background, we consider that our approach offers
several advantages: (1) it provides more nuanced and ecologically
valid measures of multilingualism compared to strict dichotomies
(e.g. mono- versus bilingual), and (2) it allows for the exploration of
brain-behavioral associations across the full spectrum of different
aspects of the multilingual experience (i.e. proficiency, compre-
hension abilities and exposure).

In terms of the role of the multilingualism variables in the
obtained components, multilingualism exposure contributed
negatively to the first component in the whole sample only. This
negative contribution may be due to the differences between the
three multilingualism variables being measured. Multilingualism
exposure assessed the number of languages currently present in
the participants’ environment, whereas the other two scores—
multilingualism speaking and multilingualism comprehension—
better capture language knowledge. The participants showed
considerable variation in these latter two measures, with some
polyglots speaking or understanding more than 10 languages. As
a result, the current exposure measure may be less informative
than our two measures of multilingual knowledge, as polyglots
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might not have been exposed daily to all the languages they
know. In contrast, less multilingual participants (amongst which
we can find DRs) were likely exposed to their known languages
daily due to the multilingual nature of the region where data
collection took place. Thus, while multilingual speaking and
multilingual comprehension scores are strongly positively associ-
ated, multilingual exposure represents an anomaly. We may have
very multilingual speakers with relatively low current exposure,
making this measure less informative. This could explain why
only language knowledge, represented by measures assessing
cumulative experience with speaking and understanding one’s
languages, were positively related to linguistic and cognitive
skills. Conversely, current exposure to language, which provides a
snapshot of the language environment at the time of assessment,
did not show the same relationship. Once DRs were removed,
multilingual exposure remained negatively associated with the
component but not significantly, possibly indicating the reduced
variability between these three measures given that DRs are less
multilingual.

It is important to note that the participants in this study were,
on average, highly multilingual, with very few monolinguals and
bilinguals. Future works is necessary to confirm that our results
are reproduced in the lower levels of the multilingual distribution.

Conclusion
In this paper, brain-behavior associations for language-relevant
skills and speech processing were investigated using PLS corre-
lation analysis. Participants with different levels of multilingual
experience and reading ability were included, and the analyses
were performed first on the whole sample and then on the subset
of TRs only, to explore which associations were stable and which
were modulated by the presence or absence of DRs.

Overall, in both samples, a main component including cogni-
tive, linguistic and phonological measures was found to be associ-
ated with cortical areas involved in lexico/semantics, combinato-
rial processing and amodal conceptual-semantic areas. Analyses
excluding DRs suggest that literacy and phonological processes
may be more closely associated with language and cognition in
TRs than when DRs are included in the sample, pointing to more
shared neural resources between these processes in TRs. Fur-
thermore, results from TRs only indicate that additional compo-
nents can be identified in populations without reading deficits, in
particular, a complementary component involving foreign speech
processing and motor speed, automatization and lexical access
related to auditory and motor brain areas.

This work is a first step in exploring complex relationships
underlying language use and learning and domain-general and
domain-specific non-linguistic skills, in a multivariate way. We
believe that language, as a multifaceted and multicomponent
ability, should be studied comprehensively, that it should include
broad behavioral characterization of speakers and that it should
ideally explore the relationship between different data modali-
ties (e.g. brain function and structure, functional and structural
connectivity, genetics, etc.). We believe that this approach can
advance our understanding of language, of how individual differ-
ences arise and of how different abilities interact, and hope that
future work will continue to unveil new aspects of these complex
relationships.

Acknowledgments
We are very grateful for the statistical and methodological sup-
port for the PLS analysis offered by Erik Ringen, Farnaz Delavari,

and Maria Giulia Preti. We would like to thank Michael Erard,
Richard Simcott, Alexandre Teiga, Susan Fitzgerald, Lane Greene,
Hugues Pluvinage and Swiss Radiotelevision for their help in the
recruitment of the participants in general and of the polyglots in
this study. We also thank Neiloufar Family and Sevil Maghsadhagh
for rating our foreign speech sound imitation task.

Author contributions
Irene Balboni (Conceptualization, Data curation, Formal analysis,
Methodology, Visualization, Writing—original draft), Alessandra
Rampinini (Conceptualization, Data curation, Writing—review
& editing), Olga Kepinska (Conceptualization, Data curation,
Visualization, Writing—review & editing), Raphael Berthele
(Conceptualization, Funding acquisition, Writing—review &
editing), Narly Golestani (Conceptualization, Funding acquisition,
Writing—review & editing)

Funding
This work was supported by the Swiss National Science Founda-
tion [Grant #100014_182381], and by the NCCR Evolving Language,
Swiss National Science Foundation [Agreement #51NF40_180888].

Conflict of interest statement: The authors declare no conflicts of
interest related to this work.

References
Alcock KJ, Krawczyk K. 2010. Individual differences in language

development: relationship with motor skill at 21 months. Dev Sci.
13:677–691. https://doi.org/10.1111/j.1467-7687.2009.00924.x.

Aliko S, Wang B, Small SL, Skipper JI. The entire brain, more or less,
is at work: ‘language regions’ are artefacts of averaging. bioRxiv.
2023-09. https://doi.org/10.1101/2023.09.01.555886 [accessed
2025 Mar 5]. https://www.biorxiv.org/content/10.1101/2023.09.01.
555886v2.

Asano R, Boeckx C. 2015. Syntax in language and music: what is
the right level of comparison? Front Physiol. 6:140185. https://
doi.org/10.3389/FPSYG.2015.00942/BIBTEX [accessed 2025 Mar 6].
www.frontiersin.org.

Asano R, Boeckx C, Seifert U. 2021. Hierarchical control as a shared
neurocognitive mechanism for language and music. Cognition.
216:104847. https://doi.org/10.1016/J.COGNITION.2021.104847.

Asano R, Boeckx C, Fujita K. 2022. Moving beyond domain-specific
versus domain-general options in cognitive neuroscience. Cortex.
154:259–268. https://doi.org/10.1016/J.CORTEX.2022.05.004.

Bak TH, Chandran S. 2012. What wires together dies together: verbs,
actions and neurodegeneration in motor neuron disease. Cortex.
48:936–944. https://doi.org/10.1016/J.CORTEX.2011.07.008.

Baker CM et al. 2018. A Connectomic atlas of the human cere-
brum—chapter 3: the motor, premotor, and sensory cortices. Oper-
ative Neurosurgery. 15:S75. https://doi.org/10.1093/ONS/OPY256
[accessed 2024 Aug 20]. /pmc/articles/PMC6887944/.

Bates E, Bretherton I, Sebestyen SL. 1991. From first words to grammar:
individual differences and dissociable mechanisms. Cambridge
University Press, Cambridge, England. [accessed 2024 Aug 25].
https://books.google.ch/books?hl=en&lr=&id=DBIQfHjSotEC&
oi=fnd&pg=PR9&ots=SuhYruoWUP&sig=b2oRCF9J-WWQ-L6_U
uvABdqeBRU&redir_esc=y#v=onepage&q&f=false.

Beeson PM et al. 2003. The neural substrates of writing: a functional
magnetic resonance imaging study. Aphasiology. 17:647, 647–665.
https://doi.org/10.1080/02687030344000067.

D
ow

nloaded from
 https://academ

ic.oup.com
/cercor/article/35/8/bhaf231/8250007 by guest on 16 Septem

ber 2025

https://doi.org/10.1111/j.1467-7687.2009.00924.x
https://doi.org/10.1111/j.1467-7687.2009.00924.x
https://doi.org/10.1111/j.1467-7687.2009.00924.x
https://doi.org/10.1111/j.1467-7687.2009.00924.x
https://doi.org/10.1111/j.1467-7687.2009.00924.x
https://doi.org/10.1101/2023.09.01.555886
https://doi.org/10.1101/2023.09.01.555886
https://doi.org/10.1101/2023.09.01.555886
http://dx.doi.org/10.1101/2023.09.01.555886v2
https://doi.org/10.3389/FPSYG.2015.00942/BIBTEX
https://doi.org/10.3389/FPSYG.2015.00942/BIBTEX
https://doi.org/10.3389/FPSYG.2015.00942/BIBTEX
https://doi.org/10.3389/FPSYG.2015.00942/BIBTEX
https://doi.org/10.3389/FPSYG.2015.00942/BIBTEX
https://doi.org/10.1016/J.COGNITION.2021.104847
https://doi.org/10.1016/J.CORTEX.2022.05.004
https://doi.org/10.1016/J.CORTEX.2022.05.004
https://doi.org/10.1016/J.CORTEX.2022.05.004
https://doi.org/10.1016/J.CORTEX.2022.05.004
https://doi.org/10.1016/J.CORTEX.2022.05.004
https://doi.org/10.1016/J.CORTEX.2011.07.008
https://doi.org/10.1016/J.CORTEX.2011.07.008
https://doi.org/10.1016/J.CORTEX.2011.07.008
https://doi.org/10.1016/J.CORTEX.2011.07.008
https://doi.org/10.1016/J.CORTEX.2011.07.008
https://doi.org/10.1093/ONS/OPY256
https://doi.org/10.1093/ONS/OPY256
https://doi.org/10.1093/ONS/OPY256
https://doi.org/10.1093/ONS/OPY256
https://doi.org/10.1093/ONS/OPY256
https://books.google.ch/books?hl=en&#x0026;lr=&#x0026;id=DBIQfHjSotEC&#x0026;oi=fnd&#x0026;pg=PR9&#x0026;ots=SuhYruoWUP&#x0026;sig=b2oRCF9J-WWQ-L6_UuvABdqeBRU&#x0026;redir_esc=y#v=onepage&#x0026;q&#x0026;f=false
https://doi.org/10.1080/02687030344000067
https://doi.org/10.1080/02687030344000067
https://doi.org/10.1080/02687030344000067


14 | Balboni et al.

Berthele R, Udry I. 2021. Individual differences in early instructed lan-
guage learning: the role of language aptitude, cognition, and motivation.
Language science, Berlin, Germany.

