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ABSTRACT

Investigating interhemispheric interactions between homologous cortical regions during
language processing is of interest. Despite prevalent left hemisphere lateralisation of language,
the right hemisphere also plays an important role and interhemispheric connectivity is
influenced by language experience and is implicated in second language (L2) acquisition.
Regions involved in language processing have differential connectivity to other cortical regions
and to each other, and play specific roles in language. We examined the interhemispheric
interactions of subregions of the inferior frontal gyrus (areas 44 and 45), the adjacent area
9/46v in the middle frontal gyrus, the superior temporal gyrus (STG) and the posterior inferior
parietal lobule (pIPL) in relation to distinct and specific aspects of L2 learning success. The
results indicated that the connectivity between left and right areas 44 and 9/46v predicted
improvement in sentence repetition, connectivity between left and right area 45 and mid-STG
predicted improvement in auditory comprehension and connectivity between left and right
plIPL predicted improvement in reading speed. We show interhemispheric interactions in the
specific context of facilitating performance in adult L2 acquisition that follow an anterior to
posterior gradient in the brain, and are consistent with the respective roles of these regions in

language processing.
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The notion of involvement of bilateral brain networks in language processing is becoming more
established in the literature. Although leftward asymmetric lateralisation of language in most of
the population is well established (Geschwind 1970; Geschwind & Galaburda 1985; Friederici
2011), the extent of participation of each cerebral hemisphere depends on the nature of the
task (Chang & Lambon Ralph, 2020). An increasing body of research is identifying the role that
the right hemisphere (RH) plays in language (Vigneau et al. 2011; Van Ettinger-Veenstra et al.
2012), especially in the context of second language (L2) learning (see Qi & Legault 2020 for
review). In particular, it is currently thought that the RH is involved in the early stages of L2
learning (Qi et al. 2015; Xiang et al. 2015; Kepinska et al. 2018), when proficiency is lower
(Reiterer et al. 2009; Sebastian et al. 2011). Although much research has been carried out to
characterise the contributions of each cerebral hemisphere to language, it is less well
understood how the two hemispheres communicate with each other to achieve complex
cognitive operations. It is, therefore, of interest to understand how the two hemispheres
communicate and cooperate in the context of language processing and L2 learning (Perrone-

Bertolotti et al. 2013a).

Examining how various brain regions function together to enable specific cognitive processing is
of importance in developing a comprehensive model of language organisation in the brain. The
use of functional Magnetic Resonance Imaging (fMRI) allows us to examine functional
connectivity (FC) between cortical areas by looking at the temporal correlation between the
blood-oxygen-level-dependent (BOLD) signals of specific voxels in brain regions. It is known that

there is strong functional connectivity between homologous regions of the two hemispheres



(Stark et al. 2008; Roland et al. 2017), which is partly preserved even in individuals in whom
there is an absence of the corpus callosum (CC), indicating that homologous regions also
communicate via indirect pathways (Tyszka et al. 2011; Siffredi et al. 2021). Thus,
interhemispheric connectivity refers to regions between the hemispheres that function
together, whether this interaction is mediated by direct anatomical connections or not. There
are competing theories regarding whether the interhemispheric interactions are inhibitory (one
hemisphere inhibiting the other when performing a task) or excitatory (information being
transferred and integrated between the hemispheres to perform certain tasks), with some
agreeing that both may be true depending on the processing demands of the task being carried
out (see van der Knaap & van der Ham 2011; Kasselimis & Nidos 2015, for review). In terms of
functional outcomes of interactions between the hemispheres, it has been established for some
time that interhemispheric interaction can facilitate performance, particularly during
demanding tasks (Banich 1998; Scalf et al. 2009; Holler-Wallscheid et al. 2017). Indeed,
transferring information between the hemispheres, and thus bilateral neural recruitment, may
be advantageous to perform complex cognitive tasks (Kasselimis & Nidos 2015). Thus,
interhemispheric connectivity, as measured by fMRI, may represent the degree of
communication and integration between the hemispheres required for specific functions (Jin et
al. 2020). In the context of the language network, evidence shows that interhemispheric
interactions occur and are beneficial for language processing. Bilateral activations may
represent evidence that information is being integrated between them (van der Knaap & van

der Ham 2011; Vigneau et al. 2011).



Functional connectivity at rest (rsFC) is thought to reflect intrinsic properties of brain regions
communicating and functioning together (Fox & Raichle 2007). Previous studies have linked
rsFC with individual predispositions towards various skills and abilities such as motor learning
(Mary et al. 2017), working memory (Fang et al. 2016; Avery et al. 2020), creativity (Cousijn et
al. 2014; Bashwiner et al. 2020), learning of certain musical aspects (Hou et al. 2015; Lumaca et
al. 2019), different forms of intelligence (Shearer 2020) and language learning (Wang et al.
2012; Ventura-Campos et al. 2013; Chai et al. 2016). In addition, rsFC between homologous
regions in each hemisphere is thought to reflect interhemispheric functional integration (Jin et
al. 2020), and measuring it could inform us about how interhemispheric functional integration
can support cognitive processes, such as learning (Gee et al. 2011; Jin et al. 2020). Thus,
examining the relationship between interhemispheric rsFC and L2 learning success could help
elucidate whether certain individuals with stronger rsFC have an advantage in acquiring various
aspects of a new language. Several studies have examined interhemispheric interaction in the
specific context of facilitating performance, including language proficiency. One meta-analysis
looking at the link between interhemispheric interaction and language proficiency reported
that RH activation during phonological and lexico-semantic processing mainly occurred at the
same time as LH activation, indicating some level of interhemispheric interaction (Vigneau et al.
2011). In addition, studies in healthy children have shown that higher interhemispheric FC is
related to verbal fluency and vocabulary (Bartha-Doering et al. 2021a) and, furthermore,
children with agenesis of the CC exhibit reduced interhemispheric connectivity and lower verbal
abilities (Bartha-Doering et al. 2021b). There is also evidence linking bilingual experience with

interhemispheric interaction, in terms of behaviour (divided visual field experiment, lbrahim


about:blank

2009), structural connectivity (Coggins lll et al. 2004, Felton et al. 2017), and functional
connectivity (Berken et al. 2016). These studies highlight the link between the strength of
interhemispheric interaction and proficiency in a second language. Structural connectivity
findings indicate that the anterior mid-section of the CC is larger in bilingual individuals than
monolingual individuals (Coggins Ill et al. 2004; Felton et al. 2017) and rsFC has been found to
be stronger between the left and right inferior frontal gyrus (IFG) in bilinguals who acquired
their L2 earlier (Berken et al. 2016). Furthermore, a few studies have shown that
interhemispheric interactions relate to L2 acquisition ability and influence the acquisition
process (Veroude et al. 2010; Schlegel et al. 2012; Xiang et al. 2012; Qi et al. 2019). In terms of
structural connectivity, Xiang et al. (2012) report that some aspects of language ability are
mediated by interhemispheric connectivity between the left and right IFG, and Schlegel et al.
(2012) found that second language learners of Chinese showed increases in Fractional
Anisotropy (FA) in the genu of the CC after language training. In terms of functional
connectivity, Veroude et al. (2010) reported stronger post-learning increases in FC between the
supramarginal gyri in the left and right hemispheres for better learners, while Qi et al. (2019)
found increases in rsFC between the left and right IFGs post-learning. Although these studies
provide evidence of the importance of interhemispheric connectivity in language learning,
specific investigations into the role of interhemispheric interactions in various aspects of
language are still lacking, and much remains to be understood concerning the role of

connectivity between specific regions.



