Verbal production dynamics and plasticity:
functional contributions of language and

L
executive control systems
Kshipra Gurunandan*!, Manuel Carreiras!-2:3 and Pedro M. Paz-Alonso*1.2
1 BCBL Basque Center on Cognition, Brain and Language, 20009 Donostia-San Sebastian, Spain

2 IKERBASQUE Basque Foundation for Science, 48013 Bilbao, Spain
3 Department of Basque Language and Communication, EHU/UPV, 48015 Bilbao, Spain

*Correspondence should be addressed to:

Kshipra Gurunandan or Pedro M. Paz-Alonso,

BCBL Basque Center on Cognition, Brain and Language, Paseo Mikeletegi 69, 20009 Donostia-
San Sebastian, Gipuzkoa, Spain.

Tel: +34 943-309-300, Fax: +34 943-309-052

E-mails: k.gurunandan@bcbl.eu, kepa.pazalonso@gmail.com

Running title: Language production dynamics and plasticity

Author Contributions: K.G., M.C., and PM.P-A. designed research; K.G. and PM.P-A.
analysed data; K.G. wrote the paper, and PM.P-A. and M.C. provided comments on the

manuscript.


mailto:k.gurunandan@bcbl.eu
mailto:kepa.pazalonso@gmail.com

Abstract

Bilingual language production requires both language knowledge and language control in order
to communicate in a target language. Learning or improving a language in adulthood is an
increasingly common undertaking, and this has complex effects on the cognitive and neural
processes underlying language production. The current fMRI experiment investigated the
functional plasticity of verbal production in adult language learners, and examined the dynamics of
word retrieval in order to dissociate the contributions of language knowledge and executive control.
Thirty four adults who were either intermediate or advanced language learners, underwent MRI
scanning while performing verbal fluency tasks in their native and new languages. A multi-pronged
analytical approach revealed (i) time-varying contributions of language knowledge and executive
control to verbal fluency performance, (i1) learning-related changes in the functional correlates of
verbal fluency in both the native and new languages, (iii) no effect of learning on lateralisation, and
(iv) greater functional coupling between language and language control regions with greater second
language experience. Collectively, our results point to significant functional plasticity in adult
language learners that impacts the neural correlates of production in both the native and new

languages, and provide new insight into the widely-used verbal fluency task.
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1. Introduction

Learning or improving a new language in adulthood is an increasingly common and relevant
skill. Bilingualism is known to effect functional and structural brain changes, but the bulk of the
findings come from adults who acquired their second language in childhood. Adult language
learners differ substantially from younger learners. Adults significantly outperform children in both
syntactic and morphological learning in the early stages of language learning, and yet, adults have
notoriously low ultimate achievement in new languages (Krashen et al. 1979; White and Genesee,
1996; Marinova-Todd et al. 2000). Furthermore, adult language learners are often able to achieve
high levels of comprehension, but lag substantially in production (Walsh and Diller, 1979;
Gershkoff-Stowe and Hahn, 2012). Consistent with these findings, neuroimaging studies of the early
stages of adult language learning found changes in areas similar to those in younger learners
(Mechelli et al. 2004; Barbeau et al. 2017). We also previously showed that language network
lateralisation in adults displayed substantial learning-dependent plasticity in comprehension but not
in production (Gurunandan et al. 2020). In the current study, we investigated the later stages (i.e.
intermediate to advanced proficiency levels) of adult language learning, specifically, how learning a
language in adulthood affects the cognitive and neural processes underlying language production.

Bilingual language production requires not only language knowledge but also language control.
Language control allows bilinguals to selectively communicate in a target language while minimising
interferences from the non-target language (Abutalebi et al. 2008; Branzi et al. 2020; Declerck et al.
2021). Knowledge and control both change with increasing second language proficiency: more
proficient bilinguals have larger second language vocabulary as well as more refined language
control. These multidimensional changes indicate that second language learning has substantial
effect on the cognitive processes underlying language production and is likely to be associated with
complex changes in the neural correlates of production. The goal of the current experiment was

two-fold: (1) to investigate the functional plasticity of language production in the more proficient



stages of language learning, and (i1) to examine the neural dynamics of word retrieval and dissociate
the contributions of language knowledge (i.e. vocabulary) and executive control.

In a typical word retrieval task, also known as the verbal fluency task, participants/patients are
presented with a series of semantic categories such as “animals” or phonemic categories such as
“words beginning with the letter A”, and asked to produce as many examples of each category as
possible within a given time period, typically 60 seconds. This simple task has long been used in
psycholinguistic research to study language production, as well as in clinical settings to evaluate
executive functioning in healthy ageing and in a variety of disorders (Miller, 1984; Birn et al. 2010;
Baciu et al. 2016). Verbal fluency, especially semantic category fluency, is thought to have
components of both language and executive control, though the question of whether these
components are differential and dissociable remains open (Shao et al. 2014; Whiteside et al. 2015;
Aita et al. 2018). In the current study, we examined the idea that this hybrid nature of the verbal
fluency task has a temporal component, i.e. language and executive control processes come into play
at different stages of the task. Crowe (1998) studied the drop-off in the number of exemplars
produced as the verbal fluency task progressed, and suggested that there is a store of high-frequency
words which is more readily accessible, called the topicon (Smith and Claxton, 1972), and that once
this 1s exhausted, the search is extended to a more extensive lexicon. In 2010, Luo and colleagues
examined behavioural differences between monolinguals and low/high vocabulary bilinguals in
verbal fluency performance and found complex interactions in the starting point and slopes of the
time-course. Finally, in the context of time-varying contributions of the medial temporal lobe to
semantic retrieval for categories that might be aided by episodic memory instances, it has been
suggested that early responses are based on well-rehearsed prototypical knowledge while later
responses rely more on open-ended strategies (Duff and Brown-Schmidt 2012; Sheldon and
Moscovitch 2012). Here we propose that the beginning of the verbal fluency task is more dependent
on lexical retrieval of frequent words from the topicon, and as the task progresses, more strategic