Caporale N, Dan Y. 2008. Spike timing-dependent plasticity: a Heb-
bian learning rule. Annu Rev Neurosci. 31:25–46. https://doi.org/10.
1146/ANNUREV.NEURO.31.060407.125639/CITE/REFWORKS
[accessed 2024 Aug 29] https://www.annualreviews.org/content/
journals/10.1146/annurev.neuro.31.060407.125639.

Carruthers P. 2002. The cognitive functions of language. Behav
Brain Sci. 25:657–674. https://doi.org/10.1017/S0140525X0200
0122.

Christiner M et al. 2022. Examining individual differences in singing,
musical and tone language ability in adolescents and young
adults with dyslexia. Brain Sci. 12:744. https://doi.org/10.3390/
brainsci12060744.

Cohen L, Dehaene S. 2004. Specialization within the ventral stream:
the case for the visual word form area. Neuroimage. 22:466–476.
https://doi.org/10.1016/J.NEUROIMAGE.2003.12.049.

Cohn N, Schilperoord J. 2024. A multimodal language faculty: a
cognitive framework for human communication. 1–352. Blooms-
bury Publishing, London, United Kingdom. https://doi.org/10.
5040/9781350404861.ch-11.

Corbetta M, Shulman GL. 2002. Control of goal-directed and
stimulus-driven attention in the brain. Nat Rev Neurosci. 3:
201–215. https://doi.org/10.1038/nrn755 [accessed 2024 Sep 2].
https://www.nature.com/articles/nrn755.

Coslett HB, Schwartz MF. 2018. The parietal lobe and language.
In: Vallar G, Coslett HB, editors. Handbook of Clinical Neurology,
Vol. 151. Elsevier, Amsterdam (Netherlands), 365–375. https://doi.
org/10.1016/B978-0-444-63622-5.00018-8.

Coumel M, Groß C, Sommer-Lolei S, Christiner M. 2023. The
contribution of music abilities and phonetic aptitude to L2
accent faking ability. Languages. 8:68. https://doi.org/10.3390/
languages8010068.

Robins RH, Crystal D. 2024. Language variants. In: Encyclopedia Bri-
tannica. Encyclopedia Britannica, Inc., Chicago (IL). https://www.
britannica.com/topic/language.

Davis MH. 2016. The neurobiology of lexical access. In: Hickok
G, Small SL, editors. Neurobiology of Language. Academic Press,
Cambridge (MA), 541–555. https://doi.org/10.1016/B978-0-12-
407794-2.00044-4.

Davis MH, Johnsrude IS. 2007. Hearing speech sounds: top-down
influences on the interface between audition and speech per-
ception. Hear Res. 229:132, 132–147. https://doi.org/10.1016/J.
HEARES.2007.01.014.

Decarli G, Franchin L, Vitali F. 2024. Motor skills and capac-
ities in developmental dyslexia: a systematic review and
meta-analysis. Acta Psychol. 246:104269. https://doi.org/10.1016/
j.actpsy.2024.104269.

Dehaene S. 2005. Evolution of human cortical circuits for reading
and arithmetic: the “neuronal recycling” hypothesis. In: Dehaene
S, Duhamel JR, Hauser MD, Rizzolatti G, editors. From Monkey Brain
to Human Brain. MIT Press, Cambridge (MA), 133–157. https://doi.
org/10.7551/MITPRESS/3136.003.0012. [accessed 2024 Aug 25].
https://direct.mit.edu/books/edited-volume/2477/chapter/6607
3/Evolution-of-Human-Cortical-Circuits-for-Reading.

Dehaene S, Cohen L, Morais J, Kolinsky R. 2015. Illiterate to lit-
erate: behavioural and cerebral changes induced by reading
acquisition. Nat Rev Neurosci. 16:234–244. https://doi.org/10.1038/
nrn3924 [accessed 2024 Aug 25]. https://www.nature.com/
articles/nrn3924.

Dehaene-Lambertz G, Monzalvo K, Dehaene S. 2018. The emer-
gence of the visual word form: longitudinal evolution of

category-specific ventral visual areas during reading acqui-
sition. PLoS Biol. 16:e2004103. https://doi.org/10.1371/journal.
pbio.2004103.

Demanet J et al. 2016. There is more into ‘doing’ than ‘knowing’: the
function of the right inferior frontal sulcus is specific for imple-
menting versus memorising verbal instructions. Neuroimage. 141:
350–356. https://doi.org/10.1016/J.NEUROIMAGE.2016.07.059.

Díaz B, Cordero G, Hoogendoorn J, Sebastian-Galles N. 2022. Second-
language phoneme learning positively relates to voice recog-
nition abilities in the native language: evidence from behav-
ior and brain potentials. Front Psychol. 13:1008963. https://doi.
org/10.3389/fpsyg.2022.1008963.

Diedrichsen J, Balsters JH, Flavell J, Cussans E, Ramnani N. 2009. A
probabilistic MR atlas of the human cerebellum. Neuroimage. 46:
39–46. https://doi.org/10.1016/j.neuroimage.2009.01.045.

Donnelly S, Kidd E. 2021. The longitudinal relationship between con-
versational turn-taking and vocabulary growth in early language
development. Child Dev. 92:609–625. https://doi.org/10.1111/
cdev.13511.

Doughty CJ et al. 2010. Predicting near-native ability: the factor
structure and reliability of Hi-LAB. In: Prior MT, et al. editors.
Selected Proceedings of the 2008 Second Language Research Forum.
Cascadilla Proceedings Project, Somerville (MA), p. 10–31. http://
www.lingref.com/cpp/slrf/2008/index.html.

Drijvers L, Small SL, Skipper JI. 2025. Language is widely distributed
throughout the brain. Nat Rev Neurosci. 26:189–189. https://doi.
org/10.1038/s41583-024-00903-0 [accessed 2025 Mar 5]. https://
www.nature.com/articles/s41583-024-00903-0.

Drzezga A. 2018. The network degeneration hypothesis: spread of
neurodegenerative patterns along neuronal brain networks. J Nucl
Med. 59:1645–1648. https://doi.org/10.2967/jnumed.117.206300.

Fedorenko E, Varley R. 2016. Language and thought are not the
same thing: evidence from neuroimaging and neurological
patients. Ann N Y Acad Sci. 1369:132–153. https://doi.org/10.1111/
nyas.13046.

Fedorenko E, Hsieh PJ, Nieto-Castañón A, Whitfield-Gabrieli S, Kan-
wisher N. 2010. New method for fMRI investigations of language:
defining ROIs functionally in individual subjects. J Neurophysiol.
104:1177–1194. https://doi.org/10.1152/jn.00032.2010.

Fedorenko E, Ivanova AA, Regev TI. 2024. The language network
as a natural kind within the broader landscape of the human
brain. Nat Rev Neurosci. 25:289–312. https://doi.org/10.1038/
s41583-024-00802-4 [accessed 2024 Jul 14]. https://www.nature.
com/articles/s41583-024-00802-4.

Feng G et al. 2021. Neural fingerprints underlying individual lan-
guage learning profiles. J Neurosci. 41:7372–7387. https://doi.
org/10.1523/JNEUROSCI.0415-21.2021.

Fernandino L et al. 2016. Concept representation reflects multimodal
abstraction: A framework for embodied semantics. Cereb Cortex.
26:2018–2034.

Fitch WT. 2011. The evolution of syntax: an exaptationist perspec-
tive. Front Evol Neurosci. 3:18409. https://doi.org/10.3389/FNEVO.
2011.00009/BIBTEX [accessed 2025 Mar 14]. www.frontiersin.org.

Fitch WT. 2012. Evolutionary developmental biology and human lan-
guage evolution: constraints on adaptation. Evol Biol. 39:613–637.
https://doi.org/10.1007/S11692-012-9162-Y [accessed 2025 Mar
14]. https://link.springer.com/article/10.1007/s11692-012-9162-y.

Fitch WT, Martins MD. 2014. Hierarchical processing in music, lan-
guage, and action: Lashley revisited. Ann N Y Acad Sci. 1316:
87–104. https://doi.org/10.1111/nyas.12406.

Fonseca-Mora M, Toscano-Fuentes C, Wermke K. 2011. Melodies
that help: the relation between language aptitude and musical
intelligence. Int J Engl Stud.. 22:101–118.