The present study aimed to investigate the facilitative and predictive role of intrinsic
interhemispheric interaction in second language learning by examining interhemispheric
connectivity of several perisylvian brain regions in relation to different aspects of language.
Although previous studies have reported changes in interhemispheric connectivity as a result of
L2 learning (Veroude et al. 2010; Schlegel et al. 2012; Qi et al. 2019), the focus of the present
investigation is on predicting L2 learning success based on the connectivity between the
hemispheres. Specifically, we were interested in examining the distinct contributions of
language-related regions in the inferior frontal lobe, namely area 44 in the pars opercularis and
area 45 in the pars triangularis of the IFG, area 9/46v in the middle frontal gyrus (MFG), as well
as the superior temporal gyrus (STG) and the posterior inferior parietal lobule (pIPL) that
includes the angular gyrus (AG). These regions are of interest because of their established roles
in specific aspects of language. We were particularly interested in investigating different parts
of the ventrolateral frontal language region separately, as studies often treat this region as a
whole (Xiang et al. 2010), despite evidence that it is composed of distinct cytoarchitectonic
areas with differential contribution to language. It is known that area 44 is involved in
phonological processing (Heim et al. 2009; Church et al. 2011), articulatory aspects of speech
production (Heim et al. 2008; Price 2010; Clos et al. 2013) and phonological working memory
(Zurowski et al. 2002), and is strongly connected to area 9/46v (see case 6 in Petrides & Pandya
2002). Areas 46 and 9/46 on the middle frontal gyrus are involved in the monitoring of
information in working memory (Petrides 2002) and, given the strong connectivity of 9/46v
with area 44 and the adjacent ventral premotor cortex, this specific part of the mid-dorsolateral

frontal cortex may be involved in monitoring the articulatory aspects of speech in working
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memory. On the other hand, there is evidence that area 45 is involved in the active controlled
retrieval of information from memory (Klein et al. 1995; Petrides et al. 1995; Heim et al. 2009)
and certain aspects of semantic processing (Dapretto & Bookheimer 1999; Gough et al. 2005;
Hagoort 2005; Mainy et al. 2007). Area 45 is connected via the Extreme Capsule Fasciculus (ECF)
to the middle part of the STG (mSTG) (Petrides & Pandya 1988; Petrides 2014) that plays a role
in language comprehension (Friederici 2002; Friederici et al. 2003), particularly spoken
language given the involvement of the STG in auditory processing. Finally, the role of the AG in
the pIPL in reading has been well established (Seghier 2012), including in relation to language
comprehension (Price & Mechelli 2005; Graves et al. 2010), semantic processing (Seghier 2012)
and learning to read (Carreiras et al. 2009), as well as predicting improvement in reading speed

in an L2 (Barbeau et al. 2017).

We selected three distinct measures of L2 learning: 1) Repetition of orally presented sentences
as reflected in the percent of words correctly repeated in terms of grammar and pronunciation.
This measure involves both speech production and monitoring of the articulatory speech
output in working memory and is predicted to engage areas 44 and 9/46v. 2) Listening
comprehension which requires listening to a story and answering comprehension questions,
thus involving auditory comprehension and retrieval of information from memory and is
predicted to engage area 45 and the mSTG. Finally, 3) reading speed (Dehaene et al. 2010),
reflected in the number of words per minute in a passage read aloud by participants, which
requires sufficient understanding of meaning through reading, involving the pIPL. We

hypothesised that intrinsic interhemispheric rsFC in each of these regions of interest (ROIs)



would facilitate L2 learning and, therefore, would predict behavioural improvement related to

these specific areas of language processing.

METHODS

Participants

We recruited 18 participants (mean age 20.8 years + 3.9, range 17-32, 12 females) from a
French language-learning course. The course was a university-level course for beginners offered
by the McGill French Language Centre, consisting of approximately 80 h of training over one or
two semesters, focusing on grammar, writing, comprehension, and discussion of both audio
passages and written documents to provide comprehensive training. The inclusion criteria for
the study were right-handedness, normal or corrected-to-normal vision, no reported hearing
impairments, no history of traumatic brain injury, neurological disorders, or conditions
incompatible with MRI scanning, as well as having no advanced musical training, because of the
known link between musical training and language ability (see Milovanov & Tervaniemi 2011
and Jancke 2012 for review). Advanced musical training was defined as being a professional or
expert musician; participants who did have musical training received it in primary or high
school, and of those, none still regularly played at the time of testing. At the time of the study,
all participants were McGill University students, studying in English, and were beginner French
learners. The participants included two subgroups whose native (L1) languages were American
English (n=10) or Mandarin (n=8) with English being the second language (L2). These
participants were selected because they were the largest, most homogeneous groups of eligible

participants. Proficiency in a language other than English or Mandarin was an exclusion



criterion. No group differences were found in working memory and general intelligence,
measured by the Digit Span, Letter-Number Sequencing, and Matrix Reasoning subtests of the
WAIS-IV (Wechsler Adult Intelligence Scale; Wechsler 2008), or in behavioural improvement or
rsFC (see Table 1) and, therefore, participants were treated as a single group for all analyses.
The present study was approved by the Research Ethics Board of the Montreal Neurological

Institute (MNI) and the participants gave informed written consent.

Language tasks

Language abilities were assessed at two time points, pre- (time 1) and post- (time 2) language
training, i.e. prior to and after completion of the French language course, in both English
(control language) and French (trained language). The sentence repetition task was the
Recalling Sentences subtest of the Clinical Evaluation of Language Fundamentals (4th edition)
(Semel et al. 2003). The examiner read 24 sentences aloud, one at a time, to the participants,
who repeated each one immediately after hearing it. The responses were recorded and then
transcribed in order to calculate the percentage of words correctly repeated (i.e. pronounced
comprehensibly and in the correct order in the sentence); the average of all 24 sentences was
taken as the sentence repetition score. The transcription was scored by a native Quebec French
speaker for accuracy of reproduction, and the scoring was then verified by a second native
French speaker with overlap in agreement between raters. The listening comprehension task
consisted of auditory presentation of a story followed by 17 comprehension questions about
the story (Story Learning and Memory test, adapted versions in English and French from tests in

use at the Montreal Neurological Institute (MNI), Wechsler 1987). Participants’ responses were
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recorded, and a score was calculated as the percentage of questions answered correctly
(content). The reading speed score was the number of words read per minute from another
passage also taken from the same Story Learning and Memory test. Each measure was
calculated from French and English versions of the tests at time 1 and time 2, and the
difference between the two time points was used as a measure of improvement for each

language.

Imaging

Acquisition

Imaging data were acquired before the start of the French course (time 1) on a Siemens 3 Tesla
MAGNETOM Prisma scanner at the McConnell Brain Imaging Centre of the MNI. Resting-state
fMRI data were acquired using multi-band echo-planar imaging (EPI) (acceleration factor = 6,
TR=930ms, TE=30ms, 72 slices 2 mm thick, voxel size= 2 mm?3) for 10 minutes while participants
focused on a fixation cross on the screen. High-resolution T1-weighted images were obtained
using a magnetisation prepared rapid acquisition gradient echo (MPRAGE) sequence (TR =2300

ms; TE = 2.96 ms; flip angle = 9°; 192 slices; voxel size =1 mm?3).

Analysis

The resting-state fMRI data were preprocessed using SPM12 (Wellcome Department of Imaging
Neuroscience, London, UK) using standard preprocessing steps. Images underwent realignment
and unwarping, normalising in MNI space, and smoothing with a 6mm kernel. Motion outlier

images were detected using ART (Artifact Detection Tools) and defined as images that deviated



by more than 3 SDs from the mean image intensity of the session or having composite head
movement exceeding 1 mm from the previous image (Whitfield-Gabrieli & Nieto-Castanon
2012; Nieto-Castanon 2020). Denoising of the fMRI time series and functional connectivity
analysis were performed using the CONN toolbox (Whitfield-Gabrieli and Nieto-Castanon 2012).
Anatomical CompCor method (aCompCor, Behzadi et al. 2007) was applied to reduce
physiological noise in the resting-state data. Specifically, five principal components of the
eroded masks of white matter and CSF were included as regressors in the general linear model
to achieve optimal noise reduction (Chai et al., 2012). A temporal bandpass filter of 0.008-0.09
Hz was applied to the time series. Regressors for outlier timepoints and head motion
parameters were included in the general linear model to account for motion-related artifacts.
An ROI-to-ROI functional connectivity analysis was carried out to examine specific functional
connectivity between the regions of interest and their RH homologues, i.e. the temporal
correlations between the blood oxygen level-dependent (BOLD) signal in a chosen ROI and that
in other target ROIs were computed. Functional connectivity values (Fisher’s Z scores of the
Pearson’s correlation coefficient) between the selected ROIs and their targets were extracted

for each participant.