executive processes come into play. The aforementioned behavioural studies performed correlations



between verbal fluency performance and cognitive scores in monolingual and early, high-proficiency
bilingual populations, with mixed results, and in the current study, we conjectured that adult second
language learning might magnify the differential contributions of language and executive processes
and allow us to examine effects that might be too subtle in native or earlier acquired languages. The
study thus offers important insights into bilingual language production and its effects on a task that
1s widely used in clinical settings.

We recruited adults enrolled in a language school in either the intermediate or the advanced level
classes, and they performed verbal fluency tasks inside the scanner. If early word generation 1s
associated with linguistic knowledge and later word generation with executive control, then we
would expect performance in the first half of the verbal fluency task to be predicted by language
proficiency, and performance in the second half, or perhaps the drop in performance in the second
half, to be predicted by executive control. To comprehensively map the neural dynamics of verbal
fluency and the effects of language learning, we used three analytical approaches: (1) functional
activation of language and language control regions, (ii) lateralisation of activation in language and
language control regions, and (i) functional coupling between language and language control
regions. First, we examined the time course of activation during the task. Previous studies of verbal
fluency have found involvement of the frontal and temporal regions (e.g. Birn et al. 2010), though
many studies have focused on the prefrontal cortex (e.g. Gaillard et al. 1999; Badre and Wagner,
2002; Costafreda et al. 2006; Wagner et al. 2014). These were static measures of activation, and we
hypothesised that executive control regions would be more active as the task becomes progressively
harder with each new response, and we expected to see greater group differences in the second half
of the verbal fluency task once both groups had exhausted their topicon. Second, we examined the
lateralisation of activation during the verbal fluency task. Verbal fluency tasks have been previously
used to localise language functioning in the brain and are known to elicit left-lateralised activation
(Gaillard et al. 2003; Gurunandan et al. 2020), and here we were interested in the role of right

hemisphere regions. In line with our previous findings, we did not expect to see any effect of L2



proficiency in lateralisation of language production, but hypothesised that as responses get more
effortful in the later part of the task, right hemisphere contribution to the task might increase,
leading to lower left-lateralisation in the second half of the task due to the proportionally lower
contribution of the left hemisphere regions. Finally, we examined the role of L2 proficiency in
functional coupling of the language and language control regions. In line with the idea that
language usage enhances connectivity between language and language control regions, we found
stronger connectivity during comprehension in more advanced L2 learners (Gurunandan et al.
2019), and this has also been found to be the case during picture naming in bimodal bilinguals (Li et
al. 2015) and during the resting state, particularly in late bilinguals (Sulpizio et al. 2020). In the
current study, we expected to observe stronger functional coupling in advanced learners who had

more L2 experience, 1.e. both proficiency and exposure, than the intermediate group.

2. Methods

2.1 Participants

The final study sample consisted of 31 right-handed native Spanish speakers (mean age = 45.19
+ 10.64 years; 15 female) studying Basque in the same language school. Data from three additional
participants was excluded due to either technical issues or excessive head motion during imaging.
Participants were native to the Basque Country, Spain, and had grown up with Spanish (LI) at
home and in school, with little exposure to Basque due to the prevailing sociopolitical situation. This
situation changed in their adulthood and they were now living in Spanish-Basque bilingual
environments, and were enrolled in Basque (L2) classes at either the A2 level (intermediate group, n
= 17) or C1 level (advanced group, n = 14). The proficiency levels A2 and C1 correspond to those
specified by the Common European Framework of Reference for Languages (CEFR), and
participants had uniformly high performance in their respective classes (i.e. for their level). The
study sample was thus controlled for both linguistic and extra-linguistic factors since all participants

were native to the region and were learning a local language that differs substantially from their



native language in morphology and syntax, but has largely overlapping phonology and orthography.
This ensured that motor learning of phonology and articulation were unlikely to be implicated
(Berken et al. 2016). At the same time, beyond these aspects of experimental control, our hypotheses
did not hinge on the linguistic distance between languages. Linguistic distance might entail different
changes in regions such as the sensorimotor cortices, but we expect results in the language and
control networks to be reasonably generalisable to different languages.

