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Abstract

This study investigated changes in cognitive flexibility in older adults after complex
skill learning, specifically learning to speak a new language. Aging brings neuroanatomical
and physiological changes that cause cognitive functions such as executive functions to fade.
Cognitive flexibility is the ability to alternate between different mental tasks and it is
considered to be one of the main elements of executive functions. The coordination of
executive functions underpins high-level thought, at which older adults seem to face age-
related deficits, resulting in daily challenges. In order to moderate this issue, complex skill
learning such as language learning has been proposed to enhance cognitive flexibility.
Cognitive flexibility can be indicated in switching costs: the tendency to perform worse when
switching between tasks, compared to repeating the same task. The goal of the current study,
on a behavioural level, was to examine whether cognitive flexibility, was improved after
language learning. On a neurophysiological level, the aim was to inspect any differences in
event related potentials before and after the interventions, measured using
electroencephalogram during the switching task. Specifically, the N2 and P3 neural
components were inspected, as these are often observed during switching tasks and are often
related to cognitive flexibility. This study was part of the FlexLang project, in which older
adults participated in one of the three interventions: language, music or social-art learning, all
lasting three months. Cognitive flexibility was assessed using a colour-shape switching task
before and after the intervention. The results are ambiguous. Switching costs in accuracy, but
not reaction time, were lower after the intervention compared to before, with no difference
between the three interventions. No differences were found in the N2 and P3 between the two
measurement points. Results suggest that the interventions or practice improved cognitive
flexibility in older adults. However, further research needs to be done to explore the

neurophysiological background that supports this process.



Keywords. Cognitive flexibility, switching costs, bilingualism, event related potentials, N2,
P3

DOES A BILINGUAL EXPERIENCE ENHANCE COGNITIVE FLEXIBILITY IN OLDER
ADULTS? BEHAVIOURAL AND NEUROPSYSIOLOGICAL INDICATIONS

One of the impressive abilities of human behaviour is the reconfiguration of the mind.
Quite easily, almost effortlessly, humans can switch between different mental tasks. This so
called procedure of cognitive flexibility, is often a fast process; most of the times individuals
do not even realize when or how it happened (Braem & Egner, 2018). Diamond (2013)
proposes cognitive flexibility, inhibition, and working memory as the main components of
executive functions (EFs). Due to the coordination of multiple EFs individuals can process
and mentally digest ideas that come up in mind, analyse them before making decisions,
accept changes, and react to challenges (Diamond, 2013). EFs are therefore responsible for
high level thought, multi-tasking, and sustained attention. Cognitive flexibility here holds a
special position. It is the ability to reconfigure the mind, or specifically, to mentally switch
between different tasks or thoughts. Cognitive flexibility entails the creative or “out of the
box” thinking, the quick and flexible adjustment to different scenarios and circumstances,
adjustment to new demands, priorities’ checking, and exploitation of unforeseen events and
opportunities (Diamond, 2013). Essentially, it comes down to the ability to change
perspectives. Developmentally, cognitive flexibility is attained after the acquisition and
establishment of the other two main executive functions of inhibition and working memory
(Davidson et al., 2006; Garon et al., 2008). To alter our perspective and thus to employ
cognitive flexibility, we first need to inhibit our previous perspective and activate the new

one into working memory. According to this pattern, inhibition and working memory are



both necessary to provoke cognitive flexibility and make individuals able to adjust to new

demands.