ROIs

The ROIs were selected based on a priori knowledge of cytoarchitecture and anatomical
connectivity in the ventrolateral frontal cortex (Petrides et al. 2012; Petrides 2014), the
superior temporal gyrus (Petrides and Pandya 1988; Petrides and Pandya 2009; Petrides 2014)

and inferior parietal lobule (Petrides and Pandya 2009; Petrides 2014). We used parcellations of



the IFG pars triangularis (area 45) and pars opercularis (area 44) from the Harvard-Oxford atlas
that is implemented in the Conn toolbox (Whitfield-Gabrieli and Nieto-Castanon 2012). Given
that this atlas has only a parcellation for the whole MFG, and that 9/46v is a specific part of the
MFG, we created a smaller ROl in order to look at its functional connectivity. This ROl was
defined by the inferior frontal sulcus ventrally, the anterior segment of the posterior middle
frontal sulcus anteriorly and the intermediate segment of the posterior middle frontal sulcus
posteriorly (Petrides 2019). In addition, the Harvard-Oxford atlas only has parcellations for the
anterior and posterior STG and therefore we created one for the middle STG. The middle STG
region included the superior temporal sulcus (STS), using Heschl’s gyrus as the posterior limit.
We also created a specific ROl in the posterior part of the inferior parietal lobule (pIPL),
extending from the posterior border of the supramarginal gyrus to the angular gyrus as far as
the angular sulcus (caudal superior temporal sulcus 2nd ramus, ans/csts2) (Petrides 2019),
mostly encompassing the AG as well as the most posterior border of the SMG. The area 9/46v,
mSTG and AG ROIs were hand-drawn within the previously defined limits using the ROl tool in
MRView (Tournier et al. 2019). The ROIs are shown in Figure 1, and their MNI coordinates
(centre of gravity) and volumes can be found in Table 2. Since the interhemispheric connectivity
of the different regions was compared to behavioural improvement and not directly to each
other, the minor differences in volume (which can vary even within an atlas) are not considered
to affect the interpretation of the results. Additional ROIs were created as 6mm spheres for the
left (centre coordinates: -36 -22 56) and right (centre coordinates: 36 -20 58) hand motor

regions as non-language ROIs to serve as control areas.
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Statistical methods

Paired t-tests were conducted to compare performance from time 1 to time 2 for each
behavioural measure. We tested the hypothesised relationships between interhemispheric rsFC
at time 1 and behavioural improvement (time 2—time 1) using Pearson correlations based on
our specific hypotheses. Specifically, we tested the area 45 and mSTG interhemispheric rsFC
values in relation to L2 improvement in listening comprehension, area 44 and 9/46v values in
relation to improvement in L2 sentence repetition and plIPL interhemispheric FC in relation to
improvement in L2 reading speed. The reported p-values for correlations of the hypothesised
rsFC-behavioural improvement relationships of interest are corrected for multiple comparisons
(FDR). Assumptions of level of measurement, linearity, normality and related pairs were met.
Non-parametric testing using the bootstrap method (resampling with replacement with 1000
iterations) was also used to confirm findings, as implemented by the boot function (Davison &
Hinkley 1997; Canty & Ripley 2021) in R (R Core Team 2020). Differences in correlation
coefficients between male and female participants were tested because of some reports of sex
differences in language lateralisation (Bitan et al. 2010; Scheuringer et al. 2020), using Fisher r-

to-z transformations.

RESULTS

Behavioural results

As expected, there was no improvement in the control language, English, between time 1 and

time 2 on any of the behavioural measures (Table 3). However, there was significant



improvement in the language of training, French, after learning, for all three measures, as

shown in Table 3.

* It should be noted that, at the individual level, one participant has a negative improvement
score for sentence repetition improvement, and another for reading speed. It seems unlikely
that the performance of these individuals decreased after language learning, and rather means
that their improvement after the course was minimal and their performance on the day of
testing happened to be worse. We chose to include all our participants in the analysis as they

represent the full range of learning performance.

Pre-learning interhemispheric connectivity predicts language improvement

Areas 44 and 9/46v in relation to sentence repetition

There were positive correlations specifically between the interhemispheric rsFC of area 44 and
of area 9/46v with improvement in sentence repetition in French (r=0.48, p=0.043 and r=0.52,
p=0.05, respectively; see Figure 2). Thus, individuals with higher rsFC between left and right
areas 44 and left and right areas 9/46v showed greater improvement in the ability to repeat
sentences in French correctly immediately after hearing them. Importantly, these relationships
were specific to sentence repetition improvement. Comprehension improvement was not
significantly related to interhemispheric connectivity of either area 44 (r=0.15, p=0.551) or area
9/46v (r=0.19, p=0.447). Likewise, reading speed improvement was not significantly related to

interhemispheric connectivity of either area 44 (r= 0.28, p=0.261) or area 9/46v (r=0.25,
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p=0.313). There were no differences between male and female participants (z=0.7, p=0.48 and

z=1.37, p=0.17, respectively).

Area 45 and mSTG in relation to listening comprehension

There were specific positive correlations between area 45 and mSTG interhemispheric rsFC and
improvement in listening comprehension in French (r=0.55, p=0.018 and r=0.57, p=0.026,
respectively; see Figure 3). Individuals with higher pre-learning rsFC between the left and right
area 45, as well as between the left and right mSTG, demonstrated greater improvement, as
indicated by the higher percentage of questions that were correctly answered after listening to
a story in French. Critically, these correlations were specific to improvement in listening
comprehension. Sentence repetition was not related to interhemispheric connectivity of area
45 (r=0.33, p=0.176) or mSTG (r=0.34, p=0.172). Nor was reading speed related to
interhemispheric connectivity of area 45 (r=0.39, p=0.109) or mSTG (r=0.2, p=0.433). There
were no differences between male and female participants (z=0.84, p=0.4 for area 45 and z=-

1.2, p=0.23 for mSTG).

Posterior inferior parietal lobule (pIPL) and reading speed

The interhemispheric rsFC of the pIPL pre-learning was significantly and specifically correlated

with improvement in reading speed (r=0.5, p=0.041; see Figure 4). Individuals with higher rsFC
between the angular gyri of left and right hemispheres improved more in the number of words

read per minute while reading a passage aloud. This result was specific to improvement in



reading speed (r=0.37, p=0.126 for sentence repetition and r=0.45, p=0.06 for comprehension).

There were no differences between male and female participants (z=0.67, p=0.50).

Additional results

Non-parametric testing using bootstrapping corroborates the above reported findings. All
hypothesized brain connectivity-behavior relationships reported above were significant (ps <
0.05). The distribution of correlation coefficients from the bootstrap procedure yielded a single
peak for all hypothesised connectivity-behavior relationships, which suggests that the
correlations do not appear to be driven by outliers (Singh & Xie 2003). Analyses using the
interhemispheric rsFC of the control hand motor regions showed no significant correlations
with any of the behavioural improvement measures (sentence repetition: r=0.08, listening
comprehension: r=-0.012 and reading speed: r=0.04). In addition, no significant relationships
were found between pre-learning interhemispheric rsFC and pre-learning language abilities
(area 44 - sentence repetition: r=-0.27, area 9/46v - sentence repetition: r=0.1, area 45 -
listening comprehension: r=-0.22, mSTG - listening comprehension: r=0.35 and AG - reading

speed: r=-0.041).

DISCUSSION

Although functional hemispheric asymmetries have long been demonstrated to be important
for different aspects of cognitive processing (Gazzaniga 2000), there is increasing evidence for
how the two cerebral hemispheres work together. In the context of language processing, few

studies have provided direct examinations of the role of interhemispheric communication and



connectivity in learning a new language. The results from the present study suggest that greater
interhemispheric connectivity pre-learning predicts learning success of a new language in adults
and that this connectivity is predictive of success in specific aspects of language learning. The
location in terms of the connectivity between language-related areas follows an anterior to
posterior pattern, in line with the predicted functional roles of cortical areas in language.
Individuals with higher rsFC between the left and right areas 44 and left and right 9/46v
improved more in sentence repetition, those with higher rsFC between left and right areas 45
and left and right mSTG improved more in listening comprehension, and those with higher rsFC
between left and right pIPL improved more in reading speed. Importantly, these patterns of
correlation were exclusive to these ROIs and the corresponding aspects of language, and
behavioural improvement was specific to the trained language, French. In addition, there were
no differences between participants whose L1 was English or Mandarin, suggesting that these
findings hold true regardless of language background and whether French was a second or third
language. These results indicate not only that individual interhemispheric functional
connectivity overall is an important factor associated with more effective learning of a new
language, but that connectivity between distinct language regions in each hemisphere plays a

role in promoting learning of specific aspects of the new language.