D
ow

nloaded from
 https://academ

ic.oup.com
/cercor/article/35/8/bhaf231/8250007 by guest on 16 Septem

ber 2025

https://doi.org/10.1146/ANNUREV.NEURO.31.060407.125639/CITE/REFWORKS
https://www.annualreviews.org/content/journals/10.1146/annurev.neuro.31.060407.125639
https://www.annualreviews.org/content/journals/10.1146/annurev.neuro.31.060407.125639
https://www.annualreviews.org/content/journals/10.1146/annurev.neuro.31.060407.125639
https://www.annualreviews.org/content/journals/10.1146/annurev.neuro.31.060407.125639
https://www.annualreviews.org/content/journals/10.1146/annurev.neuro.31.060407.125639
https://www.annualreviews.org/content/journals/10.1146/annurev.neuro.31.060407.125639
https://www.annualreviews.org/content/journals/10.1146/annurev.neuro.31.060407.125639
https://www.annualreviews.org/content/journals/10.1146/annurev.neuro.31.060407.125639
https://doi.org/10.1017/S0140525X02000122
https://doi.org/10.3390/brainsci12060744
https://doi.org/10.3390/brainsci12060744
https://doi.org/10.3390/brainsci12060744
https://doi.org/10.3390/brainsci12060744
https://doi.org/10.1016/J.NEUROIMAGE.2003.12.049
https://doi.org/10.1016/J.NEUROIMAGE.2003.12.049
https://doi.org/10.1016/J.NEUROIMAGE.2003.12.049
https://doi.org/10.1016/J.NEUROIMAGE.2003.12.049
https://doi.org/10.1016/J.NEUROIMAGE.2003.12.049
https://doi.org/10.5040/9781350404861.ch-11
https://doi.org/10.1038/nrn755
https://doi.org/10.1038/nrn755
https://doi.org/10.1038/nrn755
https://doi.org/10.1038/nrn755
https://www.nature.com/articles/nrn755
https://www.nature.com/articles/nrn755
https://www.nature.com/articles/nrn755
https://www.nature.com/articles/nrn755
https://www.nature.com/articles/nrn755
https://www.nature.com/articles/nrn755
https://doi.org/10.1016/B978-0-444-63622-5.00018-8
https://doi.org/10.1016/B978-0-444-63622-5.00018-8
https://doi.org/10.1016/B978-0-444-63622-5.00018-8
https://doi.org/10.1016/B978-0-444-63622-5.00018-8
https://doi.org/10.3390/languages8010068
https://doi.org/10.3390/languages8010068
https://doi.org/10.3390/languages8010068
https://doi.org/10.3390/languages8010068
https://www.britannica.com/topic/language
https://www.britannica.com/topic/language
https://www.britannica.com/topic/language
https://www.britannica.com/topic/language
https://www.britannica.com/topic/language
https://www.britannica.com/topic/language
https://doi.org/10.1016/B978-0-12-407794-2.00044-4
https://doi.org/10.1016/J.HEARES.2007.01.014
https://doi.org/10.1016/J.HEARES.2007.01.014
https://doi.org/10.1016/J.HEARES.2007.01.014
https://doi.org/10.1016/J.HEARES.2007.01.014
https://doi.org/10.1016/J.HEARES.2007.01.014
https://doi.org/10.1016/j.actpsy.2024.104269
https://doi.org/10.1016/j.actpsy.2024.104269
https://doi.org/10.1016/j.actpsy.2024.104269
https://doi.org/10.1016/j.actpsy.2024.104269
https://doi.org/10.1016/j.actpsy.2024.104269
https://doi.org/10.7551/MITPRESS/3136.003.0012
https://doi.org/10.7551/MITPRESS/3136.003.0012
https://doi.org/10.7551/MITPRESS/3136.003.0012
https://doi.org/10.7551/MITPRESS/3136.003.0012
https://direct.mit.edu/books/edited-volume/2477/chapter/66073/Evolution-of-Human-Cortical-Circuits-for-Reading
https://doi.org/10.1038/nrn3924
https://doi.org/10.1038/nrn3924
https://doi.org/10.1038/nrn3924
https://doi.org/10.1038/nrn3924
https://www.nature.com/articles/nrn3924
https://www.nature.com/articles/nrn3924
https://www.nature.com/articles/nrn3924
https://www.nature.com/articles/nrn3924
https://www.nature.com/articles/nrn3924
https://www.nature.com/articles/nrn3924
https://doi.org/10.1371/journal.pbio.2004103
https://doi.org/10.1371/journal.pbio.2004103
https://doi.org/10.1371/journal.pbio.2004103
https://doi.org/10.1371/journal.pbio.2004103
https://doi.org/10.1371/journal.pbio.2004103
https://doi.org/10.1016/J.NEUROIMAGE.2016.07.059
https://doi.org/10.1016/J.NEUROIMAGE.2016.07.059
https://doi.org/10.1016/J.NEUROIMAGE.2016.07.059
https://doi.org/10.1016/J.NEUROIMAGE.2016.07.059
https://doi.org/10.1016/J.NEUROIMAGE.2016.07.059
https://doi.org/10.3389/fpsyg.2022.1008963
https://doi.org/10.3389/fpsyg.2022.1008963
https://doi.org/10.3389/fpsyg.2022.1008963
https://doi.org/10.3389/fpsyg.2022.1008963
https://doi.org/10.1016/j.neuroimage.2009.01.045
https://doi.org/10.1016/j.neuroimage.2009.01.045
https://doi.org/10.1016/j.neuroimage.2009.01.045
https://doi.org/10.1016/j.neuroimage.2009.01.045
https://doi.org/10.1016/j.neuroimage.2009.01.045
https://doi.org/10.1111/cdev.13511
https://doi.org/10.1111/cdev.13511
https://doi.org/10.1111/cdev.13511
https://doi.org/10.1111/cdev.13511
http://www.lingref.com/cpp/slrf/2008/index.html
http://www.lingref.com/cpp/slrf/2008/index.html
http://www.lingref.com/cpp/slrf/2008/index.html
http://www.lingref.com/cpp/slrf/2008/index.html
http://www.lingref.com/cpp/slrf/2008/index.html
http://www.lingref.com/cpp/slrf/2008/index.html
http://www.lingref.com/cpp/slrf/2008/index.html
http://www.lingref.com/cpp/slrf/2008/index.html
https://doi.org/10.1038/s41583-024-00903-0
https://doi.org/10.1038/s41583-024-00903-0
https://doi.org/10.1038/s41583-024-00903-0
https://doi.org/10.1038/s41583-024-00903-0
https://www.nature.com/articles/s41583-024-00903-0
https://www.nature.com/articles/s41583-024-00903-0
https://www.nature.com/articles/s41583-024-00903-0
https://www.nature.com/articles/s41583-024-00903-0
https://www.nature.com/articles/s41583-024-00903-0
https://www.nature.com/articles/s41583-024-00903-0
https://doi.org/10.2967/jnumed.117.206300
https://doi.org/10.2967/jnumed.117.206300
https://doi.org/10.2967/jnumed.117.206300
https://doi.org/10.2967/jnumed.117.206300
https://doi.org/10.1111/nyas.13046
https://doi.org/10.1111/nyas.13046
https://doi.org/10.1111/nyas.13046
https://doi.org/10.1111/nyas.13046
https://doi.org/10.1152/jn.00032.2010
https://doi.org/10.1152/jn.00032.2010
https://doi.org/10.1152/jn.00032.2010
https://doi.org/10.1152/jn.00032.2010
https://doi.org/10.1038/s41583-024-00802-4
https://doi.org/10.1038/s41583-024-00802-4
https://doi.org/10.1038/s41583-024-00802-4
https://doi.org/10.1038/s41583-024-00802-4
https://www.nature.com/articles/s41583-024-00802-4
https://www.nature.com/articles/s41583-024-00802-4
https://www.nature.com/articles/s41583-024-00802-4
https://www.nature.com/articles/s41583-024-00802-4
https://www.nature.com/articles/s41583-024-00802-4
https://www.nature.com/articles/s41583-024-00802-4
https://doi.org/10.1523/JNEUROSCI.0415-21.2021
https://doi.org/10.1523/JNEUROSCI.0415-21.2021
https://doi.org/10.1523/JNEUROSCI.0415-21.2021
https://doi.org/10.1523/JNEUROSCI.0415-21.2021
https://doi.org/10.3389/FNEVO.2011.00009/BIBTEX
http://www.frontiersin.org
https://doi.org/10.1007/S11692-012-9162-Y
https://doi.org/10.1007/S11692-012-9162-Y
https://doi.org/10.1007/S11692-012-9162-Y
https://doi.org/10.1007/S11692-012-9162-Y
https://doi.org/10.1007/S11692-012-9162-Y
http://dx.doi.org/10.1007/s11692-012-9162-y
https://doi.org/10.1111/nyas.12406
https://doi.org/10.1111/nyas.12406
https://doi.org/10.1111/nyas.12406
https://doi.org/10.1111/nyas.12406


Cerebral Cortex, 2025, Vol. 35, Issue 8 | 15

Friederici AD. 2006. Broca’s area and the ventral premotor cortex
in language: functional differentiation and specificity. Cortex. 42:
472–475. https://doi.org/10.1016/S0010-9452(08)70380-0.

Fuhrmeister P, Phillips MC, McCoach DB, Myers EB. 2023. Relation-
ships between native and non-native speech perception. J Exp
Psychol Learn Mem Cogn. 49:1161–1175. https://doi.org/10.1037/
xlm0001213.

Gainotti G. 2017. The differential contributions of conceptual repre-
sentation format and language structure to levels of semantic
abstraction capacity. Neuropsychol Rev. 27:134–145. https://doi.
org/10.1007/s11065-016-9339-8.

Glasser MF et al. 2016. A multi-modal parcellation of human
cerebral cortex. Nature. 536:171–178. https://doi.org/10.1038/
nature18933 [accessed 2024 Jun 30]. https://www.nature.com/
articles/nature18933.

Gonzalez SL, Alvarez V, Nelson EL. 2019. Do gross and fine motor
skills differentially contribute to language outcomes? A Sys-
tematic Review Front Psychol. 10:490791. [accessed 2024 Aug 23].
www.frontiersin.org. https://doi.org/10.3389/FPSYG.2019.02670/
BIBTEX.

Grabner G et al. 2006. Symmetric atlasing and model based segmentation:
An application to the hippocampus in older adultsLecture Notes in
Computer Science (including subseries Lecture Notes in Artificial
Intelligence and Lecture Notes in Bioinformatics). 4191LNCS-II:
58–66. https://doi.org/10.1007/11866763_8.

Hagoort P. 2014. Nodes and networks in the neural architecture
for language: Broca’s region and beyond. Curr Opin Neurobiol. 28:
136–141. https://doi.org/10.1016/J.CONB.2014.07.013.

Hagoort P. 2017. The core and beyond in the language-ready
brain. Neurosci Biobehav Rev. 81:194–204. https://doi.org/10.1016/
J.NEUBIOREV.2017.01.048.

Hagoort P, Özyürek A. 2024. Extending the architecture of language
from a multimodal perspective. Top Cogn Sci. 00:1–11. https://
doi.org/10.1111/TOPS.12728 [accessed 2025 Mar 14]. https://
onlinelibrary.wiley.com/doi/full/10.1111/tops.12728.

Hagoort P, Van Berkum J. 2007. Beyond the sentence given. Philosophi-
cal Transactions of the Royal Society B: Biological Sciences. 362:801–811.
https://doi.org/10.1098/rstb.2007.2089.