Experimentally, cognitive flexibility is often measured using task-switching and set-
shifting tasks. Commonly used paradigms are the Wisconsin Card Sorting Task (Stuss &
Alexander, 2000), the Simon task (Simon & Rudell, 1967), the flanker task (Eriksen &
Eriksen, 1974), the Stroop task (Stroop, 1935), and versions of switching tasks (Prior &
Macwhinney, 2010). Task switching includes set of stimuli, presenting series of trials. The
tasks can include either the same elements and so the participant needs to repeat the task, or
different elements, where the participant needs to switch (Diamond, 2013; Miyake et al.,
2000). The cognitive task in switch trials differs from the previously executed tasks, while in
the case of repeat trials the previously task is simply re-executed (Kopp et al., 2020). A
prominent behavioural observation during the switching task is the phenomenon of Switching
Cost (SC): a cost observed when switching compared to repeating in switch trials relative to
repeat ones, represented by a less accurate (low percentage of correct responses) and slower
performance (longer RTs) (Meiran, 1996; Rogers & Monsell, 1995; G. Wylie & Allport,
2000). SC then, represents the time needed to change from a stimulus-response mapping rule
necessary for the execution of one task, to a different stimulus-response mapping rule fitting
the needs of the new task. This idea has been associated with the term of task-set
reconfiguration (Monsell, 2003; Rogers & Monsell, 1995). This asks for a combination of
cognitive procedures like retrieval of working memory, activation and inhibition of irrelevant
task sets, important features that contribute to cognitive flexibility (Gajewski & Falkenstein,

2012; Kiesel et al., 2010).

Importantly, cognitive flexibility changes throughout life: it improves during child
development and then decreases again during aging. Broad age-related deficits are commonly

observed in several mental processes such as working or episodic memory, spatial and



reasoning abilities, and processing speed (Salthouse et al., 1996; Wasylyshyn et al., 2011).
Additionally, cognitive flexibility has been shown to decline with increasing age (Boone et
al., 1993; Wecker et al., 2005). Most of the difficulties arise when older adults need to
perform tasks at the same time or in inhibiting one response and need to produce another one
(Richard’s et al., 2021). The decrease in cognitive flexibility with age can cause problems in
adaptation to new situations and environments in older adults (Cepeda et al., 2001; Kray,
2006; Stern et al., 2014). Cognitive flexibility has been found to be a better predictor of
performance in activities that are instrumental to the daily life of older adults than are other
cognitive functions (Bell-McGinty et al., 2002; Vaughan & Giovanello, 2010). This is
problematic because the number of older adults in the EU aged 85 years and over is expected
to double to more than 26.8 million people in 2050 (Ageing Europe - Statistics on Population
Developments - Statistics Explained, 2021). Society therefore, expects older adults to remain
active in the labour market for longer. Consequently, these trends demand from older adults
to remain cognitively, physically, socially and emotionally functional for longer in life. The
arising challenge that occurs here is to find ways and practices to help older adults maintain

or enhance their personal performance at all levels.

Bilingualism to improve cognitive flexibility

Recently, attention has been drawn to how speaking multiple languages could help to
maintain or improve cognitive flexibility. Individuals who speak multiple languages need to
manage two or more languages in one mind, calling upon cognitive flexibility (Green, 1998;
Grosjean, 1989; Rodriguez-Fornells et al., 2005). Bilinguals need to check which language
they should use, update the relevant information of the “correct” language under specific

circumstances, and switch between languages when needed according to the environment and



conditions. To do so, they also have to suppress the non-relevant language codes (Abutalebi
& Green, 2007; Costa et al., 2009; Festman & Miinte, 2012). Thus, the coordination of the
executive functions and especially the one of cognitive flexibility appear prominent in

bilingualism.

In general, being able to speak more than two languages can enhance a person’s social
skills and promotes communicational opportunities. Paradoxically, the only disadvantage of
bilingualism seems to concern a linguistic characteristic: smaller vocabularies for each
language and difficulties with lexical access-retrieval for bilinguals compared to
monolinguals (Michael E. & Gollan T., 2005; Bialystok & Craik, 2010). In addition to the
social benefits, people who learn or speak multiple languages seem to have cognitive
advantages. Cognitive functions, especially executive functions such as inhibition, working
memory and cognitive flexibility, are found to be enhanced when speaking multiple
languages compared to speaking just one language (Bialystok & Martin, 2004b; Kroll &
Bialystok, 2013). Bilinguals have often been found to outperform monolinguals as shown by
studies involving different age groups, assessing for example non-verbal conflict resolution
(Bialystok et al., 2005; Costa et al., 2009), inhibitory control (Colzato et al., 2008; Lee
Salvatierra & Rosselli, 2011), and task switching (Prior & Gollan, 2011; Prior &
Macwhinney, 2010). Specifically for switching tasks, studies found that bilinguals showed
smaller switching costs than monolinguals (Prior & Gollan, 2011), indicating a better
switching performance by bilinguals. These studies support the so-called bilingual
advantage, a hypothesis that claims that bilingualism enhances executive control abilities