Sentence repetition has long been used to assess language abilities in various contexts (Klem et
al. 2015; Andreou et al. 2021). Since we measured performance as the percent of words
correctly repeated, we hypothesised that performance in this task would relate to brain regions

involved in articulation, speech production and working memory. Area 44 is known to be



involved in various aspects of speech production, such as phonological processing (Heim et al.
2008; Heim et al. 2009; Church et al. 2011; Clos et al. 2013), articulatory planning (Papoutsi et
al. 2009; Price 2010), and other motor aspects of language (Horwitz et al. 2003; Nakajima et al.
2020). Of particular interest was the finding with regard to area 9/46v. The mid-dorsolateral
prefrontal cortex (areas 46 and 9/46) is known to play a critical role in the monitoring of
information in working memory (Petrides 2000) and, therefore, it was of interest that the
ventral part of this region, area 9/46v which is strongly connected with area 44 and the ventral
part of the premotor cortex that controls the orofacial musculature (Petrides 2015), was here
shown to be involved in the monitoring of the articulatory aspects of speech in working
memory. Thus, better communication between left and right areas 44 and 9/46v could support
improvements in working memory and speech production in a new language, which is

consistent with the literature and the present findings.

The listening comprehension task required auditory comprehension and retrieval of relevant
information. Listening comprehension is known to elicit bilateral activations (Jung-Beeman
2005; Price 2010; Friederici 2011; Vigneau et al. 2011) and to involve the ventral stream of
language processing (Hickok & Poeppel 2004; Saur et al. 2008) that is mediated by the
temporo-frontal extreme capsule fasciculus connecting area 45 to the mSTG (Petrides & Pandya
1988; Petrides & Pandya 2009). Area 45 is involved in active controlled retrieval of information
from memory (Klein et al. 1995; Petrides et al. 1995; Petrides 2002; Petrides 2006; Heim et al.
2009) and in semantic processing and comprehension (Dapretto & Bookheimer 1999; Gough et

al. 2005; Hagoort 2005; Mainy et al. 2007). The STG has a well-established role in auditory



processing and comprehension (Friederici et al. 2000; Friederici 2002; Friederici et al. 2003;
Gernsbacher & Kaschak 2003). In addition, there is evidence that FC between the left and right
pSTG predicts better receptive language performance in people recovering from brain injury
(Dick et al. 2013) and that interhemispheric interactions are important for speech
comprehension (Friederici et al. 2007). Thus, stronger interhemispheric rsFC facilitating
interactions bilaterally between areas 45 and the mSTG could contribute to improvement in

speech comprehension and retrieval from memory.

Finally, the role of the inferior parietal lobule in reading, particularly the AG, is well established
(Horwitz et al. 1998; Seghier 2012). Alexia, which affects the ability to read out loud, is
commonly associated with lesions of the left AG (Henderson 2014). There is also evidence
linking the AG with semantic aspects of reading (Price & Mechelli 2005; Graves et al. 2010), as
well as interhemispheric connectivity of the AG with learning to read in late-literate adults
(Carreiras et al. 2009). In addition, the posterior part of the SMG, which has some overlap with
the angular region of the plPL, also plays a role in reading (Stoeckel et al. 2009), and activation
in the IPL has been found to predict improvement in reading speed after learning French
(Barbeau et al. 2017). Thus, stronger interhemispheric pIPL functional connectivity may
facilitate communication between the plIPLs and thus support improvement in reading abilities

in a language that is being learned.



Interhemispheric connectivity and language

The present investigation indicated that the connectivity between each of the above specific
cortical regions with their hemispheric homologues in the other hemisphere may play a role in
facilitating specific aspects of the learning of a new language. These findings highlight not only
the role of the RH in language learning but also that cooperation between the two hemispheres
is beneficial. Although there are competing theories regarding the nature of interhemispheric
interactions and whether they are inhibitory or excitatory (see, van der Knaap & van der Ham
2011; Kasselimis & Nidos 2015, for reviews), the evidence appears to indicate that cooperation
between the hemispheres is advantageous for performance under demanding conditions
(Milner 1980; Banich 1998; Scalf et al. 2009; Holler-Wallscheid et al. 2017). Indeed, Milner
(1980) reported a marked deficit in the recall of pictures after unilateral temporal lobectomy,
suggesting that the successful recall of much of our past experience normally results from the
joint participation of the two cerebral hemispheres. In addition, data from divided visual field
experiments show that interhemispheric interaction increases attentional capacity in visual
(Banich 1998 ) and auditory (Scalf et al. 2009) tasks, while fMRI data show that recruitment of
homologous regions aids performance in working memory (Holler-Wallscheid et al. 2017).
Activation of both hemispheres in various aspects of language processing constitutes evidence
that information is being integrated between the two hemispheres, at least in this context (van
der Knaap & van der Ham 2011). Such findings could mean that individuals with stronger
intrinsic interhemispheric rsFC have the best framework to perform well in challenging

conditions, which enables them to acquire efficiently various aspects of a new language.


about:blank

Interhemispheric connectivity has been implicated in several features of general language
processing (see Steinmann & Mulert 2012, for review). Several studies show the importance of
interhemispheric interaction for speech comprehension (Beeman et al. 2000; Friederici et al.
2007; Sammler et al. 2010), and differences in individual measures of interhemispheric
connectivity have been related to speech perception (Westerhausen et al. 2009). Processing of
semantic information compared to perceptual and decision-making information has also been
shown to increase interhemispheric cooperation (Perrone-Bertolotti et al. 2013b). In addition,
interhemispheric connectivity relates to verbal fluency (Hines et al. 1992). It is of interest to
note that there is a relationship between interhemispheric connectivity and the use of more
than one language, i.e. bilingualism. One early study examined the interplay between both
hemispheres in bilingual individuals and found that, in the initial stages of L2 learning, the RH
plays a more significant role but once the L2 has been mastered, the interaction between the
two hemispheres is comparable to that in the processing of a native language (L1, Kotik 1983).
In terms of structural differences, it has been reported that bilinguals have greater volume in
the anterior (Coggins lll et al. 2004), mid-anterior and central parts of the CC (Felton et al.
2017), as well as higher FA in the genu, body, and splenium of the CC (Pliatsikas et al. 2015)
compared to monolinguals. Other studies have shown that higher functional connectivity
between the left and right IFG related to earlier age of L2 acquisition in bilinguals (Berken et al.
2016; Gullifer et al. 2018). Taken together, such findings support the proposal that the cognitive
demands of managing multiple languages are reflected in how well the hemispheres are able to
communicate. Thus, it also seems reasonable that interhemispheric connectivity supports the

ability to acquire and manage knowledge of multiple languages. In fact, although our study
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focused on predicting learning from pre-existing interhemispheric connectivity, several studies
have reported changes in interhemispheric connections in relation to L2 learning skills. Specific
connectivity between the left and right IFG appears to contribute to some aspects of language
learning aptitude (Xiang et al. 2012), as well as learning of a second language (Qi et al. 2019). In
addition, learning of an L2 is associated with higher FA in the genu of the CC (Schlegel et al.
2012) and increases in FC between left and right SMG (Veroude et al. 2010). One study found
that faster learners of new phonetic contrasts may have greater interhemispheric connectivity
as they tended to have a larger midsagittal area in the middle third of the CC. Furthermore,
Antonenko and colleagues (2012) reported that interhemispheric FC between the inferior
frontal gyri was negatively correlated with learning of an artificial grammar, although this study
was conducted in older adults who may have somewhat different neural connectivity patterns
(Goh 2011), and some evidence shows that bilateral recruitment can actually be beneficial for
performance in older adults (Wierenga et al. 2008). Overall, the evidence seems to indicate that
learning of a new language is one of the conditions under which cooperation between the
hemispheres is beneficial for performance. In a recent review, Qi and Legault (2020) point out
that “a dynamic bilateral framework involving neural correlates both within and between the

two hemispheres underlies the ultimate success of language learning” (p.120).