Hancock R, Pugh KR, Hoeft F. 2017. Neural noise hypothesis of
developmental dyslexia. Trends Cogn Sci. 21:434–448. https://doi.
org/10.1016/j.tics.2017.03.008.

Hasson U, Egidi G, Marelli M, Willems RM. 2018. Ground-
ing the neurobiology of language in first principles: the
necessity of non-language-centric explanations for language
comprehension. Cognition. 180:135–157. https://doi.org/10.1016/J.
COGNITION.2018.06.018.

Hein G, Knight RT. 2008. Superior temporal sulcus—It’s my area: or is
it? J Cognm Neurosci. 20:2125–2136. [accessed 2024 Jul 14]. https://
dx.doi.org/10.1162/jocn.2008.20148.

Hickok G, Poeppel D. 2004. Dorsal and ventral streams: a
framework for understanding aspects of the functional
anatomy of language. Cognition. 92:67–99. https://doi.org/10.1016/
J.COGNITION.2003.10.011.

Hickok G, Poeppel D. 2007. The cortical organization of speech
processing. Nat Rev Neurosci. 8:393–402. https://doi.org/10.1038/
nrn2113 [accessed 2024 Jul 14]. https://www.nature.com/articles/
nrn2113.

Hintz F, McQueen J, Meyer AS. 2024. Using psychometric network
analysis to examine the components of spoken word recognition.
J Cogn. 7:10. https://doi.org/10.5334/joc.340.

Hintz F, Voeten CC, Dobó D, Lukics KS, Lukács Á. 2024. The role
of general cognitive skills in integrating visual and linguistic

information during sentence comprehension: individual differ-
ences across the lifespan. Sci Rep.

Horn A. 2016. HCP-MMP1.0 projected on MNI2009a GM (volumetric)
in NIfTI format [data set]. Figshare. Version 5. Available from:
https://doi.org/10.6084/m9.figshare.3501911.v5 https://figshare.
com/articles/dataset/HCP-MMP1_0_projected_on_MNI2009a_
GM_volumetric_in_NIfTI_format/3501911.

Igelström KM, Graziano MSA. 2017. The inferior parietal lobule and
temporoparietal junction: a network perspective. Neuropsycholo-
gia. 105:70–83. https://doi.org/10.1016/J.NEUROPSYCHOLOGIA.20
17.01.001.

Ishigami Y, Fisk JD, Wojtowicz M, Klein RM. 2013. Repeated mea-
surement of the attention components of patients with multiple
sclerosis using the Attention Network Test-Interaction (ANT-I):
Stability, isolability, robustness, and reliability. J Neurosci Methods.
216:1–9.

Janacsek K et al. 2022. Subcortical cognition: the fruit below the
rind. Annu Rev Neurosci. 45:361–386. https://doi.org/10.1146/
ANNUREV-NEURO-110920-013544/1 [accessed 2025 Mar 12].
https://www.annualreviews.org/content/journals/10.1146/
annurev-neuro-110920-013544.

Japee S, Holiday K, Satyshur MD, Mukai I, Ungerleider LG. 2015.
A role of right middle frontal gyrus in reorienting of atten-
tion: a case study. Front Syst Neurosci. 9:122128. https://doi.
org/10.3389/FNSYS.2015.00023/ABSTRACT. [accessed 2024 Sep
2]. www.frontiersin.org.

Jouravlev O, Mineroff Z, Blank IA, Fedorenko E. 2020. The Small and
efficient language network of polyglots and hyper-polyglots. Cereb
Cortex. 31:62–76. https://doi.org/10.1093/cercor/bhaa205.

Kellmeyer P et al. 2013. Fronto-parietal dorsal and ventral pathways
in the context of different linguistic manipulations. Brain Lang.
127:241–250. https://doi.org/10.1016/J.BANDL.2013.09.011.

Kidd E, Donnelly S. 2020. Individual differences in first language
acquisition. Annu Rev Linguist. 6:319–340. https://doi.org/10.1146/
annurev-linguistics-011619-030326.

Kidd E, Donnelly S, Christiansen MH. 2018. Individual differences in
language acquisition and processing. Trends Cogn Sci. 22:154–169.
https://doi.org/10.1016/j.tics.2017.11.006.

Kilian-Hütten N, Vroomen J, Formisano E. 2011. Brain activa-
tion during audiovisual exposure anticipates future percep-
tion of ambiguous speech. Neuroimage. 57:1601–1607. https://doi.
org/10.1016/j.neuroimage.2011.05.043.

Koyama MS, O’Connor D, Shehzad Z, Milham MP. 2017. Differential
contributions of the middle frontal gyrus functional connectivity
to literacy and numeracy. Sci Rep. 7:17548–17513. https://doi.
org/10.1038/s41598-017-17702-6 [accessed 2024 Sep 2]. https://
www.nature.com/articles/s41598-017-17702-6.

Krishnan A, Williams LJ, McIntosh AR, Abdi H. 2011. Partial
least squares (PLS) methods for neuroimaging: a tutorial
and review. Neuroimage. 56:455–475. https://doi.org/10.1016/J.
NEUROIMAGE.2010.07.034.

Kuhl U et al. 2020. The emergence of dyslexia in the devel-
oping brain. Neuroimage. 211:116633. https://doi.org/10.1016/J.
NEUROIMAGE.2020.116633.

Lambon Ralph MA, Sage K, Jones RW, Mayberry EJ. 2010. Coher-
ent concepts are computed in the anterior temporal lobes.
Proc Natl Acad Sci USA. 107:2717–2722. https://doi.org/10.1073/
pnas.0907307107.

Lambon Ralph MA, Jefferies E, Patterson K, Rogers TT. 2016. The neu-
ral and computational bases of semantic cognition. Nat Rev Neu-
rosci. 18:42–55. https://doi.org/10.1038/nrn.2016.150 [accessed
2024 Jul 14]. https://www.nature.com/articles/nrn.2016.150.