(Pot et al., 2019).

It must be noted however that many studies dispute the claim for a bilingual advantage
and suggest that this advantage occurs only under specific methodological practices like

uncontrolled non-linguistic factors, such as individual differences (de Bruin et al., 2015;



Dunabeitia et al., 2014; Gathercole et al., 2014; Paap et al., 2016; Paap & Greenberg, 2013)
or incorrectly matched samples (Costa et al., 2009; Kousaie & Phillips, 2012). Other studies
have observed the bilingual advantage but only in specific age groups, such as children under
school age (Bialystok & Martin, 2004a), in middle childhood (Garraffa et al., 2015), young
adults (Pelham & Abrams, 2014) and in older adults (Bialystok et al., 2006, 2014). These
studies support the similarity and not an unequivocal difference in EFs between bilinguals

and monolinguals, as no big differences have been observed between these two groups.

Studies with older adults have showed that, bilingualism can be beneficial in
attenuating certain age-related conditions and frailties (Bak et al., 2014; Craik et al., 2016;
Wilson et al., 2018). Bilingualism could for example potentially delay the onset of dementia
symptoms (Craik et al., 2016; Mortimer et al., 2014), or contribute to the offset of age-related
losses in executive processes in older adulthood (Costumero et al., 2020; Dash et al., 2019).
Since normal aging involves some degree of decline in memory, executive functions and
attention, it is thought that learning a new language or active bilingualism in older adulthood
may act as a shield in order to preserve these cognitive functions (Antoniou, 2019; Antoniou
& Wright, 2017; Chan et al., 2020). So far, few studies have been performed investigating
this hypothesis, although some are currently conducted (Nijmeijer et al., 2021). The studies
that have been done are inconclusive to date. Some studies show that language learning in
older adults results in minor changes in global cognition and brain structure (Bubbico et al.,
2019; Pot et al., 2019), while others have found no changes in switching abilities (Ramos et
al., 2017). However, there are researchers that do not exclude the possibility of a bilingual
advantage and acknowledge its existence in later stages in life (Anton et al., 2016). Although
older adults show lower cognitive flexibility in switching tasks than younger adults, (Roldan-
Tapia et al., 2017; Wilson et al., 2018) bilingual older adults perform better in switching tasks

and cognitive flexibility than monolinguals older adults (Gold et al., 2013). Additionally,



studies have shown that bilinguals older adults who could not complete the colour-shape task,
exhibited larger switching costs than matched bilinguals who completed the task(Weissberger
et al., 2012). This seems to support the theory that bilingualism may contribute to the

enhancement of cognitive flexibility in elderly.