Language proficiency was further assessed using a picture-naming task in their two languages —
an adaptation of the Boston Naming Test (Kaplan et al. 1983) controlled for cognates across L1 and
L2 — and participants completed a language background questionnaire in which they indicated the
percentage of their daily exposure outside the classroom to each language. The two groups were
matched on age, gender, IQ), and Spanish proficiency (Table 1). Participants had limited knowledge
of English or other languages, with little day-to-day exposure to them, and there was no difference
between groups in this regard (p = 0.91). All participants had normal or corrected-to-normal vision,
and no history of neurological or psychiatric disorders. In compliance with the ethical regulations
established by the BCBL Ethics Committee and the guidelines of the Helsinki Declaration, all
participants gave written informed consent prior to taking part in the experiment, and received
monetary compensation for their participation.

Table 1: Participant demographics and linguistic scores

Intermediate group Advanced group t-test

Mean SD Mean SD p value
Age 44 .47 11.14 46.07 10.34 0.682

Gender 8EF, 9M 7F, TM

Intgll?gi,gnce 109.75 14.04 117.21 9.25 0.094
L1 proficiency 98.87 2.67 99.71 0.83 0.258
L2 proficiency 48 8.57 85.5 15.07 0.000
L1 Exposure (%) 85.87 15.79 70.54 23.95 0.063
L2 Exposure (%) 8.4 7.77 24.23 22.61 0.030




2.2 Task Design

Inside the scanner, participants performed an overt, paced semantic verbal fluency task in their
two languages, 1.e. Spanish and Basque, that was designed to allow investigation of the time-course
of behaviour and activation. Several studies have demonstrated that covert or silent speech, though
popular in fMRI paradigms, does not activate the same networks as overt speech (Barch et al. 1999;
Huang et al. 2001; Gracco et al. 2005; Shuster and Lemieux, 2005; Soros et al. 2006; Christoffels et
al. 2007; Kleber et al. 2007). Careful head fixation has been found to minimise motion artefacts
from overt speech (Heim et al. 2006), and to control articulatory motion and activation throughout
the task, participants were instructed to move as little as possible while speaking and to respond
overtly with “pass” if' they had no response. Paced responses allowed control over timing of
responses, and the number of exemplars produced during paced and free recall tasks inside the
scanner have been found to be similar (Basho et al. 2007). Finally, we used semantic categories since
this 1s most directly relevant to natural language production (Levelt et al. 1999).

The in-scanner task had a block design with two runs per language, each run containing eight
semantic categories and eight control blocks. To avoid language-switching, the languages were
separated and the order of languages was counterbalanced across participants. In each run,
participants fixated on a white cross in the middle of a black screen, and semantic category cues (e.g.
fruits, animals, clothes) were presented on the screen. Each cue was displayed eight times over the
course of 30 seconds, and participants were instructed to respond overtly to each cue with an
exemplar (e.g. fruits: apple, pear, banana, etc.). Each cue required a novel response, or failing this, an
overt response saying “pass” in order to control articulatory motion and activation throughout the
task. In the control condition, participants repeated the word presented on the screen. Repetitions,
inflections of the same word and erroneous responses were removed, and fluency was scored as
percent valid answers averaged across the sixteen categories in each language.

Outside the scanner, participants also performed a standard attention network test (AN'T; Fan et

al. 2002), and the executive attention component was used as a measure of executive control. The



task was carried out in an insulated behavioural testing cabin. Participants fixated on a black cross in
the middle of a white screen, and in each trial, a single line of five arrows was presented either
above or below the fixation cross. Participants were instructed to indicate the direction of the central
arrow by pressing either the left or the right button as quickly and as accurately as possible. All
participants performed practice trials in which they were given feedback (an emoticon appeared on

the screen after each response), and there was no feedback in the experimental trials.

2.3 MRI Data Collection

Whole-brain MRI data was acquired using a 3-T Siemens Magnetom Trio whole-body MRI
scanner and a 32-channel head coil at the Basque Center on Cognition, Brain and Language
(BCBL). Padded headphones were used to dampen background scanner noise and enable clear
transmission of the auditory stimuli. Participants viewed the print stimuli on a screen via a mirror
mounted on the head coil. To limit head movement, the head coil was padded with foam and
participants were asked to remain as still as possible.

Functional MRI was acquired in the course of four separate runs using a gradient-echo echo-
planar pulse sequence with the following parameters: TR 3000 ms, TE 25 ms, 43 axial slices with a
3.0 x 3.0 x 3.0 mm voxel resolution, 10% inter-slice gap, flip angle (FA) = 90°, field of view (FoV) =
192 mm, 64 x 64 matrix. 240 volumes were collected for each of the functional runs. Prior to each
scan, four volumes were discarded to allow for Tl-equilibration effects. Structural T1-weighted
images were acquired with a MPRAGE sequence with TR = 2530 ms, TE = 2.97 ms, inversion

time = 1100 ms, FA = 7°, FoV = 256 x 256 mm, 176 slices and voxel size = 1 mm3.

2.4 Data Analyses

For all analyses, there were three main factors of interest: (i) between-subjects factor Group
(intermediate or advanced), (ii) within-subject factor Language (L1, L2), and (i1) within-subject
factor Time (A, B) 1.e. the task was partitioned into two parts, A and B, where A comprised the first

half of the task, and B comprised the second half of the task.