This idea of a bilateral network involved in language is becoming well established and lends
further support to the present findings that interhemispheric connectivity can facilitate L2
acquisition. Indeed, the RH has a significant role in language processing and learning, which is

important to understand why interhemispheric cooperation matters in the context of L2



learning. The RH is mainly recognised in language for supra-segmental and abstract language
processing (Bottini et al. 1994; Beauregard et al. 1997; Buchanan et al. 2000). More recent
studies have shown that the RH can be involved in other aspects of language processing, such
as sentence and discourse processing (Gernsbacher & Kaschak 2003; Vigneau et al. 2011). Some
have argued that both hemispheres have complementary roles in language processing (Cook
2004). Functional activation in the right frontal and temporal regions has been related to
language ability (Van Ettinger-Veenstra et al. 2012). In particular, an early hypothesis explaining
the relative role of the hemispheres in the process of L2 acquisition has been that it may mirror
that of L1 acquisition in children (Galloway & Krashen 1980; Obler 1981) and that, in the initial
stages of learning, there is a shift in laterality from the left to the right hemisphere and a shift
back to left hemisphere laterality as proficiency increases. Recent evidence of RH involvement
in the early stages of L2 and relationship with L2 proficiency (Reiterer et al. 2009; Qi et al. 2015;
Kepinska et al. 2018) appears to support this hypothesis, along with studies that demonstrate
aspects of this laterality shift (Hosoda et al. 2013; Xiang et al. 2015; Qi et al. 2019). Thus, the
interplay between the hemispheres seems to be a key feature in L2 learning, and it is

reasonable that having stronger baseline interhemispheric FC would facilitate this process.

The present study demonstrates that interhemispheric interactions are an important aspect of
the L2 learning process and lays the foundation for future investigations into hemispheric
dynamics and L2 learning. Future studies using additional measures of language and larger
participant samples are necessary to examine further the cooperation of the hemispheres as

well as individual patterns of predictors of L2 learning. Moreover, longitudinal studies will be



useful to determine whether the relationship between increased interhemispheric FC and L2
improvement persists years after learning and continues to increase with increasing proficiency
in the L2 or whether it is a predisposition for better learning abilities that remains stable over

time.

Funding:

This work was supported by the Blema and Arnold Steinberg Family Foundation and the Natural
Sciences and Engineering Research Council of Canada (D.K.), Canada First Research Excellence
Fund, awarded to McGill University for the Healthy Brains for Healthy Lives initiative (X.C.,D.K.,
S.B. and M.P.), the Canada Research Chairs program (X.C.), the Fonds de Recherche du Québec
—Société et Culture (team grant to S.B. and D.K.), the Fonds de Recherche du Québec — Nature
et téchnologies and Société et Culture (Centre for Research on Brain, Language and Music), as

well as the Jeanne Timmins Costello (JTC) Fellowship (KS).

Notes:
Conflict of Interest: The authors declare no conflict of interest.
Correspondence should be addressed to Kaija Sander, Cognitive Neuroscience Unit, Montreal

Neurological Institute, McGill University, Montreal, QC H3A 2B4, Canada.



REFERENCES

Andreou M, Bongartz C, Torregrossa J. 2021. Sentence repetition as a measure of language
dominance. Proc 45th Annu Boston Univ Conf Lang Dev. 1:14-25.

Antonenko D, Meinzer M, Lindenberg R, Witte AV, Fl6el A. 2012. Grammar learning in older
adults is linked to white matter microstructure and functional connectivity. Neuro/lmage.
62(3):1667-1674.

Avery EW, Yoo K, Rosenberg MD, Greene AS, Gao S, Na DL, Scheinost D, Constable TR, Chun
MM. 2020. Distributed patterns of functional connectivity predict working memory
performance in novel healthy and memory-impaired individuals. J Cogn Neurosci. 32(2):241—
255.

Banich MT. 1998. The Missing Link: The role of interhemispheric interaction in attentional
processing. Brain Cogn. 36(2):128-157.

Barbeau EB, Chai XJ, Chen J-K, Soles J, Berken J, Baum S, Watkins KE, Klein D. 2017. The role of
the left inferior parietal lobule in second language learning: An intensive language training fMRI
study. Neuropsychologia. 98:169-176.

Bartha-Doering L, Kollndorfer K, Schwartz E, Fischmeister FPhS, Alexopoulos J, Langs G, Prayer
D, Kasprian G, Seidl R. 2021a. The role of the corpus callosum in language network connectivity
in children. Dev Sci. 24(2):e13031.

Bartha-Doering L, Schwartz E, Kollndorfer K, Fischmeister FPhS, Novak A, Langs G, Werneck H,
Prayer D, Seidl R, Kasprian G. 2021b. Effect of corpus callosum agenesis on the language
network in children and adolescents. Brain Struct Funct. 226(3):701-713.

Bashwiner DM, Bacon DK, Wertz CJ, Flores RA, Chohan MO, Jung RE. 2020. Resting state
functional connectivity underlying musical creativity. Neurolmage. 218:116940.

Beauregard M, Chertkow H, Bub D, Murtha S, Dixon R, Evans A. 1997. The neural substrate for
concrete, abstract, and emotional word lexica a positron emission tomography study. J Cogn
Neurosci. 9(4):441-461.

Beeman MJ, Bowden EM, Gernsbacher MA. 2000. Right and left hemisphere cooperation for
drawing predictive and coherence inferences during normal story comprehension. Brain Lang.
71(2):310-336.

Behzadi Y, Restom K, Liau J, Liu TT. 2007. A component based noise correction method
(CompCor) for BOLD and perfusion based fMRI. Neurolmage. 37(1):90-101.



Berken JA, Chai X, Chen J-K, Gracco VL, Klein D. 2016. Effects of early and late bilingualism on
resting-state functional connectivity. J Neurosci. 36(4):1165-1172.

Bitan T, Lifshitz A, Breznitz Z, Booth JR. 2010. Bidirectional connectivity between hemispheres
occurs at multiple levels in language processing but depends on sex. J Neurosci. 30(35):11576—
11585.

Bottini G, Corcoran R, Sterzi R, Paulesu E, Schenone P, Scarpa P, Frackowiak RS, Frith CD. 1994.
The role of the right hemisphere in the interpretation of figurative aspects of language. A
positron emission tomography activation study. Brain J Neurol. 117 (Pt 6):1241-1253.

Buchanan TW, Lutz K, Mirzazade S, Specht K, Shah NJ, Zilles K, Jancke L. 2000. Recognition of
emotional prosody and verbal components of spoken language: an fMRI study. Cogn Brain Res.
9(3):227-238.

Canty A, Ripley BD. 2021. boot: Bootstrap R (S-Plus) Functions.

Carreiras M, Seghier ML, Baquero S, Estévez A, Lozano A, Devlin JT, Price CJ. 2009. An
anatomical signature for literacy. Nature. 461(7266):983-986.

Chai XJ, Castafidn AN, Ongiir D, Whitfield-Gabrieli S. 2012. Anticorrelations in resting state
networks without global signal regression. Neurolmage. 59(2):1420-1428.

Chai XJ, Berken JA, Barbeau EB, Soles J, Callahan M, Chen J-K, Klein D. 2016. Intrinsic functional
connectivity in the adult brain and success in second-language learning. J Neurosci. 36(3):755—
761.

Chang Y-N, Lambon Ralph MA. 2020. A unified neurocomputational bilateral model of spoken
language production in healthy participants and recovery in poststroke aphasia. Proc Natl Acad
Sci. 117(51):32779-32790.

Church JA, Balota DA, Petersen SE, Schlaggar BL. 2011. Manipulation of length and lexicality
localizes the functional neuroanatomy of phonological processing in adult readers. J Cogn
Neurosci. 23(6):1475-1493.

Clos M, Amunts K, Laird AR, Fox PT, Eickhoff SB. 2013. Tackling the multifunctional nature of
Broca’s region meta-analytically: Co-activation-based parcellation of area 44. Neurolmage.
83:174-188.

Coggins lll PE, Kennedy TJ, Armstrong TA. 2004. Bilingual corpus callosum variability. Brain
Lang. 89(1):69-75.

Cook ND. 2004. Bihemispheric Language: How the Two Hemispheres Collaborate in the
Processing of Language. In: The Speciation of Modern Homo Sapiens. Oxford: British Academy.



Cousijn J, Zanolie K, Munsters RIM, Kleibeuker SW, Crone EA. 2014. The relation between
resting state connectivity and creativity in adolescents before and after training. PLOS ONE.
9(9):e105780.