Neural underpinnings of cognitive flexibility

Cognitive flexibility requires the coordination of multiple executive functions, making
it difficult to isolate cognitive flexibility at the neural level (Dajani & Uddin, 2019).
Therefore, specific regions that are found to be involved in cognitive flexibility are not
necessarily involved solely in this particular process. Neuroimaging data from non-linguistic
cognitive control studies suggest that brain areas which are mainly involved in cognitive
flexibility involve frontal and parietal regions (Brass & Von Cramon, 2004; Kim et al., 2012).
Specifically, the dorsolateral prefrontal cortex (dIPFC) is thought to be involved in the
representation of task-set rules during the task (Crone et al., 2006; Cutini et al., 2008). The
left superior frontal gyrus (sFG) is suggested to be engaged in interference detection and
suppression (Jamadar et al., 2010; Langenecker et al., 2004). The inferior frontal junction
(IFJ) is believed to play a critical role in updating the task rules representations or the
inhibition of previous response sets (Armbruster et al., 2012). The left ventrolateral prefrontal
cortex (VIPFC) is suggested to resolve proactive interference from the previous task set
(Badre & Wagner, 2006) and the right (vIPFC) is thought to be involved in selecting the most
effective response (Dippel & Beste, 2015). The parietal regions have been found to be
involved in task-set reconfiguration and rule representation (Crone et al., 2006) and in
general attentional mechanisms, needed for the switching purposes (Smith et al., 2004;

Wager et al., 2004).
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In order to further distinguish the neural subprocesses underlying cognitive flexibility,
it is important to study not only the spatial regions, but also temporal aspects.
Electroencephalogram (EEG) has a good temporal resolution and examines event-related
potential components (ERPs). These are specific neural responses related with specific
cognitive, sensory and motor events (Luck, 2014). With other words they are electrical

potentials associated with specific events such as stimulus or response onset.

Neurophysiological studies with ERPs have repeatedly shown two electrophysiological
components associated with cognitive flexibility and task-switching processes: the N2 and
the P3. The N2 is a negative wave and appears around 200-400ms after stimulus presentation
mainly at fronto-central cortical areas (Folstein & Van Petten, 2008; Van Veen & Carter,
2002; Yeung & Cohen, 2006). Specifically during task switching, researchers have observed
an enhanced negativity response, represented by a larger (more negative) N2 amplitude in
switch trials compared to non-switch trials (Capizzi et al., 2016; Cutini et al., 2021). A larger
N2 has been proposed to reflect response selection when switching is needed and it seems to
play a role in the detection of conflict and in stimulus-response mapping processes (Gajewski
etal., 2018; Liu & Zhang, 2020). In general, it seems that smaller (less negative) amplitudes
of N2 are associated with enhanced performance, better cognitive control and cognitive
flexibility processes (Barcel6 et al., 2000; Finke et al., 2012; Gaal & Czigler, 2018; Gajewski
et al., 2010; Goffaux et al., 2008; Jackson et al., 2004; Jost et al., 2008; Karayanidis et al.,
2003, 2011; Kieffaber & Hetrick, 2005; Kotchoubey, 2006; Lavric et al., 2008). Studies with
older adults show that N2 amplitudes are larger (more negative) with aging (Gajewski et al.,

2018), perhaps as a result of the attenuation of cognitive control processes.

The P3 is a positive deflection that appears around 300ms post stimulus, mainly in
parietal regions. A smaller in amplitude (less positive) positive ERP response has been

observed in switch trials compared to non-switch trials (Cutini et al., 2021; Karayanidis,
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Jamadar, 2013; Kopp et al., 2014; Li et al., 2012; Miniussi et al., 2005; Nicholson et al.,
2005) and is linked to updating, organizing and implementing the new task-set (Barcel6 et al.,
2000; Gajewski et al., 2010; Jamadar et al., 2010; Jost et al., 2008; Karayanidis et al., 2003;
Kieffaber & Hetrick, 2005; Lorist et al., 2000; Petruo et al., 2016; Poulsen et al., 2005). P3

amplitudes seem to be smaller when the task is more demanding (Kok, 2001).

The N2 and the P3 thus seem to be appearing in switching activities: a larger N2 and a
smaller P3 during switching compared to repeating (Hsieh & Cheng, 2006; Kieffaber &
Hetrick, 2005; Lavric et al., 2008; Poulsen et al., 2005; Wylie et al., 2003). These ERPS
therefore might be correlated with more complex, demanding, and time-consuming tasks,
assuming that switch tasks are more difficult and require more time. Together these
components reflect the involvement of decision or response control processes that are
involved in order to solve the interference occurring in the most challenging (switch) trials

(Capizzi et al., 2016).