D
ow

nloaded from
 https://academ

ic.oup.com
/cercor/article/35/8/bhaf231/8250007 by guest on 16 Septem

ber 2025

https://doi.org/10.1016/S0010-9452(08)70380-0
https://doi.org/10.1016/S0010-9452(08)70380-0
https://doi.org/10.1016/S0010-9452(08)70380-0
https://doi.org/10.1016/S0010-9452(08)70380-0
https://doi.org/10.1016/S0010-9452(08)70380-0
https://doi.org/10.1016/S0010-9452(08)70380-0
https://doi.org/10.1037/xlm0001213
https://doi.org/10.1037/xlm0001213
https://doi.org/10.1037/xlm0001213
https://doi.org/10.1037/xlm0001213
https://doi.org/10.1007/s11065-016-9339-8
https://doi.org/10.1007/s11065-016-9339-8
https://doi.org/10.1007/s11065-016-9339-8
https://doi.org/10.1007/s11065-016-9339-8
https://doi.org/10.1038/nature18933
https://doi.org/10.1038/nature18933
https://doi.org/10.1038/nature18933
https://doi.org/10.1038/nature18933
https://www.nature.com/articles/nature18933
https://www.nature.com/articles/nature18933
https://www.nature.com/articles/nature18933
https://www.nature.com/articles/nature18933
https://www.nature.com/articles/nature18933
https://www.nature.com/articles/nature18933
www.frontiersin.org
www.frontiersin.org
www.frontiersin.org
https://doi.org/10.3389/FPSYG.2019.02670/BIBTEX
https://doi.org/10.3389/FPSYG.2019.02670/BIBTEX
https://doi.org/10.3389/FPSYG.2019.02670/BIBTEX
https://doi.org/10.3389/FPSYG.2019.02670/BIBTEX
https://doi.org/10.3389/FPSYG.2019.02670/BIBTEX
https://doi.org/10.1007/11866763_8
https://doi.org/10.1007/11866763_8
https://doi.org/10.1007/11866763_8
https://doi.org/10.1016/J.CONB.2014.07.013
https://doi.org/10.1016/J.CONB.2014.07.013
https://doi.org/10.1016/J.CONB.2014.07.013
https://doi.org/10.1016/J.CONB.2014.07.013
https://doi.org/10.1016/J.CONB.2014.07.013
https://doi.org/10.1016/J.NEUBIOREV.2017.01.048
https://doi.org/10.1016/J.NEUBIOREV.2017.01.048
https://doi.org/10.1016/J.NEUBIOREV.2017.01.048
https://doi.org/10.1016/J.NEUBIOREV.2017.01.048
https://doi.org/10.1016/J.NEUBIOREV.2017.01.048
https://doi.org/10.1111/TOPS.12728
https://doi.org/10.1111/TOPS.12728
https://doi.org/10.1111/TOPS.12728
https://doi.org/10.1111/TOPS.12728
https://onlinelibrary.wiley.com/doi/full/10.1111/tops.12728
https://onlinelibrary.wiley.com/doi/full/10.1111/tops.12728
https://onlinelibrary.wiley.com/doi/full/10.1111/tops.12728
https://onlinelibrary.wiley.com/doi/full/10.1111/tops.12728
https://onlinelibrary.wiley.com/doi/full/10.1111/tops.12728
https://onlinelibrary.wiley.com/doi/full/10.1111/tops.12728
https://onlinelibrary.wiley.com/doi/full/10.1111/tops.12728
https://doi.org/10.1098/rstb.2007.2089
https://doi.org/10.1098/rstb.2007.2089
https://doi.org/10.1098/rstb.2007.2089
https://doi.org/10.1098/rstb.2007.2089
https://doi.org/10.1016/j.tics.2017.03.008
https://doi.org/10.1016/j.tics.2017.03.008
https://doi.org/10.1016/j.tics.2017.03.008
https://doi.org/10.1016/j.tics.2017.03.008
https://doi.org/10.1016/j.tics.2017.03.008
https://doi.org/10.1016/J.COGNITION.2018.06.018
https://doi.org/10.1016/J.COGNITION.2018.06.018
https://doi.org/10.1016/J.COGNITION.2018.06.018
https://doi.org/10.1016/J.COGNITION.2018.06.018
https://doi.org/10.1016/J.COGNITION.2018.06.018
https://dx.doi.org/10.1162/jocn.2008.20148
https://dx.doi.org/10.1162/jocn.2008.20148
https://dx.doi.org/10.1162/jocn.2008.20148
https://dx.doi.org/10.1162/jocn.2008.20148
https://dx.doi.org/10.1162/jocn.2008.20148
https://doi.org/10.1016/J.COGNITION.2003.10.011
https://doi.org/10.1016/J.COGNITION.2003.10.011
https://doi.org/10.1016/J.COGNITION.2003.10.011
https://doi.org/10.1016/J.COGNITION.2003.10.011
https://doi.org/10.1016/J.COGNITION.2003.10.011
https://doi.org/10.1038/nrn2113
https://doi.org/10.1038/nrn2113
https://doi.org/10.1038/nrn2113
https://doi.org/10.1038/nrn2113
https://www.nature.com/articles/nrn2113
https://www.nature.com/articles/nrn2113
https://www.nature.com/articles/nrn2113
https://www.nature.com/articles/nrn2113
https://www.nature.com/articles/nrn2113
https://www.nature.com/articles/nrn2113
https://doi.org/10.5334/joc.340
https://doi.org/10.5334/joc.340
https://doi.org/10.5334/joc.340
https://doi.org/10.5334/joc.340
https://doi.org/10.6084/m9.figshare.3501911.v5
https://doi.org/10.6084/m9.figshare.3501911.v5
https://doi.org/10.6084/m9.figshare.3501911.v5
https://doi.org/10.6084/m9.figshare.3501911.v5
https://doi.org/10.6084/m9.figshare.3501911.v5
https://doi.org/10.6084/m9.figshare.3501911.v5
https://figshare.com/articles/dataset/HCP-MMP1_0_projected_on_MNI2009a_GM_volumetric_in_NIfTI_format/3501911
https://figshare.com/articles/dataset/HCP-MMP1_0_projected_on_MNI2009a_GM_volumetric_in_NIfTI_format/3501911
https://figshare.com/articles/dataset/HCP-MMP1_0_projected_on_MNI2009a_GM_volumetric_in_NIfTI_format/3501911
https://figshare.com/articles/dataset/HCP-MMP1_0_projected_on_MNI2009a_GM_volumetric_in_NIfTI_format/3501911
https://figshare.com/articles/dataset/HCP-MMP1_0_projected_on_MNI2009a_GM_volumetric_in_NIfTI_format/3501911
https://figshare.com/articles/dataset/HCP-MMP1_0_projected_on_MNI2009a_GM_volumetric_in_NIfTI_format/3501911
https://figshare.com/articles/dataset/HCP-MMP1_0_projected_on_MNI2009a_GM_volumetric_in_NIfTI_format/3501911
https://figshare.com/articles/dataset/HCP-MMP1_0_projected_on_MNI2009a_GM_volumetric_in_NIfTI_format/3501911
https://figshare.com/articles/dataset/HCP-MMP1_0_projected_on_MNI2009a_GM_volumetric_in_NIfTI_format/3501911
https://figshare.com/articles/dataset/HCP-MMP1_0_projected_on_MNI2009a_GM_volumetric_in_NIfTI_format/3501911
https://figshare.com/articles/dataset/HCP-MMP1_0_projected_on_MNI2009a_GM_volumetric_in_NIfTI_format/3501911
https://figshare.com/articles/dataset/HCP-MMP1_0_projected_on_MNI2009a_GM_volumetric_in_NIfTI_format/3501911
https://figshare.com/articles/dataset/HCP-MMP1_0_projected_on_MNI2009a_GM_volumetric_in_NIfTI_format/3501911
https://figshare.com/articles/dataset/HCP-MMP1_0_projected_on_MNI2009a_GM_volumetric_in_NIfTI_format/3501911
https://figshare.com/articles/dataset/HCP-MMP1_0_projected_on_MNI2009a_GM_volumetric_in_NIfTI_format/3501911
https://figshare.com/articles/dataset/HCP-MMP1_0_projected_on_MNI2009a_GM_volumetric_in_NIfTI_format/3501911
https://doi.org/10.1016/J.NEUROPSYCHOLOGIA.2017.01.001
https://doi.org/10.1146/ANNUREV-NEURO-110920-013544/1
https://doi.org/10.1146/ANNUREV-NEURO-110920-013544/1
https://doi.org/10.1146/ANNUREV-NEURO-110920-013544/1
https://doi.org/10.1146/ANNUREV-NEURO-110920-013544/1
https://doi.org/10.1146/ANNUREV-NEURO-110920-013544/1
https://www.annualreviews.org/content/journals/10.1146/annurev-neuro-110920-013544
https://www.annualreviews.org/content/journals/10.1146/annurev-neuro-110920-013544
https://www.annualreviews.org/content/journals/10.1146/annurev-neuro-110920-013544
https://www.annualreviews.org/content/journals/10.1146/annurev-neuro-110920-013544
https://www.annualreviews.org/content/journals/10.1146/annurev-neuro-110920-013544
https://www.annualreviews.org/content/journals/10.1146/annurev-neuro-110920-013544
https://www.annualreviews.org/content/journals/10.1146/annurev-neuro-110920-013544
https://www.annualreviews.org/content/journals/10.1146/annurev-neuro-110920-013544
https://doi.org/10.3389/FNSYS.2015.00023/ABSTRACT
https://doi.org/10.3389/FNSYS.2015.00023/ABSTRACT
https://doi.org/10.3389/FNSYS.2015.00023/ABSTRACT
https://doi.org/10.3389/FNSYS.2015.00023/ABSTRACT
https://doi.org/10.3389/FNSYS.2015.00023/ABSTRACT
www.frontiersin.org
www.frontiersin.org
www.frontiersin.org
https://doi.org/10.1093/cercor/bhaa205
https://doi.org/10.1093/cercor/bhaa205
https://doi.org/10.1093/cercor/bhaa205
https://doi.org/10.1093/cercor/bhaa205
https://doi.org/10.1093/cercor/bhaa205
https://doi.org/10.1016/J.BANDL.2013.09.011
https://doi.org/10.1016/J.BANDL.2013.09.011
https://doi.org/10.1016/J.BANDL.2013.09.011
https://doi.org/10.1016/J.BANDL.2013.09.011
https://doi.org/10.1016/J.BANDL.2013.09.011
https://doi.org/10.1146/annurev-linguistics-011619-030326
https://doi.org/10.1146/annurev-linguistics-011619-030326
https://doi.org/10.1146/annurev-linguistics-011619-030326
https://doi.org/10.1146/annurev-linguistics-011619-030326
https://doi.org/10.1146/annurev-linguistics-011619-030326
https://doi.org/10.1016/j.tics.2017.11.006
https://doi.org/10.1016/j.tics.2017.11.006
https://doi.org/10.1016/j.tics.2017.11.006
https://doi.org/10.1016/j.tics.2017.11.006
https://doi.org/10.1016/j.tics.2017.11.006
https://doi.org/10.1016/j.neuroimage.2011.05.043
https://doi.org/10.1016/j.neuroimage.2011.05.043
https://doi.org/10.1016/j.neuroimage.2011.05.043
https://doi.org/10.1016/j.neuroimage.2011.05.043
https://doi.org/10.1016/j.neuroimage.2011.05.043
https://doi.org/10.1038/s41598-017-17702-6
https://doi.org/10.1038/s41598-017-17702-6
https://doi.org/10.1038/s41598-017-17702-6
https://doi.org/10.1038/s41598-017-17702-6
https://www.nature.com/articles/s41598-017-17702-6
https://www.nature.com/articles/s41598-017-17702-6
https://www.nature.com/articles/s41598-017-17702-6
https://www.nature.com/articles/s41598-017-17702-6
https://www.nature.com/articles/s41598-017-17702-6
https://www.nature.com/articles/s41598-017-17702-6
https://doi.org/10.1016/J.NEUROIMAGE.2010.07.034
https://doi.org/10.1016/J.NEUROIMAGE.2010.07.034
https://doi.org/10.1016/J.NEUROIMAGE.2010.07.034
https://doi.org/10.1016/J.NEUROIMAGE.2010.07.034
https://doi.org/10.1016/J.NEUROIMAGE.2010.07.034
https://doi.org/10.1016/J.NEUROIMAGE.2020.116633
https://doi.org/10.1016/J.NEUROIMAGE.2020.116633
https://doi.org/10.1016/J.NEUROIMAGE.2020.116633
https://doi.org/10.1016/J.NEUROIMAGE.2020.116633
https://doi.org/10.1016/J.NEUROIMAGE.2020.116633
https://doi.org/10.1073/pnas.0907307107
https://doi.org/10.1073/pnas.0907307107
https://doi.org/10.1073/pnas.0907307107
https://doi.org/10.1073/pnas.0907307107
https://doi.org/10.1038/nrn.2016.150
https://doi.org/10.1038/nrn.2016.150
https://doi.org/10.1038/nrn.2016.150
https://doi.org/10.1038/nrn.2016.150
https://www.nature.com/articles/nrn.2016.150
https://www.nature.com/articles/nrn.2016.150
https://www.nature.com/articles/nrn.2016.150
https://www.nature.com/articles/nrn.2016.150
https://www.nature.com/articles/nrn.2016.150
https://www.nature.com/articles/nrn.2016.150


16 | Balboni et al.

Levinson SC, Holler J. 2014. The origin of human multi-
modal communication. Phil Trans R Soc B, Biol Sci. 369:
20130302. https://doi.org/10.1098/RSTB.2013.0302 [accessed 2024
Aug 5]. https://royalsocietypublishing.org/doi/10.1098/rstb.2013.
0302.