Dapretto M, Bookheimer SY. 1999. Form and content: Dissociating syntax and semantics in
sentence comprehension. Neuron. 24(2):427-432.

Davison AC, Hinkley DV. 1997. Bootstrap Methods and Their Applications. Cambridge:
Cambridge University Press.

Dehaene S, Pegado F, Braga LW, Ventura P, Filho GN, Jobert A, Dehaene-Lambertz G, Kolinsky
R, Morais J, Cohen L. 2010. How learning to read changes the cortical networks for vision and
language. Science. 330(6009):1359-1364.

Dick AS, Beharelle AR, Solodkin A, Small SL. 2013. Interhemispheric functional connectivity
following prenatal or perinatal brain injury predicts receptive language outcome. J Neurosci.
33(13):5612-5625.

Fang X, Zhang Y, Zhou Y, Cheng L, Li J, Wang Y, Friston KJ, Jiang T. 2016. Resting-State coupling
between core regions within the central-executive and salience networks contributes to
working memory performance. Front Behav Neurosci. 10.

Felton A, Vazquez D, Ramos-Nunez Al, Greene MR, Macbeth A, Hernandez AE, Chiarello C.
2017. Bilingualism influences structural indices of interhemispheric organization. J
Neurolinguistics. 42:1-11.

Fox MD, Raichle ME. 2007. Spontaneous fluctuations in brain activity observed with functional
magnetic resonance imaging. Nat Rev Neurosci. 8(9):700-711.

Friederici AD. 2002. Towards a neural basis of auditory sentence processing. Trends Cogn Sci.
6(2):78-84.

Friederici AD. 2011. The brain basis of language processing: From structure to function. Physiol
Rev. 91(4):1357-1392.

Friederici AD, Cramon DY von, Kotz SA. 2007. Role of the corpus callosum in speech
comprehension: Interfacing syntax and prosody. Neuron. 53(1):135-145.

Friederici AD, Meyer M, von Cramon DY. 2000. Auditory language comprehension: An event-
related fMRI study on the processing of syntactic and lexical information. Brain Lang.

74(2):289-300.

Friederici AD, Riischemeyer S-A, Hahne A, Fiebach CJ. 2003. The role of left inferior frontal and



superior temporal cortex in sentence comprehension: Localizing syntactic and semantic
processes. Cereb Cortex. 13(2):170-177.

Galloway L, Krashen S. 1980. Cerebral organization in bilingualism and second language. In: In
Scarcella, R., Krashen, S., editors, Research in second language acquisition. Rowley, MA:
Newbury House. p. 74-80.

Gazzaniga MS. 2000. Cerebral specialization and interhemispheric communication: Does the
corpus callosum enable the human condition? Brain. 123(7):1293-1326.

Gee DG, Biswal BB, Kelly C, Stark DE, Margulies DS, Shehzad Z, Uddin LQ, Klein DF, Banich MT,
Castellanos FX, et al. 2011. Low frequency fluctuations reveal integrated and segregated
processing among the cerebral hemispheres. Neurolmage. 54(1):517-527.

Gernsbacher MA, Kaschak MP. 2003. Neuroimaging studies of language production and
comprehension. Annu Rev Psychol. 54:91-114.

Geschwind N. 1970. The organization of language and the brain. Science. 170(3961):940.

Geschwind N, Galaburda AM. 1985. Cerebral lateralization: Biological mechanisms,
associations, and pathology: I. A hypothesis and a program for research. Arch Neurol.
42(5):428-459.

Goh JOS. 2011. Functional dedifferentiation and altered connectivity in older adults: Neural
accounts of cognitive aging. Aging Dis. 2(1):30-48.

Gough PM, Nobre AC, Devlin JT. 2005. Dissociating linguistic processes in the left inferior frontal
cortex with Transcranial Magnetic Stimulation. J Neurosci. 25(35):8010-8016.

Graves WW, Desai R, Humphries C, Seidenberg MS, Binder JR. 2010. Neural systems for reading
aloud: A multiparametric approach. Cereb Cortex. 20(8):1799-1815.

Gullifer JW, Chai XJ, Whitford V, Pivneva |, Baum S, Klein D, Titone D. 2018. Bilingual experience
and resting-state brain connectivity: Impacts of L2 age of acquisition and social diversity of
language use on control networks. Neuropsychologia. 117:123-134.

Hagoort P. 2005. On Broca, brain, and binding: a new framework. Trends Cogn Sci. 9(9):416—
423.

Heim S, Eickhoff SB, Amunts K. 2008. Specialisation in Broca’s region for semantic, phonological,
and syntactic fluency? Neurolmage. 40(3):1362-1368.

Heim S, Eickhoff SB, Amunts K. 2009. Different roles of cytoarchitectonic BA 44 and BA 45 in
phonological and semantic verbal fluency as revealed by dynamic causal modelling.



Neurolmage. 48(3):616—624.

Henderson VW. 2014. Alexia. In: Aminoff MJ, Daroff RB, editors. Encyclopedia of the
Neurological Sciences (Second Edition). Oxford: Academic Press. p. 110-112.

Hickok G, Poeppel D. 2004. Dorsal and ventral streams: a framework for understanding aspects
of the functional anatomy of language. Cognition. 92(1):67-99.

Hines M, Chiu L, McAdams LA, Bentler PM, Lipcamon J. 1992. Cognition and the corpus
callosum: Verbal fluency, visuospatial ability, and language lateralization related to midsagittal
surface areas of callosal subregions. Behav Neurosci. 106(1):3-14.

Holler-Wallscheid MS, Thier P, Pomper JK, Lindner A. 2017. Bilateral recruitment of prefrontal
cortex in working memory is associated with task demand but not with age. Proc Natl Acad Sci.
114(5):E830-E839.

Horwitz B, Amunts K, Bhattacharyya R, Patkin D, Jeffries K, Zilles K, Braun AR. 2003. Activation
of Broca’s area during the production of spoken and signed language: a combined
cytoarchitectonic mapping and PET analysis. Neuropsychologia. 41(14):1868-1876.

Horwitz B, Rumsey JM, Donohue BC. 1998. Functional connectivity of the angular gyrus in
normal reading and dyslexia. Proc Natl Acad Sci. 95(15):8939-8944.

Hosoda C, Tanaka K, Nariai T, Honda M, Hanakawa T. 2013. Dynamic neural network
reorganization associated with second language vocabulary acquisition: A multimodal imaging
study. J Neurosci. 33(34):13663-13672.

Hou J, Chen C, Dong Q. 2015. Resting-state functional connectivity and pitch identification
ability in non-musicians. Front Neurosci. 9.

Ibrahim R. 2009. How do bilinguals handle interhemispheric integration? Evidence from a cross-
language study. J Integr Neurosci. 8(4):503-523.

Jancke L. 2012. The relationship between music and language. Front Psychol. 3(123).
Jin X, Liang X, Gong G. 2020. Functional integration between the two brain hemispheres:
evidence from the homotopic functional connectivity under resting state. Front Neurosci.

14:932.

Jung-Beeman M. 2005. Bilateral brain processes for comprehending natural language. Trends
Cogn Sci. 9(11):512-518.

Kasselimis DS, Nidos A. 2015. Interhemispheric Interaction in Language and Cognitive
Processes. In: Wright JD, editor. International Encyclopedia of the Social & Behavioral Sciences



(Second Edition). Oxford: Elsevier. p. 416—424.

Kepinska O, de Rover M, Caspers J, Schiller NO. 2018. Connectivity of the hippocampus and
Broca’s area during acquisition of a novel grammar. Neurolmage. 165:1-10.

Klein D, Milner B, Zatorre RJ, Meyer E, Evans AC. 1995. The neural substrates underlying word
generation: a bilingual functional-imaging study. Proc Nat! Acad Sci. 92(7):2899-2903.

Klem M, Melby-Lervag M, Hagtvet B, Lyster S-AH, Gustafsson J-E, Hulme C. 2015. Sentence
repetition is a measure of children’s language skills rather than working memory limitations.
Dev Sci. 18(1):146-154.

van der Knaap LJ, van der Ham 1JM. 2011. How does the corpus callosum mediate
interhemispheric transfer? A review. Behav Brain Res. 223(1):211-221.

Kotik BS. 1983. Inter-hemispheric cooperation during speech in bilinguals. Vopr Psychol. 6:114—
120.