So far, relatively few studies have examined cognitive flexibility related ERPs in older
adults. Studies show a larger N2 and a smaller P3 for switch compared to repeat trials with
increasing age (Gajewski et al., 2018; Karayanidis et al., 2011; Kropotov et al., 2016; Travers
& West, 2008). Another effect of aging that has been found across different tasks is a latency
delay of the N2 and the P3 (Bertoli et al., 2005; Czigler et al., 1996; Gajewski & Falkenstein,

2014; Lucci et al., 2013).

N2-P3 in switching task in bilinguals

Similarly, only few neurophysiological studies have inspected the N2 and P3
components in bilinguals and monolinguals during switching tasks. The findings are
contradictory. Only one study has found a larger N2 for bilinguals in switch tasks (Timmer et

al., 2017). Studies that measured conflict detection using the flanker task showed that
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bilinguals exhibited a larger N2 and smaller P3 components compared to their monolingual
counterparts, suggesting enhanced monitoring processes and reduced categorisation effort
(Markiewicz et al., 2021). However, when measuring executive control and response
inhibition using the Go/no Go task, researchers observed larger P3 amplitudes together with

better behavioural performance for bilingual than monolingual children (Barac et al., 2016).

If enhanced cognitive flexibility and its related neural ERP components are indeed
related to speaking multiple languages, the question arises whether learning to speak a new,
additional language can improve cognitive flexibility in older adults. Potentially, a language
training can decrease the aging effect. However, whether such a bilingual experience for
older adults can attenuate switching cost and their related ERP components has not been

studied before.

Aim-Question/ Hypothesis

The current study focuses on whether cognitive flexibility in elderly improves after a
bilingual experience. This is done by examining whether older adults perform better on a
switching task after a three months’ period of foreign language training. Given the
behavioural evidence from the bilingual advantage, that proposes better cognitive flexibility
for bilinguals, better cognitive flexibility is expected for older adults after the language
training, compared to before. Increases in cognitive flexibility are expressed by lower

switching costs, both in accuracy and reaction time.

On a neurophysiological level, the study examines the N2 and P3 ERP components,
focusing on response selection and updating processes respectively. Given that bilinguals
older adults show lower switching costs than monolinguals, less negative (smaller) N2 and
more positive (larger) P3 are expected in older adults after the language training compared to

before, in switch versus repeat trials. This indicates a more efficient conflict



detection/monitoring processing and response inhibition after the language learning and

enhanced cognitive flexibility ability in general.

13
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Methods

This study is part of the FlexLang study (Nijmeijer et al., 2021), which was funded by
the University of Groningen and the University of Medical Center Groningen(UMCG) and
approved by the medical ethical committee of the UMCG (registration number METC
2018.375; NL65233.042.18). The trial was registered at the Netherlands Trial Register(NTR),

protocol number NTR7336.

Study Design

The study included four phases: a selection procedure for eligibility, a baseline
cognitive and neuropsychological examination (TO0), the intervention that lasted for three
months, a post-intervention cognitive and neuropsychological examination (T1), and a six-
month follow up examination (T2). The current study will focus on the baseline and post-
intervention examinations. In both examinations, brain activity was measured using
electroencephalography (EEG), during the colour-shape switching task. The intervention of
interest was the language intervention where the purpose was to learn a new language. Two
control interventions included a music intervention, aimed at learning to play a musical
instrument as a cognitive control condition, and a social-art intervention with no focus on

learning but to control for social skills activation.