Libertus K, Violi DA. 2016. Sit to talk: relation between motor skills
and language development in infancy. Front Psychol. 7:187259.
https://doi.org/10.3389/FPSYG.2016.00475/BIBTEX [accessed
2024 Aug 23]. www.frontiersin.org.

Lutkenhoff ES et al. 2014. Optimized brain extraction for pathologi-
cal brains (optiBET). PLoS One. 9:e115551. https://doi.org/10.1371/
journal.pone.0115551.

Lyon GR, Shaywitz SE, Bennett AS. 2003. A Definition of Dyslexia
Ann Dyslexia. 53:1–14. https://doi.org/10.1002/9781118660584.
ese0145.

Mahowald K, Fedorenko E. 2016. Reliable individual-level neural
markers of high-level language processing: a necessary precursor
for relating neural variability to behavioral and genetic
variability. Neuroimage. 139:74–93. https://doi.org/10.1016/J.
NEUROIMAGE.2016.05.073.

Majid A, Bowerman M, Kita S, Haun DBM, Levinson SC. 2004. Can
language restructure cognition? The case for space. Trends Cogn
Sci. 8:108–114. https://doi.org/10.1016/j.tics.2004.01.003.

Makris N et al. 2006. Decreased volume of left and total anterior
insular lobule in schizophrenia. Schizophr Res. 83:155–171. https://
doi.org/10.1016/j.schres.2005.11.020.

Malik-Moraleda S et al. 2022. An investigation across 45 languages
and 12 language families reveals a universal language net-
work. Nature Neuroscience. 25:1014–1019. https://doi.org/10.1038/
s41593-022-01114-5 [accessed 2022 Jul 28]. https://www.nature.
com/articles/s41593-022-01114-5.

Marchand-Krynski M-È, Morin-Moncet O, Bélanger A-M, Beauchamp
MH, Leonard G. 2017. Shared and differentiated motor skill
impairments in children with dyslexia and/or attention deficit
disorder: from simple to complex sequential coordination. PLoS
One. 12:e0177490. https://doi.org/10.1371/journal.pone.0177490.

McClelland JL, Mirman D, Holt LL. 2006. Are there interactive pro-
cesses in speech perception? Trends Cogn Sci. 10:363–369. https://
doi.org/10.1016/j.tics.2006.06.007.

McIntosh AR, Lobaugh NJ. 2003. Partial least squares analysis of neu-
roimaging data: applications and advances. Neuroimage. 23:S250–
S263.

McNorgan C, Awati N, Desroches AS, Booth JR. 2014. Multi-
modal lexical processing in auditory cortex is literacy skill
dependent. Cereb Cortex. 24:2464–2475. https://doi.org/10.1093/
CERCOR/BHT100 [accessed 2024 Aug 19].

Mihalik A et al. 2022. Canonical correlation analysis and partial least
squares for identifying brain–behavior associations: a tutorial
and a comparative study. Biol Psychiatry Cogn Neurosci Neuroimag-
ing. 7:1055–1067. https://doi.org/10.1016/J.BPSC.2022.07.012.

Munakata Y, Pfaffly J. 2004. Hebbian learning and develop-
ment. Dev Sci. 7:141–148. https://doi.org/10.1111/j.1467-7687.
2004.00331.x.

Nardo D, Reiterer SM. 2009. Musicality and phonetic language
aptitude. In: Dogil G RS, editor. Language talent and brain activ-
ity. Berlin-NewYork: Mouton De Gruyter. p. 213–256, https://doi.
org/10.1515/9783110215496.213.

Nayak S et al. 2022. The musical abilities, pleiotropy, language, and
environment (MAPLE) framework for understanding musicality-
language links across the lifespan. Neurobiol Lang. 3:615–664.
https://doi.org/10.1162/NOL_A_00079 [accessed 2024 Aug 15].

Overy K. 2003. Dyslexia and music. Ann N Y Acad Sci. 999:
497–505. https://doi.org/10.1196/ANNALS.1284.060 [accessed

2025 Mar 28]. https://onlinelibrary.wiley.com/doi/full/10.1196/
annals.1284.060.

Overy K, Nicolson RI, Fawcett AJ, Clarke EF. 2003. Dyslexia and music:
measuring musical timing skills. Dyslexia. 9:18–36. https://doi.
org/10.1002/dys.233.

Pallier C, Devauchelle AD, Dehaene S. 2011. Cortical representation
of the constituent structure of sentences. Proc Natl Acad Sci USA.
108:2522–2527. https://doi.org/10.1073/pnas.1018711108.

Penolazzi B, Hauk O, Pulvermüller F. 2007. Early semantic con-
text integration and lexical access as revealed by event-related
brain potentials. Biol Psychol. 74:374–388. https://doi.org/10.1016/
J.BIOPSYCHO.2006.09.008.

Preston JL et al. 2016. Print-speech convergence predicts future
reading outcomes in early readers. Psychol Sci. 27:75–84. https://
doi.org/10.1177/0956797615611921.

Price CJ. 2012. A review and synthesis of the first 20 years
of PET and fMRI studies of heard speech, spoken language
and reading. Neuroimage. 62:816–847. https://doi.org/10.1016/J.
NEUROIMAGE.2012.04.062.

Pruim RHR, Mennes M, Buitelaar JK, Beckmann CF. 2015. Evaluation
of ICA-AROMA and alternative strategies for motion artifact
removal in resting state fMRI. Neuroimage. 112:278–287. https://
doi.org/10.1016/J.NEUROIMAGE.2015.02.063.

Purpura DJ, Lonigan CJ. 2013. Informal numeracy skills: the struc-
ture and relations among numbering, relations, and arithmetic
operations in preschool. Am Educ Res J. 50:178–209. https://doi.
org/10.3102/0002831212465332.

Rampinini A, Balboni I, Golestani N, Berthele R. 2024. A behavioural
exploration of language aptitude and experience, cognition and
more using graph analysis. Brain Res. 1842:149109. https://doi.
org/10.1016/J.BRAINRES.2024.149109.

Rauschecker JP. 2012. Ventral and dorsal streams in the evolution
of speech and language. Front Evol Neurosci. 4:18154. https://doi.
org/10.3389/FNEVO.2012.00007/BIBTEX [accessed 2025 Mar 11].
www.frontiersin.org.

Rauschecker JP, Scott SK. 2009. Maps and streams in the audi-
tory cortex: nonhuman primates illuminate human speech pro-
cessing. Nature Neuroscience 2009:12:6. 12:718–724. https://doi.
org/10.1038/nn.2331 [accessed 2025 Mar 11]. https://www.nature.
com/articles/nn.2331.

Rauschecker JP, Scott SK. 2016. Pathways and streams in the auditory
cortex: an update on how work in nonhuman primates has
contributed to our understanding of human speech processing.
In: Hickok G, Small SL, editors. Neurobiology of language. Aca-
demic Press, Cambridge (MA), 287–298. https://doi.org/10.1016/
B978-0-12-407794-2.00024-9.

Rolka EJ, Silverman MJ. 2015. A systematic review of music
and dyslexia. Arts Psychother. 46:24–32. https://doi.org/10.1016/j.
aip.2015.09.002.

Rothmayr C et al. 2011. Common and distinct neural networks
for false-belief reasoning and inhibitory control. Neuroimage. 56:
1705–1713. https://doi.org/10.1016/J.NEUROIMAGE.2010.12.052.

Rueckl JG et al. 2015. Universal brain signature of proficient reading:
evidence from four contrasting languages. Proc Natl Acad Sci USA.
112:15510–15515. https://doi.org/10.1073/pnas.1509321112.

Ruland SH et al. 2022. The inferior frontal sulcus: cortical segrega-
tion, molecular architecture and function. Cortex. 153:235–256.
https://doi.org/10.1016/J.CORTEX.2022.03.019.

Rutten S, Santoro R, Hervais-Adelman A, Formisano E, Golestani
N. 2019. Cortical encoding of speech enhances task-relevant
acoustic information. Nat Hum Behav. 3:974–987. https://doi.
org/10.1038/s41562-019-0648-9 [accessed 2024 Sep 6]. https://
www.nature.com/articles/s41562-019-0648-9.