Behavioural performance

Each response during the in-scanner verbal fluency task was scored and averaged across semantic
cues to track the mean performance during the course of each task block. Performance was next
averaged across the first and second halves of the task (Time A and B respectively), and a mixed-
model ANOVA was conducted, with Group (intermediate, advanced) as a between-subjects factor,
and Language (L1, L2) and Time (A, B) as within-subject factors. We also ran Bayesian ANOVAs
and t-tests to calculate the default Bayes Factor (BF; Jeffreys 1961; Rouder et al. 2012) as a measure
of the evidence against the null hypothesis. BF quantifies the relative predictive performance of two
rival hypotheses, for e.g. BF = 5 indicates that the data are 5 times more likely under the alternative
hypothesis than under the null hypothesis. While one of the advantages of BF is that it offers a
quantification of the evidence on a continuous scale, a BF of 1-3 is often considered weak evidence
for the alternative hypothesis, BF>3 as substantial evidence, and BF>10 as strong evidence for the
alternative hypothesis, while BF<0.33 is typically considered substantial evidence for the null
hypothesis. The ANT reaction times (RT) were used to calculate a measure of executive control:
mean RT of all congruent flanking conditions, summed across cue types, subtracted from the mean
RT of incongruent flanking conditions (Fan et al. 2002).

To test our hypotheses about the hybrid nature of the verbal fluency task and separate the roles
of a prior independent variables language proficiency and executive control, multiple regression
analyses were run. Since task performance was at ceiling in L1, we focused on task performance in
L2. Hence L2 performance was modelled as the response variable, with L2 proficiency and
executive control (ANT) as explanatory variables, and L1 proficiency and fluid intelligence as
control variables. The four independent variables were tested for independence using pair-wise
correlation, and then entered into multiple linear regression models. We tested four dependent
variables: (i) task performance in the first half of the task, i.e. part A, (i1) task performance in the
second half of the task, 1.e. part B, (ii1) overall task performance, 1.e. A + B, and (iv) drop in task

performance from first to second halves of the task, i.e. A - B.



L2 Task Performance in first half (A) ~ L1 proficiency + Fluid Intelligence + L2 proficiency + Executive Control
L2 Task Performance in second half (B) ~ L1 proficiency + Fluid Intelligence + L2 proficiency + Executive Control
Overall L2 Task Performance (A + B) ~ LI proficiency + Fluid Intelligence + L2 proficiency + Executive Control

Drop in L2 Task Performance (A - B) ~ L1 proficiency + Fluid Intelligence + L2 proficiency + Executive Control

Finally, correlations were plotted between task performance and its significant predictors.

fMRI pre-processing

Standard SPM12 (Penny et al. 2011) preprocessing routines and analysis methods were
employed. Images were first corrected for differences in timing of slice acquisition and then
realigned to the first and mean volumes using rigid-body registration. Fach subject’s functional
volumes were spatially smoothed with a 4-mm full-width half-maximum (FWHM) Gaussian kernel.
Next, motion parameters obtained from realignment were used to inform a volume repair
procedure (ArtRepair version 5b; Mazaika et al. 2009) that identified bad volumes on the basis of
scan-to-scan movement (>1 mm) and signal fluctuations in global intensity (>1.3%), and corrected
bad volumes via interpolation between the nearest non-repaired scans. Data from two subjects
requiring more than 20% of their volumes to be repaired were discarded. The number of corrected
volumes was similar between groups (p=0.43). After volume repair, functional volumes were co-
registered to the T'l images using 12-parameter affine transformation and spatially normalised to
the MNI space by applying non-linear transforms estimated by deforming the MNI template to
each individual’s structural volume. During normalisation, the volumes were sampled to 3-mm
cubic voxels. The resulting volumes were then spatially smoothed with a 7-mm FWHM Gaussian
kernel. Due to the quadratic relation between separate smoothing operations, the total smoothing
applied to the functional data was approximately equivalent to smoothing with an 8-mm FWHM
Gaussian kernel. Finally, time series were temporally filtered to eliminate contamination from slow

frequency drift (high-pass filter with cut-off period of 128 seconds).



fMRI analyses

Statistical analyses were performed on individual subject data using the general linear model
(GLM). fMRI time series data were modelled by a series of impulses convolved with a canonical
haemodynamic response function (HRF). Six motion parameters for translation (x, y, z) and rotation
(yaw, pitch, roll) were included as covariates of non-interest in the GLM. Each trial was modelled as
an epoch of 15 seconds each, time-locked to either the beginning or the middle of the presentation
of each block. The remaining functions were used as covariates in the GLM, along with a basic set
of cosine functions that high-pass filtered the data, and a covariate for session effects. The least-
squares parameter estimates of the height of the best-fitting canonical HRF for each study
condition were used in pairwise contrasts. Brain coordinates throughout the text, as well as in tables
and figures, are reported in MNI atlas space.