Participants

Overall, 122 older adults were included in the FlexLang study, ranging from 65 to 85
years old (M= 69.98, SD = 3.83), all having the Dutch nationality. All elderly included in the

study experienced subjective cognitive decline, which is a risk factor for further cognitive
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decline and late-life depression (Xu et al., 2021). Other, inclusion criteria were functional
monolingualism, English knowledge maximum at A2 level, music abstention for at least 20
years, basic computer experience and access, and an 1Q higher than 85(M = 116, SD= 15.33).
Exclusion criteria were the presence of objective cognitive decline with score higher than 23
on Montreal Cognitive Assessment (MoCA), presence of a major DSM-IV disorder,
diagnosed neurological problems (dementia, Mild Cognitive Impairment, epilepsy, etc.),
daily use of benzodiazepines or antidepressants, presence of self-reported vision and/or

hearing problems that cannot be corrected by vision/hearing aids.

Participants were recruited via primary and specialised health care institutions: general
practitioners and memory clinics, organizations for senior citizens, participant platforms
(hersenonderzoek.nl), public media (regional newspapers) and social media. The recruitment
procedure lasted from November 2018 till December 2020. All subjects provided informed
written consent, according to the principles expressed in the Declaration of Helsinki and each

participant received a gift card of 25 euros for their participation.

Groups

The participants were randomly allocated to one of the three interventions: language
learning, music learning and social-art intervention. The randomization procedure was
conducted using a computer-generated randomization list in Microsoft Excel. The
experimental group received language training in the English language. This specific
language was selected since a pilot work within the Bilingualism and Aging Lab at the
University of Groningen showed that the elderly had a higher motivation to learn English
compared to other languages such as Spanish or Italian. The language intervention included

self-study of the participants in online language activities, where they had to send homework
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assignments for at least 45 minutes a day, five times a week. In-person 90 minute meetings
took place every two weeks at the University of Groningen with the rest of the class,
accompanied by an English language instructor. The class meetings included group exercises

and short presentations.

The control groups received either a musical training, with guitar lessons (high-level
active control) or a social-art intervention with creative workshops (low-level active control).
The music intervention followed the set-up and format of the language intervention: 45
minutes per day for five days per week of online learning activities at home, combined with
in-person meetings with a music instructor for 90 minutes every fortnight. For the social
intervention, the participants had to meet only every other week for 90 minutes. Creativity
workshops such as painting and woodcrafts were offered during these meetings. No home
assignments or online training was involved for the social intervention. The social interaction
level was aimed to have the same level of social interaction as in the other training
interventions (language and music), but only a minimum complex skill learning was aimed.

The duration of all the interventions was three months.

Materials

Stimuli, task and procedure

A modified version of the colour-shape switching task was used to measure cognitive
flexibility, based on the task of Prior & MacWhinney (2010). The general goal of the task
was for participants to respond as quickly as possible to the appearance of coloured-shaped
targets. Stimuli were presented on a screen at a resolution of 1024 * 768 pixels. Participants
were seated in a chair at a distance of approximately 60 cm from the screen in a dimly lit and

shielded room. The monitor’s height was 20 cm and the vertical resolution of the monitor 76
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cm. Participants were instructed to rest the index and middle fingers of the right and left hand
on the ‘d’, ‘f” and j’, ’k’ keys of the keyboard throughout the whole experiment, except for

the breaks. The task lasted approximately 20-25 minutes.

The task consisted of three blocks reflecting single tasks, shape and colour block and
switched cue tasks, mixed block (see Appendix). A sandwich design was used for the blocks’
sequence: the repetition of the single-task blocks after completing the mixed-task blocks
allowed avoidance of influence of order effects on mixed block performance. Four different
versions of the task were used to counterbalance the order of the task blocks and the hand

participants used to respond when pressing the keys.