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

Mainy N, Jung J, Baciu M, Kahane P, Schoendorff B, Minotti L, Hoffmann D, Bertrand O, Lachaux
J. 2007. Cortical dynamics of word recognition. Hum Brain Mapp. 29(11):1215-1230.

Mary A, Wens V, Op de Beeck M, Leproult R, De Tiege X, Peigneux P. 2017. Resting-state
functional connectivity is an age-dependent predictor of motor learning abilities. Cerebral
Cortex. 27(10):4923-4932.

Milner B. 1980. Complementary functional specializations of the human cerebral hemispheres.
In: Levi-Montalcini R, editor. Nerve Cells, Transmitters and Behaviour. Vatican City: Pontificiae
Academiae Scientiarum Scripta Varia. (45). p. 601-625.

Milovanov R, Tervaniemi M. 2011. The interplay between musical and linguistic aptitudes: A
review. Front Psychol. 2(321).

Nakajima R, Kinoshita M, Shinohara H, Nakada M. 2020. The superior longitudinal fascicle:
reconsidering the fronto-parietal neural network based on anatomy and function. Brain

Imaging Behav. 14(6):2817-2830.

Nieto-Castanon A. 2020. Handbook of functional connectivity Magnetic Resonance Imaging
methods in CONN. Boston, MA: Hilbert Press.

Obler L. 1981. Right hemisphere participation in second language acquisition. In: In Diller, K.,



editor. Individual differences and universals in language learning aptitude. Rowley, MA:
Newbury House. p. 53-64.

Papoutsi M, Zwart JD, Jansma M, Pickering M, Bednar J, Horwitz B. 2009. From Phonemes to
Articulatory scores: an fMRI study on the role of Broca’s area in speech production. Cereb
Cortex. 19(9):2156.

Perrone-Bertolotti M, Lemonnier S, Bonniot C, Baciu M. 2013a. Hemisphere specialisation and
inter-hemispheric cooperation during a phonological task: Effect of lexicality as assessed by the
divided visual field approach. Laterality. 18(2):216-230.

Perrone-Bertolotti M, Lemonnier S, Baciu M. 2013b. Behavioral evidence for inter-hemispheric
cooperation during a lexical decision task: a divided visual field experiment. Front Hum
Neurosci. 7:316.

Petrides M. 2000. The role of the mid-dorsolateral prefrontal cortex in working memory. Exp
Brain Res. 133(1):44-54.

Petrides M. 2002. The mid-ventrolateral prefrontal cortex and active mnemonic retrieval.
Neurobiol Learn Mem. 78(3):528-538.

Petrides M. 2006. Broca’s Area in the Human and the Nonhuman Primate Brain. In: Broca’s
Region. New York: Oxford University Press.

Petrides M. 2014. Connectivity of the Core Language Areas. In: Neuroanatomy of Language
Regions of the Human Brain. San Diego: Academic Press. p. 139-174.

Petrides M. 2015. Lateral and Dorsomedial Prefrontal Cortex and the Control of Cognition. In:
Toga AW, editor. Brain Mapping. Waltham: Academic Press. p. 417-422.

Petrides M. 2019. Atlas of the Morphology of the Human Cerebral Cortex on the Average MNI
Brain - 1st Edition. Cambridge, Massachusetts: Academic Press.

Petrides M, Alivisatos B, Evans AC. 1995. Functional activation of the human ventrolateral
frontal cortex during mnemonic retrieval of verbal information. Proc Nat! Acad Sci.
92(13):5803-5807.

Petrides M, Pandya DN. 1988. Association fiber pathways to the frontal cortex from the
superior temporal region in the rhesus monkey. J Comp Neurol. 273(1):52-66.

Petrides M, Pandya DN. 2002. Comparative cytoarchitectonic analysis of the human and the
macaque ventrolateral prefrontal cortex and corticocortical connection patterns in the monkey.
Eur J Neurosci. 16(2):291-310.



Petrides M, Pandya DN. 2009. Distinct parietal and temporal pathways to the homologues of
Broca’s area in the monkey. PLOS Biol. 7(8):e1000170.

Petrides M, Tomaiuolo F, Yeterian EH, Pandya DN. 2012. The prefrontal cortex: Comparative
architectonic organization in the human and the macague monkey brains. Cortex. 48(1):46-57.

Pliatsikas C, Moschopoulou E, Saddy JD. 2015. The effects of bilingualism on the white matter
structure of the brain. Proc Nat! Acad Sci. 112(5):1334-1337.

Price CJ. 2010. The anatomy of language: a review of 100 fMRI studies published in 2009. Ann N
Y Acad Sci. 1191(1):62-88.

Price CJ, Mechelli A. 2005. Reading and reading disturbance. Curr Opin Neurobiol. 15(2):231—
238.

Qi Z, Han M, Garel K, San Chen E, Gabrieli JDE. 2015. White-matter structure in the right
hemisphere predicts Mandarin Chinese learning success. J Neurolinguistics. 33:14-28.

Qi Z, Han M, Wang Y, de los Angeles C, Liu Q, Garel K, Chen ES, Whitfield-Gabrieli S, Gabrieli
JDE, Perrachione TK. 2019. Speech processing and plasticity in the right hemisphere predict
variation in adult foreign language learning. Neurolmage. 192:76-87.

Qi Z, Legault J. 2020. Chapter Five - Neural hemispheric organization in successful adult
language learning: Is left always right? In: Federmeier KD, Huang H-W, editors. Psychology of
Learning and Motivation. Vol. 72. Academic Press. (Adult and Second Language Learning). p.
119-163.

R Core Team. 2020. R: A Language and Environment for Statistical Computing. Vienna, Austria:
R Foundation for Statistical Computing. https://www.R-project.org/.

Reiterer S, Pereda E, Bhattacharya J. 2009. Measuring second language proficiency with EEG
synchronization: how functional cortical networks and hemispheric involvement differ as a
function of proficiency level in second language speakers. Second Lang Res. 25(1):77-106.

Roland JL, Snyder AZ, Hacker CD, Mitra A, Shimony JS, Limbrick DD, Raichle ME, Smyth MD,
Leuthardt EC. 2017. On the role of the corpus callosum in interhemispheric functional
connectivity in humans. Proc Natl Acad Sci. 114(50):13278-13283.

Sammler D, Kotz SA, Eckstein K, Ott DVM, Friederici AD. 2010. Prosody meets syntax: the role of
the corpus callosum. Brain J Neurol. 133(9):2643—-2655.

Saur D, Kreher BW, Schnell S, Kimmerer D, Kellmeyer P, Vry M-S, Umarova R, Musso M,
Glauche V, Abel S, et al. 2008. Ventral and dorsal pathways for language. Proc Natl Acad Sci.
105(46):18035-18040.



Scalf PE, Banich MT, Erickson AB. 2009. Interhemispheric interaction expands attentional
capacity in an auditory selective attention task. Exp Brain Res. 194(2):317-322.

Scheuringer A, Harris T-A, Pletzer B. 2020. Recruiting the right hemisphere: Sex differences in
inter-hemispheric communication during semantic verbal fluency. Brain Lang. 207:104814.

Schlegel AA, Rudelson JJ, Tse PU. 2012. White matter structure changes as adults learn a second
language. J Cogn Neurosci. 24(8):1664-1670.

Sebastian R, Laird AR, Kiran S. 2011. Meta-analysis of the neural representation of first language
and second language. App! Psycholinguist. 32(4):799-819.

Seghier ML. 2012. The angular gyrus: Multiple functions and multiple subdivisions. The
Neuroscientist. 19(1):43-61.

Semel EM, Wiig EH (Elisabeth H, Secord W. 2003. CELF-4, clinical evaluation of language
fundamentals. CELF Four.

Shearer CB. 2020. A resting state functional connectivity analysis of human intelligence: Broad
theoretical and practical implications for multiple intelligences theory. Psych & Neurosci.
13(2):127-148.

Siffredi V, Farouj Y, Tarun A, Anderson V, Wood AG, Mcllroy A, Leventer RJ, Spencer-Smith MM,
Ville DVD. 2021. Large-scale functional network dynamics in human callosal agenesis: Increased
subcortical involvement and preserved laterality. Neurolmage. 243:118471.

Singh K, Xie M. 2003. Bootlier-Plot: Bootstrap based outlier detection plot. Sankhya: The Indian
Journal of Statistics. 65(3):532-559.