All subsequent analyses were performed with a priori neuroanatomical regions of interest (ROI)
chosen from standard neuroanatomical models of language (e.g. Hagoort, 2013) and language
control (Abutalebi and Green, 2007). We chose six language ROIs: inferior frontal gyrus (IFG) pars
orbitalis, IFG pars triangularis, IFG pars operculars, inferior parietal cortex (IPC), posterior superior
temporal gyrus (STG), and ventral occipito-temporal cortex (VOTC), using the AAL atlas (Tzourio-
Mazoyer et al. 2002). For language control, we chose two ROIs: anterior cingulate cortex (ACC) and
dorsolateral prefrontal cortex (dLPFC), extracting the caudal ACC and rostral middle frontal gyrus
respectively from the Desikan-Killiany atlas (Desikan et al. 2006) since these regions were less
refined in the AAL atlas. By using anatomically-defined ROIs from widely-tested models and atlases,
we aimed to maximise the generalisability and replicability of our results, and avoid using a posterior:
functionally-defined ROIs that would be far more specific to our experimental design. Additionally,
since using unbiased a priori ROIs was particularly important for the lateralisation analysis (described
below), using anatomically-defined ROIs for all analyses allowed for consistency across the different

analyses.



ROI analysis

Parameter estimates (% signal change) of the eight left hemisphere ROIs were acquired for the
contrast Semantics>Rest in each language condition, and ran mixed-model ANOVAs with Group
(intermediate, advanced) as a between-subjects factor, and Language (L1, L2) and Time (A, B) as
within-subject factors. Since we were testing eight individual ROIs, p-values were corrected for
multiple comparisons using false discovery rate (FDR), and then simple effects tests were run on
interaction effects that were significant at corrected p<0.05. We also calculated BF values to quantity
the evidence against the null hypothesis. To further examine the course of functional activation
during the task, the time course analysis of activation was plotted for the same ROIs. BOLD signal
time-series were extracted from each ROI by averaging time-series across all voxels in each ROL
Condition-wise task blocks were each modelled as 30s windows of activity and their time-series were
averaged together to construct mean time courses for each language. These condition-averaged time

courses were then averaged across functional runs, and subsequently plotted.

Lateralisation

Laterality indices of activation for the eight ROIs were calculated in each language condition,
and submitted to mixed model ANOVAs, with Group (intermediate, advanced) as a between-
subjects factor, and Language (L1, L2) and Time (A, B) as within-subject factors. Since we were
testing eight ROIs, p-values were corrected for multiple comparisons using FDR. We also calculated
BF values to quantify the evidence against the null hypothesis. Lateralisation i1s measured by using
bilateral ROI masks to calculate the relative contributions of left and right hemisphere regions, with

the following equation:

Activation in left hemisphere — Activation in right hemisphere

Laterality Index = - -
Total activation

This returns a value between —1 and +1, with negative values indicating greater activation in the
right hemisphere region compared to the left homologue, and positive values indicating greater

activation in the left hemisphere region compared to the right homologue. In line with the latest



recommendations (Bradshaw et al. 2017), we used a threshold-independent method to calculate the
index using the LI-Toolbox (Wilke and Lidzba 2007) and a prior: anatomically-defined regions. The
LI-Toolbox was used with the recommended default settings, i.e. a bootstrapped activation

threshold, with inclusive bilateral masks extracted from the AAL and Desikan-Killiany atlases.

Functional Connectivity

To test changes in functional coupling between regions as the task progressed, functional
connectivity was assessed using the beta-series correlation method (Rissman et al. 2004)
implemented in SPM12 with custom MATLAB scripts. The canonical HRF in SPM was fitted to
each occurrence of each condition and the resulting parameter estimates (beta values) were sorted
according to the study conditions to produce a condition-specific beta series for each voxel. Pairwise
connectivity was calculated between selected ROIs in the bilateral language networks and control
regions for each participant and condition. Since the correlation coefficient ranges from —1 to +1,
an arc-hyperbolic tangent transform (Fisher 1915) was applied to these beta-series correlation values
to make its null hypothesis sampling distribution approach that of the normal distribution. The
normally distributed Fisher’s Z values for each of the eight left hemisphere ROIs were submitted to
mixed model ANOVAs, with Group (intermediate, advanced) as a between-subjects factor, with
Language (L1, L2) and Time (A, B) as within-subject factors, and p-values were corrected for
multiple comparisons using FDR. We also calculated BF values to quantify the evidence against the

null hypothesis.

Data availability

Data are available at https://www.bcbl.eu/DataSharing/CerebCor2022Gurunandan/



3. Results

3.1 In-scanner Behavioural Performance

The mixed-model ANOVA revealed a Group x Language interaction in participants’ fluency
scores (F(1,23)=36.75, q=0.000003, BF=32780.45£3.09%). Post-hoc simple-effect analyses showed
that the intermediate and advanced learners exhibited no difference in fluency in their Ll
(t(24.99)=0.45, p=0.654, BF=0.386£0%), but a significant difference in L2 (t(21.6)=5.92, p<0.001,
BF=2739.5£0%), with the advanced group showing significantly higher L2 fluency than the
intermediate group. Both groups displayed significantly higher performance in L1 than in L2
(intermediate group: t(13)=16.01, p<0.001, BF=14335775.1£0%, and advanced group: t(10)=4.90,
p<0.001, BF=60.31+0%) (Figure 1A). Finally, there was a significant main effect of Time, with task
performance significantly higher in the first half of the task A compared to the second half of the
task B (F(1,23)=87.8, q<0.001, BF=71.34%0.76%) (Figure 1B). The time course of behavioural

performance was plotted for each Group and Language (Figure 1C).
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Figure 1. Behavioural results of the verbal fluency task inside the scanner revealed (A)
Group x Language interaction in percent correct responses, (B) Main effect of Time in
percent correct responses. (C) Time course of behavioural performance for each Group
and Language was plotted for illustrative purposes. Error bars represent standard
deviation. BF represents the default Bayes Factor.