D
ow

nloaded from
 https://academ

ic.oup.com
/cercor/article/35/8/bhaf231/8250007 by guest on 16 Septem

ber 2025

https://doi.org/10.1098/RSTB.2013.0302
https://doi.org/10.1098/RSTB.2013.0302
https://doi.org/10.1098/RSTB.2013.0302
https://doi.org/10.1098/RSTB.2013.0302
http://dx.doi.org/10.1098/rstb.2013.0302
https://doi.org/10.3389/FPSYG.2016.00475/BIBTEX
https://doi.org/10.3389/FPSYG.2016.00475/BIBTEX
https://doi.org/10.3389/FPSYG.2016.00475/BIBTEX
https://doi.org/10.3389/FPSYG.2016.00475/BIBTEX
https://doi.org/10.3389/FPSYG.2016.00475/BIBTEX
www.frontiersin.org
www.frontiersin.org
www.frontiersin.org
https://doi.org/10.1371/journal.pone.0115551
https://doi.org/10.1371/journal.pone.0115551
https://doi.org/10.1371/journal.pone.0115551
https://doi.org/10.1371/journal.pone.0115551
https://doi.org/10.1371/journal.pone.0115551
https://doi.org/10.1002/9781118660584.ese0145
https://doi.org/10.1002/9781118660584.ese0145
https://doi.org/10.1002/9781118660584.ese0145
https://doi.org/10.1002/9781118660584.ese0145
https://doi.org/10.1016/J.NEUROIMAGE.2016.05.073
https://doi.org/10.1016/J.NEUROIMAGE.2016.05.073
https://doi.org/10.1016/J.NEUROIMAGE.2016.05.073
https://doi.org/10.1016/J.NEUROIMAGE.2016.05.073
https://doi.org/10.1016/J.NEUROIMAGE.2016.05.073
https://doi.org/10.1016/j.tics.2004.01.003
https://doi.org/10.1016/j.tics.2004.01.003
https://doi.org/10.1016/j.tics.2004.01.003
https://doi.org/10.1016/j.tics.2004.01.003
https://doi.org/10.1016/j.tics.2004.01.003
https://doi.org/10.1016/j.schres.2005.11.020
https://doi.org/10.1016/j.schres.2005.11.020
https://doi.org/10.1016/j.schres.2005.11.020
https://doi.org/10.1016/j.schres.2005.11.020
https://doi.org/10.1016/j.schres.2005.11.020
https://doi.org/10.1038/s41593-022-01114-5
https://doi.org/10.1038/s41593-022-01114-5
https://doi.org/10.1038/s41593-022-01114-5
https://doi.org/10.1038/s41593-022-01114-5
https://www.nature.com/articles/s41593-022-01114-5
https://www.nature.com/articles/s41593-022-01114-5
https://www.nature.com/articles/s41593-022-01114-5
https://www.nature.com/articles/s41593-022-01114-5
https://www.nature.com/articles/s41593-022-01114-5
https://www.nature.com/articles/s41593-022-01114-5
https://doi.org/10.1371/journal.pone.0177490
https://doi.org/10.1371/journal.pone.0177490
https://doi.org/10.1371/journal.pone.0177490
https://doi.org/10.1371/journal.pone.0177490
https://doi.org/10.1371/journal.pone.0177490
https://doi.org/10.1016/j.tics.2006.06.007
https://doi.org/10.1016/j.tics.2006.06.007
https://doi.org/10.1016/j.tics.2006.06.007
https://doi.org/10.1016/j.tics.2006.06.007
https://doi.org/10.1016/j.tics.2006.06.007
https://doi.org/10.1093/CERCOR/BHT100
https://doi.org/10.1093/CERCOR/BHT100
https://doi.org/10.1093/CERCOR/BHT100
https://doi.org/10.1093/CERCOR/BHT100
https://doi.org/10.1093/CERCOR/BHT100
https://doi.org/10.1016/J.BPSC.2022.07.012
https://doi.org/10.1016/J.BPSC.2022.07.012
https://doi.org/10.1016/J.BPSC.2022.07.012
https://doi.org/10.1016/J.BPSC.2022.07.012
https://doi.org/10.1016/J.BPSC.2022.07.012
https://doi.org/10.1111/j.1467-7687.2004.00331.x
https://doi.org/10.1515/9783110215496.213
https://doi.org/10.1515/9783110215496.213
https://doi.org/10.1515/9783110215496.213
https://doi.org/10.1162/NOL_A_00079
https://doi.org/10.1162/NOL_A_00079
https://doi.org/10.1162/NOL_A_00079
https://doi.org/10.1162/NOL_A_00079
https://doi.org/10.1162/NOL_A_00079
https://doi.org/10.1196/ANNALS.1284.060
https://doi.org/10.1196/ANNALS.1284.060
https://doi.org/10.1196/ANNALS.1284.060
https://doi.org/10.1196/ANNALS.1284.060
10.1196/annals.1284.060
10.1196/annals.1284.060
https://doi.org/10.1002/dys.233
https://doi.org/10.1002/dys.233
https://doi.org/10.1002/dys.233
https://doi.org/10.1002/dys.233
https://doi.org/10.1073/pnas.1018711108
https://doi.org/10.1073/pnas.1018711108
https://doi.org/10.1073/pnas.1018711108
https://doi.org/10.1073/pnas.1018711108
https://doi.org/10.1016/J.BIOPSYCHO.2006.09.008
https://doi.org/10.1016/J.BIOPSYCHO.2006.09.008
https://doi.org/10.1016/J.BIOPSYCHO.2006.09.008
https://doi.org/10.1016/J.BIOPSYCHO.2006.09.008
https://doi.org/10.1016/J.BIOPSYCHO.2006.09.008
https://doi.org/10.1177/0956797615611921
https://doi.org/10.1177/0956797615611921
https://doi.org/10.1177/0956797615611921
https://doi.org/10.1016/J.NEUROIMAGE.2012.04.062
https://doi.org/10.1016/J.NEUROIMAGE.2012.04.062
https://doi.org/10.1016/J.NEUROIMAGE.2012.04.062
https://doi.org/10.1016/J.NEUROIMAGE.2012.04.062
https://doi.org/10.1016/J.NEUROIMAGE.2012.04.062
https://doi.org/10.1016/J.NEUROIMAGE.2015.02.063
https://doi.org/10.1016/J.NEUROIMAGE.2015.02.063
https://doi.org/10.1016/J.NEUROIMAGE.2015.02.063
https://doi.org/10.1016/J.NEUROIMAGE.2015.02.063
https://doi.org/10.1016/J.NEUROIMAGE.2015.02.063
https://doi.org/10.3102/0002831212465332
https://doi.org/10.3102/0002831212465332
https://doi.org/10.3102/0002831212465332
https://doi.org/10.1016/J.BRAINRES.2024.149109
https://doi.org/10.1016/J.BRAINRES.2024.149109
https://doi.org/10.1016/J.BRAINRES.2024.149109
https://doi.org/10.1016/J.BRAINRES.2024.149109
https://doi.org/10.1016/J.BRAINRES.2024.149109
https://doi.org/10.3389/FNEVO.2012.00007/BIBTEX
https://doi.org/10.3389/FNEVO.2012.00007/BIBTEX
https://doi.org/10.3389/FNEVO.2012.00007/BIBTEX
https://doi.org/10.3389/FNEVO.2012.00007/BIBTEX
https://doi.org/10.3389/FNEVO.2012.00007/BIBTEX
https://doi.org/10.1038/nn.2331
https://doi.org/10.1038/nn.2331
https://doi.org/10.1038/nn.2331
https://doi.org/10.1038/nn.2331
https://www.nature.com/articles/nn.2331
https://www.nature.com/articles/nn.2331
https://www.nature.com/articles/nn.2331
https://www.nature.com/articles/nn.2331
https://www.nature.com/articles/nn.2331
https://www.nature.com/articles/nn.2331
https://doi.org/10.1016/B978-0-12-407794-2.00024-9
https://doi.org/10.1016/B978-0-12-407794-2.00024-9
https://doi.org/10.1016/B978-0-12-407794-2.00024-9
https://doi.org/10.1016/B978-0-12-407794-2.00024-9
https://doi.org/10.1016/j.aip.2015.09.002
https://doi.org/10.1016/j.aip.2015.09.002
https://doi.org/10.1016/j.aip.2015.09.002
https://doi.org/10.1016/j.aip.2015.09.002
https://doi.org/10.1016/j.aip.2015.09.002
https://doi.org/10.1016/J.NEUROIMAGE.2010.12.052
https://doi.org/10.1016/J.NEUROIMAGE.2010.12.052
https://doi.org/10.1016/J.NEUROIMAGE.2010.12.052
https://doi.org/10.1016/J.NEUROIMAGE.2010.12.052
https://doi.org/10.1016/J.NEUROIMAGE.2010.12.052
https://doi.org/10.1073/pnas.1509321112
https://doi.org/10.1073/pnas.1509321112
https://doi.org/10.1073/pnas.1509321112
https://doi.org/10.1073/pnas.1509321112
https://doi.org/10.1016/J.CORTEX.2022.03.019
https://doi.org/10.1016/J.CORTEX.2022.03.019
https://doi.org/10.1016/J.CORTEX.2022.03.019
https://doi.org/10.1016/J.CORTEX.2022.03.019
https://doi.org/10.1016/J.CORTEX.2022.03.019
https://doi.org/10.1038/s41562-019-0648-9
https://doi.org/10.1038/s41562-019-0648-9
https://doi.org/10.1038/s41562-019-0648-9
https://doi.org/10.1038/s41562-019-0648-9
https://www.nature.com/articles/s41562-019-0648-9
https://www.nature.com/articles/s41562-019-0648-9
https://www.nature.com/articles/s41562-019-0648-9
https://www.nature.com/articles/s41562-019-0648-9
https://www.nature.com/articles/s41562-019-0648-9
https://www.nature.com/articles/s41562-019-0648-9


Cerebral Cortex, 2025, Vol. 35, Issue 8 | 17

Schell M, Zaccarella E, Friederici AD. 2017. Differential cortical con-
tribution of syntax and semantics: an fMRI study on two-word
phrasal processing. Cortex. 96:105–120. https://doi.org/10.1016/J.
CORTEX.2017.09.002.

Schwering SC, MacDonald MC. 2020. Verbal working memory as
emergent from language comprehension and production. Front
Hum Neurosci. 14:488865. https://doi.org/10.3389/FNHUM.2020.
00068/BIBTEX [accessed 2024 Aug 28]. www.frontiersin.org.

Shankweiler D et al. 2008. Reading differences and brain: cor-
tical integration of speech and print in sentence processing
varies with reader skill. Dev Neuropsychol. 33:745–775. https://doi.
org/10.1080/87565640802418688.

Simmons FR, Singleton C. 2008. Do weak phonological representa-
tions impact on arithmetic development? A review of research
into arithmetic and dyslexia. Dyslexia. 14:77–94. https://doi.
org/10.1002/dys.341.

Singleton D. 2017. Language aptitude: desirable trait or acquirable
attribute? Stud Second Lang Learn Teach. 7:89–103. https://doi.
org/10.14746/ssllt.2017.7.1.5.

Sydnor VJ et al. 2021. Neurodevelopment of the association cortices:
patterns, mechanisms, and implications for psychopathology.
Neuron. 109:2820–2846. https://doi.org/10.1016/J.NEURON.2021.
06.016.

Turker S, Hartwigsen G. 2021. Exploring the neurobiology of reading
through non-invasive brain stimulation: a review. Cortex. 141:
497–521. https://doi.org/10.1016/J.CORTEX.2021.05.001.

Turker S, Reiterer SM. 2021. Brain, musicality, and language aptitude:
a complex interplay. Annu Rev Appl Linguist. 41:95–107. https://
doi.org/10.1017/S0267190520000148.