Stark DE, Margulies DS, Shehzad ZE, Reiss P, Kelly AMC, Uddin LQ, Gee DG, Roy AK, Banich MT,
Castellanos FX, et al. 2008. Regional variation in interhemispheric coordination of intrinsic
hemodynamic fluctuations. J Neurosci. 28(51):13754-13764.

Steinmann S, Mulert C. 2012. Functional relevance of interhemispheric fiber tracts in speech
processing. J Neurolinguistics. 25(1):1-12.

Stoeckel C, Gough PM, Watkins KE, Devlin JT. 2009. Supramarginal gyrus involvement in visual
word recognition. Cortex. 45(9):1091-1096.

Tournier J-D, Smith R, Raffelt D, Tabbara R, Dhollander T, Pietsch M, Christiaens D, Jeurissen B,
Yeh C-H, Connelly A. 2019. MRtrix3: A fast, flexible and open software framework for medical
image processing and visualisation. Neurolmage. 202:116137.



Tyszka JM, Kennedy DP, Adolphs R, Paul LK. 2011. Intact bilateral resting-state networks in the
absence of the corpus callosum. J Neurosci. 31(42):15154-15162.

Van Ettinger-Veenstra H, Ragnehed M, McAllister A, Lundberg P, Engstrom M. 2012. Right-
hemispheric cortical contributions to language ability in healthy adults. Brain Lang. 120(3):395—
400.

Ventura-Campos N, Sanjuan A, Gonzalez J, Palomar-Garcia M-A, Rodriguez-Pujadas A,
Sebastian-Gallés N, Deco G, Avila C. 2013. Spontaneous brain activity predicts learning ability of
foreign sounds. J Neurosci. 33(22):9295-9305.

Veroude K, Norris DG, Shumskaya E, Gullberg M, Indefrey P. 2010. Functional connectivity
between brain regions involved in learning words of a new language. Brain Lang. 113(1):21-27.

Vigneau M, Beaucousin V, Hervé P-Y, Jobard G, Petit L, Crivello F, Mellet E, Zago L, Mazoyer B,
Tzourio-Mazoyer N. 2011. What is right-hemisphere contribution to phonological, lexico-
semantic, and sentence processing?: Insights from a meta-analysis. Neurolmage. 54(1):577-
593.

Wang X, Han Z, He Y, Liu L, Bi Y. 2012. Resting-state functional connectivity patterns predict
Chinese word reading competency. PLOS ONE. 7(9):e44848.

Wechsler D. 2008. WAIS-IV: Wechsler adult intelligence scale. San Antonio, Tex: Pearson.

Wechsler D 1896-1981. 1987. WMS-R: Wechsler Memory Scale--Revised : manual. San Antonio:
Psychological Corp.

Westerhausen R, Griiner R, Specht K, Hugdahl K. 2009. Functional relevance of interindividual
differences in temporal lobe callosal pathways: A DTI tractography study. Cereb Cortex.
19(6):1322-1329.

Whitfield-Gabrieli S, Nieto-Castanon A. 2012. Conn: A Functional Connectivity Toolbox for
Correlated and Anticorrelated Brain Networks. Brain Connect. 2(3):125-141.

Wierenga CE, Benjamin M, Gopinath K, Perlstein WM, Leonard CM, Rothi LIG, Conway T, Cato
MA, Briggs R, Crosson B. 2008. Age-related changes in word retrieval: Role of bilateral frontal
and subcortical networks. Neurobiol Aging. 29(3):436—-451.

Xiang H, Dediu D, Roberts L, Oort E van, Norris DG, Hagoort P. 2012. The structural connectivity
underpinning language aptitude, working memory, and IQ in the perisylvian language network.
Lang Learn. 62(s2):110-130.

Xiang H, van Leeuwen TM, Dediu D, Roberts L, Norris DG, Hagoort P. 2015. L2-proficiency-
dependent laterality shift in structural connectivity of brain language pathways. Brain Connect.



5(6):349-361.

Xiang H-D, Fonteijn HM, Norris DG, Hagoort P. 2010. Topographical functional connectivity
pattern in the perisylvian language networks. Cereb Cortex. 20(3):549-560.

Zurowski B, Gostomzyk J, Gron G, Weller R, Schirrmeister H, Neumeier B, Spitzer M, Reske SN,

Walter H. 2002. Dissociating a common working memory network from different neural
substrates of phonological and spatial stimulus processing. Neurolmage. 15(1):45-57.

Tables

Table 1. Scores for the English L1 and Mandarin L1 subgroups in working memory and general
intelligence, behavioural improvement in French and interhemispheric rsFC. Significance of the

group comparisons is reported as a t statistic (p value).



English L1 Mandarin L1 Significance
Working memory and general intelligence
|
Digit Span: Forward (/16) 11.7+1.70 10.25+1.91 1.7 (0.108)
Digit Span: Backward (/16) 8.6+2.01 9.4+2.07 0.83 (0.420)
Digit Span: Sequencing (/16) 8.3+1.06 8.1+2.30 0.25 (0.809)
Letter-Number Sequencing (/30) 20.1+1.3 19.8+1.3 0.49 (0.633)
Matrix Reasoning (/26) 225+1.12 22 +1.58 0.79 (0.443)
Improvement in French
|
Sentence repetition 11.7+8 7.7+6 1.35 (0.196)
Listening comprehension 17 +16.5 11+4.9 1.1 (0.297)
Reading speed 20.3+16.8 14+5.4 1.02 (0.325)
Interhemispheric rsFC
|
L-R45 0.51+0.2 0.65+0.18 -1.48 (0.160)
L-R44 0.56 £ 0.25 0.65+0.16 -0.8 (0.434)
L-R9/46v 0.56 £0.2 0.4+0.12 1.79 (0.090)
L- R mSTG 1.05+0.29 1.02+0.18 0.26 (0.795)
L-R plIPL 0.78 £ 0.34 0.79+0.19 -0.01 (0.992)



Table 2. MNI coordinates (mm) and volumes (mm?3) for the ROls used.

RO Left Right

X y z volume X y z volume
45 -50 29 19 5197 52 28 18 4306
44 -51 16 25 6170 52 15 26 5504
9/46v -45 26 33 5784 47 24 32 4456
mSTG -56 -18 -0.5 16648 56 -19 2 16184
pIPL -56 -54 28 8208 58 52 29 7968

Table 3. Mean + SD for the behavioural measures: percentage of words correctly repeated for
sentence repetition, percentage of questions correctly answered for listening comprehension,

and words per minute for reading speed. T statistics (p values) [Cohen’s d] are also reported.

Sentence repetition Listening comprehension Reading speed
French English French English French English
| I 1 1 1 1 I
Time 1 26+7.8 97.3+%3 11.7+10 10+4.8 74 £19.8 169 + 39
Time 2 3610 96.8 12 26+16.8 10.8+3.4 91+16 160 + 32

Significance  -5.68 (<0.00003) 0.69 (0.502) -4.77 (<0.0002) -1.05(0.308) -5.69 (<0.00003) 1.76 (0.09)

[1.12] [0.20] [1.03] [0.19] [0.94] [0.25]


Kaija Sander
Ideally this row should be one line, but I could not get it to fit


Captions to figures:

Figure 1. lllustration of the ROIs used to extract interhemispheric rsFC in each hemisphere. Area
9/46v and area 44 are in yellow, areas 45 and the mSTG are in red, and the plPL is in purple. LH
= left hemisphere, RH = right hemisphere, mSTG = middle superior temporal gyrus, pIPL =

posterior inferior parietal lobule, 9/46v = area 9/46v, 45 = area 45, 44 = area 44.

Figure 2. Relationship between pre-learning (t1) interhemispheric resting-state connectivity of
a) area 9/46v and b) area 44 and improvement in sentence repetition (change in percentage of

words correctly repeated) with 95% confidence intervals.

Figure 3. Relationship between pre-learning (t1) interhemispheric resting-state connectivity of
a) area 45 and b) the mSTG and improvement in listening comprehension (change in

percentage of questions correctly answered) with 95% confidence intervals.

Figure 4. Relationship between pre-learning (t1) interhemispheric resting-state connectivity of
the pIPL and improvement in reading speed (change in number of words per minute) with 95%

confidence intervals.