Multiple regression analyses were used to test if L2 proficiency and executive control significantly
and dissociably predicted participants’ L2 verbal fluency performance, when controlling for L1
proficiency and fluid intelligence. The four independent factors did not display any significant pair-
wise correlations. L2 performance in both the first and second halves of the task was significantly
predicted by L2 proficiency alone. The same effect was seen in overall L2 performance, 1.e. A + B,

which was significantly predicted by L2 proficiency (3=0.76, p<0.001), but not by executive control

(p=0.658). The model explained 72.07% of the variance in L2 performance (R?=0.72, adjusted



R2=0.66, F(4,17)=10.97, p<0.001). L2 performance was significantly correlated with L2 proficiency
(r=0.83, p<0.001; Figure 2A), but not with executive control (r=0.13, p=0.5).

The drop in L2 performance from first to second halves of the task, i.e. A - B, was significantly
predicted by executive control (3=292.9, p=0.002), while L2 proficiency did not show a significant
effect (3=0.2, p=0.06). The model explained 54.63% of the variance in the drop in L2 performance
(R2=0.53, adjusted R2=0.44, F(4,17)=5.12, p=0.006). The drop in L2 performance was significantly
correlated with executive control (r=0.57, p=0.002), but not with L2 proficiency (r=0.23, p=0.27).
For easier interpretation of the scatter-plot, we plotted the reciprocal of the ANT RT value such
that greater scores indicate greater executive control, and plotted B - A such that higher scores

indicate more sustained performance throughout the task (Figure 2B).

A

100

-10 S

\,
o
s she

.- o Group
-20 -

- Intermediate
P ¢ Advanced

-30

Verbal Fluency score
> S
A
A
3
AY
Drop in Verbal Fluency (B - A)

r=0.83, p=0.00000053 40 r=0.51, p=0.0095

40 60 80 100 8 10 12 14 16
Proficiency Executive Control

Figure 2. Pearson’s correlations revealed (A) positive correlation between L2
proficiency and L2 VF performance, and (B) positive correlation between executive
control and sustained L2 VF performance (i.e. drop in performance from first to second

half of the task).

3.2 ROI Analysis

The overall pattern of recruitment of regions in L1 and L2 was exactly the same (Figure 3A).
Mixed model ANOVAs of the activation in each ROI revealed a main effect of Language in the
ACC, dIPFC and IFG (pars orbitalis, pars triangularis, and pars opercularis), with significantly higher
activation for L1 than for L2 (Figure 3A). We found significant Group x Time interactions in the

dIPFC, IFG pars triangulans, and IFG pars opercularis, with significantly higher activation in the



advanced than the intermediate group in only the second half of the task (Figure 3b). The ROI

time courses of activation were plotted for each Group and Language (Figure 3C).
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Figure 3. ROI analysis of the left hemisphere a priori ROls during the verbal fluency task
revealed (A) similar pattern of activation in L1 and L2, and a main effect of Language in
the control and IFG regions, and (B) Group x Part interaction in control regions and
Broca’s Area. (C) Time course of ROI activation for each Group and Language was
plotted for illustrative purposes. Language control regions=purple, IFG=green, and
posterior regions=blue. Error bars represent standard error, q indicates FDR-corrected p-
values, and BF indicates:default Bayes Factor.



3.3 Lateralisation

Verbal production in the language network regions was left-lateralised. Mixed model ANOVAs of
the laterality indices in each of the eight bilateral ROIs revealed no effect of proficiency in any of
the regions (q>0.65; BF<0.8, BFeror<0.01). We found a main effect of Language in the IFG pars
triangularis and STG, with significantly greater left lateralisation in L1 than in L2 (Figure 4A). We
also found a main effect of Time in only the language regions, i.e. IFG pars orbitalis, triangularis, and
opercularis, IPL. and STG, with significantly greater left lateralisation in the first half of the task, 1.e.
Time A (Figure 4B). Control regions ACC and dIPFC did not display this effect of Time (q>0.17;

BF<0.5, BFerror<0.02).
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Figure 4. Laterality analysis of the bilateral a priori ROls during the verbal fluency task
revealed (A) main effect of Language and (B) main effect of Time in the language
regions. Language control regions=purple,;IFG=green, and posterior regions=blue.

Error bars represent standard error, q indicates FDR-corrected p-values, and BF

indicates default Bayes Factor.