Turker S, Reiterer SM, Seither-Preisler A, Schneider P. 2017. “When
music speaks”: auditory cortex morphology as a neuroanatom-
ical marker of language aptitude and musicality. Front Psychol.
8:2096. https://doi.org/10.3389/fpsyg.2017.02096.

Turker S, Kuhnke P, Eickhoff SB, Caspers S, Hartwigsen G.
2023. Cortical, subcortical, and cerebellar contributions to lan-
guage processing: a meta-analytic review of 403 neuroimaging
experiments. Psychol Bull. 149:699–723. https://doi.org/10.1037/
BUL0000403.

Udry I, Berthele R. 2021. The smart, the motivated and the
self-confident: The role of language aptitude, cognition, and
affective variables in early instructed foreign language learning.
In: Berthele R, Udry I, editors. Individual differences in early instructed

language learning: the role of language aptitude, cognition, and moti-
vation. Berlin: Language Science Press. (EuroSla Studies Series).
p. 71–90. https://doi.org/10.5281/zenodo.5464749.

Ullman MT. 2004. Contributions of memory circuits to language: the
declarative/procedural model. Cognition. 92:231–270. https://doi.
org/10.1016/j.cognition.2003.10.008.

Ullman MT. 2016. Chapter 76—the declarative/procedural model:
A neurobiological model of language learning, knowledge, and
use. In: Hickok G, Small SL, editors. Neurobiology of language. San
Diego: Academic Press. p. 953–968. https://www.sciencedirect.
com/science/article/pii/B9780124077942000766, https://doi.
org/10.1016/B978-0-12-407794-2.00076-6.

Valian V. 2016. Putting together bilingualism and executive func-
tion. Linguist Approaches Biling. 6:565–574. https://doi.org/10.1075/
lab.15044.val.

van Bergen E et al. 2025. ∗Co-occurrence and causality among
ADHD, dyslexia, and dyscalculia. Psychol Sci. 36:204–217. https://
doi.org/10.1177/09567976241293999.

van Viersen S, Altani A, de Jong PF, Protopapas A. 2024. Between-
word processing and text-level skills contributing to fluent
reading of (non)word lists and text. Read Writ. 38:1–27. https://
doi.org/10.1007/S11145-024-10533-8/TABLES/7 [accessed 2025
Mar 17]. https://link.springer.com/article/10.1007/s11145-024-
10533-8.

Wen Z. 2012. Foreign language aptitude. ELT J. 66:233–235. https://doi.
org/10.1093/elt/ccr068.

Wingfield A, Grossman M. 2006. Language and the aging brain:
patterns of neural compensation revealed by functional brain
imaging. J Neurophysiol. 96:2830–2839. https://doi.org/10.1152/
jn.00628.2006.

Wong PCM, Ettlinger M, Sheppard JP, Gunasekera GM, Dhar S. 2010.
Neuroanatomical characteristics and speech perception in noise
in older adults. Ear Hear. 31:471–479. https://doi.org/10.1097/
AUD.0b013e3181d709c2.

Zaretsky E, Kraljevic JK, Core C, Lencek M. 2009. Literacy predictors
and early reading and spelling skills as a factor of orthogra-
phy: cross-linguistic evidence. Writ Lang Lit. 12:52–81. https://doi.
org/10.1075/wll.12.1.03zar.

Zhou J, Gennatas ED, Kramer JH, Miller BL, Seeley WW. 2012.
Predicting regional neurodegeneration from the healthy brain
functional connectome. Neuron. 73:1216–1227. https://doi.
org/10.1016/j.neuron.2012.03.004.

© The Author(s) 2025. Published by Oxford University Press. This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and
reproduction in any medium, provided the original work is properly cited.
Cerebral Cortex, 2025, 35, bhaf231
https://doi.org/10.1093/cercor/bhaf231
Original Article

D
ow

nloaded from
 https://academ

ic.oup.com
/cercor/article/35/8/bhaf231/8250007 by guest on 16 Septem

ber 2025

https://doi.org/10.1016/J.CORTEX.2017.09.002
https://doi.org/10.1016/J.CORTEX.2017.09.002
https://doi.org/10.1016/J.CORTEX.2017.09.002
https://doi.org/10.1016/J.CORTEX.2017.09.002
https://doi.org/10.1016/J.CORTEX.2017.09.002
https://doi.org/10.3389/FNHUM.2020.00068/BIBTEX
https://doi.org/10.1080/87565640802418688
https://doi.org/10.1080/87565640802418688
https://doi.org/10.1080/87565640802418688
https://doi.org/10.1002/dys.341
https://doi.org/10.1002/dys.341
https://doi.org/10.1002/dys.341
https://doi.org/10.1002/dys.341
https://doi.org/10.14746/ssllt.2017.7.1.5
https://doi.org/10.14746/ssllt.2017.7.1.5
https://doi.org/10.14746/ssllt.2017.7.1.5
https://doi.org/10.14746/ssllt.2017.7.1.5
https://doi.org/10.1016/J.NEURON.2021.06.016
https://doi.org/10.1016/J.CORTEX.2021.05.001
https://doi.org/10.1016/J.CORTEX.2021.05.001
https://doi.org/10.1016/J.CORTEX.2021.05.001
https://doi.org/10.1016/J.CORTEX.2021.05.001
https://doi.org/10.1016/J.CORTEX.2021.05.001
https://doi.org/10.1017/S0267190520000148
https://doi.org/10.1017/S0267190520000148
https://doi.org/10.1017/S0267190520000148
https://doi.org/10.1017/S0267190520000148
https://doi.org/10.3389/fpsyg.2017.02096
https://doi.org/10.3389/fpsyg.2017.02096
https://doi.org/10.3389/fpsyg.2017.02096
https://doi.org/10.3389/fpsyg.2017.02096
https://doi.org/10.1037/BUL0000403
https://doi.org/10.1037/BUL0000403
https://doi.org/10.1037/BUL0000403
https://doi.org/10.1037/BUL0000403
https://doi.org/10.5281/zenodo.5464749
https://doi.org/10.5281/zenodo.5464749
https://doi.org/10.5281/zenodo.5464749
https://doi.org/10.5281/zenodo.5464749
https://doi.org/10.1016/j.cognition.2003.10.008
https://doi.org/10.1016/j.cognition.2003.10.008
https://doi.org/10.1016/j.cognition.2003.10.008
https://doi.org/10.1016/j.cognition.2003.10.008
https://doi.org/10.1016/j.cognition.2003.10.008
https://www.sciencedirect.com/science/article/pii/B9780124077942000766
https://www.sciencedirect.com/science/article/pii/B9780124077942000766
https://www.sciencedirect.com/science/article/pii/B9780124077942000766
https://www.sciencedirect.com/science/article/pii/B9780124077942000766
https://www.sciencedirect.com/science/article/pii/B9780124077942000766
https://www.sciencedirect.com/science/article/pii/B9780124077942000766
https://www.sciencedirect.com/science/article/pii/B9780124077942000766
https://www.sciencedirect.com/science/article/pii/B9780124077942000766
https://doi.org/10.1016/B978-0-12-407794-2.00076-6
https://doi.org/10.1016/B978-0-12-407794-2.00076-6
https://doi.org/10.1016/B978-0-12-407794-2.00076-6
https://doi.org/10.1016/B978-0-12-407794-2.00076-6
https://doi.org/10.1075/lab.15044.val
https://doi.org/10.1075/lab.15044.val
https://doi.org/10.1075/lab.15044.val
https://doi.org/10.1075/lab.15044.val
https://doi.org/10.1075/lab.15044.val
https://doi.org/10.1177/09567976241293999
https://doi.org/10.1177/09567976241293999
https://doi.org/10.1177/09567976241293999
https://doi.org/10.1007/S11145-024-10533-8/TABLES/7
https://doi.org/10.1007/S11145-024-10533-8/TABLES/7
https://doi.org/10.1007/S11145-024-10533-8/TABLES/7
https://doi.org/10.1007/S11145-024-10533-8/TABLES/7
https://doi.org/10.1007/S11145-024-10533-8/TABLES/7
http://dx.doi.org/10.1007/s11145-024-10533-8
https://doi.org/10.1093/elt/ccr068
https://doi.org/10.1093/elt/ccr068
https://doi.org/10.1093/elt/ccr068
https://doi.org/10.1093/elt/ccr068
https://doi.org/10.1093/elt/ccr068
https://doi.org/10.1152/jn.00628.2006
https://doi.org/10.1152/jn.00628.2006
https://doi.org/10.1152/jn.00628.2006
https://doi.org/10.1152/jn.00628.2006
https://doi.org/10.1097/AUD.0b013e3181d709c2
https://doi.org/10.1097/AUD.0b013e3181d709c2
https://doi.org/10.1097/AUD.0b013e3181d709c2
https://doi.org/10.1097/AUD.0b013e3181d709c2
https://doi.org/10.1097/AUD.0b013e3181d709c2
https://doi.org/10.1097/AUD.0b013e3181d709c2
https://doi.org/10.1097/AUD.0b013e3181d709c2
https://doi.org/10.1097/AUD.0b013e3181d709c2
https://doi.org/10.1075/wll.12.1.03zar
https://doi.org/10.1075/wll.12.1.03zar
https://doi.org/10.1075/wll.12.1.03zar
https://doi.org/10.1075/wll.12.1.03zar
https://doi.org/10.1075/wll.12.1.03zar
https://doi.org/10.1016/j.neuron.2012.03.004
https://doi.org/10.1016/j.neuron.2012.03.004
https://doi.org/10.1016/j.neuron.2012.03.004
https://doi.org/10.1016/j.neuron.2012.03.004
https://doi.org/10.1016/j.neuron.2012.03.004
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/cercor/bhaf231

	 Brain activation for language and its relationship to cognitive and linguistic measures
	Introduction
	Methods
	Results
	Discussion
	Conclusion
	Acknowledgments
	Author contributions
	Funding