3.4 Functional Connectivity

Mixed model ANOVAs of the functional connectivity between the eight left hemisphere ROIs
revealed a main effect of Language in the connectivity between the IFG pars triangularis and
opercularis, with significantly higher connectivity in L2 than in L1 (Figure 5A). We also found a main
effect of Group in the connectivity between the ACC and IFG pars triangularis, with significantly
higher connectivity in the advanced group compared to the intermediate group (Figure 5B). There

was no significant effect of Time in any ROI pair (q>0.22).
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Figure 5. Functional connectivity analysis of the left hemisphere a priori ROIs during
the verbal fluency task revealed (A) main effect of Language in functional coupling in
the IFG and (B) main effect of Group in functional coupling of language and
language control regions. Error bars represent standard error, q indicates FDR-
corrected p-values, and BF:indicates default Bayes Factor.



4. Discussion

The current study investigated functional differences between intermediate and advanced
language learners with two goals: (i) to investigate the effect of second language learning on the
neural substrates of language production, and (ii) to examine the neural dynamics of verbal fluency
and dissociate the contributions of language knowledge (i.e. vocabulary) and executive control. To
the best of our knowledge, this is the first fMRI study to investigate the later stages (i.e. more
proficient levels) of ecological adult language learning and the first to examine the functional
dynamics of bilingual verbal fluency. The interaction between language and proficiency groups
allowed us to test various hypotheses about the functional dynamics of verbal fluency, and to
examine effects in a recently acquired language that might be too small to be detected in native or
early languages. To ensure sufficient L2 proficiency differences, we used a cross-sectional design and
studied two groups of adult language learners from intermediate and advanced level classes at the
same language school. All participants were studying a local language with very different
morphology and syntax, but similar phonology and the same writing system and a transparent
orthography as their native language, thus controlling for both extra-linguistic factors such as
immigration or foreignness as well as linguistic factors such as motor learning of phonology and
articulation. Inside the MRI scanner, participants performed semantic verbal fluency tasks in their
native and new languages. Participants were presented with semantic category words on the screen
(eight times in a row per category), and instructed to respond aloud with a new exemplar every time
they saw the category word on the screen. If they could not think of a new exemplar, they were
instructed to say “pass” in the appropriate language. The overt, paced task was designed to allow
investigation of its time course, and all analyses were performed by partitioning the task into two
parts. We first confirmed our hypothesis about the time course of different cognitive processes
during the verbal fluency task, showing that language knowledge was associated with overall verbal
fluency performance and that greater executive control was associated with a lower drop in

performance as the task became progressively more difficult. Our fMRI analytical approach



included ROI analyses of functional activation, lateralisation analyses, and analyses of functional
connectivity. We found (i) significant learning-related changes in the functional correlates of verbal
fluency in the native and new language, (i1) no significant learning-related changes in lateralisation,
and (ii1) increased functional coupling between language and language control regions with greater
L2 experience. Collectively, our results point to significant functional plasticity in the later stages of
language learning in adults that affect both the native and new languages, and support our

hypotheses about the cognitive and neural dynamics of verbal fluency.

Verbal fluency is predicted by language proficiency and executive control

The two groups were equated in their L1 proficiency and performed similarly in the L1 verbal
fluency task, but displayed significant differences in their L2 proficiency and verbal fluency task
performance. Since L1 proficiency and verbal fluency were at ceiling, we did not expect proficiency
or executive control to be predictive of verbal fluency performance, and this was indeed the case. In
L2, however, in which both groups had significantly lower performance, we found that verbal
fluency was significantly associated with language proficiency but not executive control, while
greater executive control was associated with a smaller drop in performance from the first to second
halves of the task which was not predicted by language proficiency. This provides support to the
hypothesis that the beginning of the semantic verbal fluency task is more dependent on language
knowledge, and as the task progresses, more strategic executive processes come into play. Previous
studies of verbal fluency mostly agree that semantic verbal fluency is associated with language
knowledge (e.g. Friesen et al. 2015; Escobar et al. 2018), but dissociating it from executive control
has proven to be much harder, with far less consensus on whether semantic verbal fluency tasks
should be considered language tasks (e.g. Luo et al. 2010) or executive control tasks (e.g. Aita et al.
2018). In the current study, the association between L2 proficiency and verbal fluency was driven by
the large difference in L2 proficiency between the two groups; however, there was no difference
between groups in executive control as measured by the ANT, and executive control was found to be

significantly predictive of the trajectory of performance regardless of language knowledge. The lack



of consensus in the field indicates that the dissociable effects of language knowledge and executive
control are quite small in healthy adults in their native and early languages, but it is critical to
understand and account for the interaction between these two factors in verbal fluency performance
due to the widespread use of such tasks in clinical settings. Further studies with bilingual patients

should be carried out to confirm our findings in the relevant clinical settings.

L2 proficiency alters the neural dynamics of verbal fluency in both L1 and L2

The pattern of recruitment of the language and language control regions was identical in both
languages, indicating that similar neural processes underlay verbal fluency in both languages,
though the control regions, i.e. ACC and dIPFC, and the IFG displayed greater activation for L1
than for L2. We found significant effects of L2 proficiency in the functional dynamics of verbal
fluency. In both languages, we found that in the first half of the task, there was no significant
difference between intermediate and advanced groups in any region, while in the second half of the
task, the advanced group displayed significantly greater recruitment of the dIPFC and the IFG pars
triangularis and pars operculars, 1.e. Broca’s Area. The time course of activation further illustrated the
difference in dynamics between the two groups, and the presence of this effect in both languages
despite L1 being equated in both groups and L2 being significantly different between them indicates
a complex interaction between language knowledge and language control during word retrieval.
While greater L2 proficiency is associated with a larger L2 lexicon, the consequently lower
functional frequency of both L1 and L2 words in the mental lexicon increases reliance on executive
search strategies (Costa, 2005; Michael and Golan, 2005). Thus, acquiring a new language and
becoming proficient in it fundamentally alters the cognitive and neural dynamics of word retrieval

in both native and new languages.

L2 proficiency does not affect left lateralisation of language production

The lateralisation of activation in the language and control regions during the verbal fluency task
exhibited no effects of proficiency. In our previous work, we had found that lateralisation of the

overall language network during verbal production does not change with increasing L2 proficiency



(Gurunandan et al. 2019). Here we examined the neural dynamics of lateralisation during language
production in individual language and language control regions, and once again found that there
was no effect of L2 proficiency on lateralisation of language production. However, we found that
lateralisation was modulated by task difficulty, 1.e. left lateralisation of language regions decreased
with increasing task difficulty, indicating greater recruitment of right hemisphere homologues. This
was seen in two instances: (1) the IFG pars triangularis and posterior STG were significantly more left-
lateralised in L1 than in L2 in both groups throughout the task, and (i1) the language regions
displayed significantly higher left-lateralisation of activation at the beginning of the task compared
to the end of the task. Previous studies have found similar effects, with greater right hemisphere
activation in more difficult language tasks (Buckner et al. 1995; Schnur et al. 2009). A few previous
studies have hypothesised a non-language-specific role of the right hemisphere regions (e.g. Basho et
al. 2007; Vigneau et al. 2011; Geranmayeh et al. 2014), but in the current experiment, the drop in
left-lateralisation was specific to the language regions, supporting the idea that the involvement of
the right hemisphere regions at the end of the task is specific to language and not executive
processes. Further, the decrease in left-lateralisation in the second half of the task coincided with the
increased activation of left-hemisphere regions in the second half of the task that was found in the
activation analysis, indicating that lower left-lateralisation was not caused by lower left hemisphere

activation, but instead by greater right hemisphere activation of language regions.

Greater L2 experience enhances functional coupling of language and control regions

Pairwise functional connectivity analyses revealed a main effect of L2 proficiency on functional
coupling of the ACC with IFG pars triangularis. We found that advanced L2 learners exhibited
significantly stronger coupling than did the intermediate L2 learners, indicating that coordination
between these language and control regions was significantly higher during language production
across languages. We found no effect of task progression, indicating that functional connectivity was
relatively constant throughout the verbal fluency task and primarily dependent on language

experience. Finally, we found that functional coupling between the IFG pars triangularis and pars



opercularis was higher in L2 than in L1, indicating greater connectivity within the language network
for L2 processing. Overall, the finding that functional coupling of language and language control
regions is higher in advanced L2 learners is consistent with previous findings such as bimodal
bilinguals showing greater connectivity between ACC and language regions during picture-naming
compared to monolinguals (Li et al. 2015), advanced learners displaying higher connectivity
between control and language regions during an L2 semantic judgement task (Gurunandan et al.
2019), and bilinguals with greater language experience exhibiting greater resting state connectivity
between control and language networks (Sulpizio et al. 2020). In the current study, L2 proficiency
and daily L2 exposure were not independent, and thus based on previous studies, we suggest that
greater L2 experience, 1.e. proficiency and exposure, results in enhanced functional coupling of
language and control regions.
Limitations

First, the current study has a modest sample size. We were thus careful to focus on specific
hypotheses and to examine the data with a multi-pronged approach by including Bayesian statistics,
interpreting each result within the context of corroborating results from diverse analyses, and
staying within the scope of our results. Second, we used a prior: neuroanatomical ROIs that, while
unbiased, are larger than functional ROIs, and this may have the drawback of being less precise.
Third, in the interest of limiting the number of ROIs and maintaining consistency with our
previous work, we did not examine sub-cortical regions implicated in language control (Bradley et
al. 2013; Hervais-Adelman et al. 2015). Finally, while participants’ L2 proficiency was carefully
characterised and controlled to the best of our ability, we cannot rule out contributions of language
learning talent and active learning effort that may have contributed to the higher level of proficiency

in the advanced group.

Conclusion

In conclusion, we found that across languages, intermediate and advanced language learners

displayed significant differences in (1) the functional dynamics of word retrieval, and (i1) functional



connectivity between language and language control regions. Thus language learners well into
adulthood display functional plasticity of language and language control networks. Importantly,
these effects are not specific to the new language, but affect the native language as well, indicating
that learning a new language fundamentally alters language production processes in all languages.
We also found that language proficiency and executive control play dissociable roles in semantic
verbal fluency, and together with the finding that these are affected by second language learning, it is
critical to further understand and account for the effects of bilingualism on verbal fluency

performance in clinical settings.
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