During the colour block, a coloured figure (circle or square in red or green) appeared at
the centre of the screen and participants had to respond to the colour of the figure (red or
green). During the shape block, again a coloured figure appeared at the centre of the screen
but participants had to respond to the shape of the figure (circle or square). In the colour
block, participants had to press a key with their index finger when a red target appeared and
with their middle finger for a green figure. In the shape block, they had to press a key with
their middle finger when the figure was a square, and with their index finger when it was a
circle. During the mixed block, the two single-tasks were combined, maintaining the
assignment of task to hand and finger. In the mixed block, a cue appeared to indicate the task
of the trial. If a colour-wheel cue appeared on the screen, the participants should respond to
the colour of the figure. If the cue that appeared was a pair of black shapes, participants
should respond to the shape of the figure. This cue (colour-wheel or pair of black shapes) was
depicted on the upper centre side of the screen before the stimuli appeared and it remained
visible on the screen for the whole trial. Indications of which keys should be pressed under
which conditions were presented in the top corners of the screen during the whole procedure

to help subjects remember the instructions.
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Each trial began with a blank screen that lasted for 850ms (jittered in 100ms to reduce
temporal predictability of the next trial), followed by a fixation dot at the centre of the screen
for 350ms and again a blank screen for 150ms. In the single trial blocks, next the target
appeared on the screen and stayed there until the participant had responded or for maximum
of 4000ms. In the mixed task blocks, the 150ms blank screen was followed by a cue that
appeared on the screen for 250ms, followed by the target. Together cue and target remained

on the screen until the participant responded or for a maximum duration of 4000ms.

In the first part of the task, participants performed a colour task and a shape task block
(order was counterbalanced across participants). Each block included 8 practice trials,
followed by a sequence of 36 experimental trials. In the second part, participants performed
three mixed trial blocks consisting of 48 experimental trials each and once 16 practice trials
at the beginning. In the third part, participants again performed two single-task blocks

presented in the opposite order from the first part, but with the same number of trials.

Accuracy and reaction time per trial were measured. Averages for accuracy (percentage
of correct responses) and reaction time (in milliseconds) were calculated for each block.
Switching costs were defined as the difference in performance on switch trials in the mixed
block (changes in colour-shape indications and vice versa), comparing to non-switch trials in
the mixed block. This difference occurs by subtracting the repeat from the switch values. A
positive outcome will indicate that participants were better (or faster) in switch rather than

repeat and a negative outcome will mean the opposite.

The colour-shape switching task was designed and conducted in OpenSesame version

3.1.9 (Mathot et al., 2012).



Behavioural analysis

Statistical analyses were performed using R statistical software version 4.0.2 (R Core
Team, 2020). Two repeated measures (RM)-ANOVAs, one for accuracy one for reaction
time, were conducted to assess whether the switching costs, as an indicator of cognitive
flexibility, significantly differed for the two measurements (pre- and post-intervention) and
for intervention method. The calculated switching costs scores were used as dependent
variable, time as within and intervention as between variable. All assumptions were met for

this analysis. Bonferroni was used to correct p-values.

EEG

EEG apparatus-recordings

During the colour-shape switching task, EEG was continuously recorded using 34
Ag|AgCl electrodes connected on a textile cap (EasyCap, Herrsching, Germany). The
electrodes’ position was arranged according to the international 10/20 system. An ANT
Neuro amplifier system was used (Advanced Neuro Technologies B.V., Enschede, the

Netherlands) at a sampling frequency of 512 Hz and the electrode impedances were kept

19

below 7 kQ. Two electrodes AFz, FCz were used as ground and reference electrodes and two

extra electrodes were placed at both mastoids for re-referencing the EEG signal offline.
Horizontal and vertical eye movements (EOG) were measured using, electrodes that were
placed above and below the left eye and laterally at the sides of both eyes. The electrode
positions used in the current study were: Fpl, Fp2, F7, F3, Fz, F4, F8, Ft7, Fc3, Fcz, Fc4,
Ft3, T7, C3, Cz, C4, T8, Tp7, Cp3, Cpz, Cp4, Tp8, P7, P3, Pz, P4, P8, Po7, Pol, Po2, Po8,

01, Oz, O2.
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EEG (pre)processing

EEG Data was analysed by MATLAB (Version 2020a, MathWorks, Natick, MA,
USA). Processing and analysis of the EEG data was performed using the EEGLAB toolbox
(Delorme & Makeig, 2004) and ERPLAB toolbox (Lopez- Calderon & Luck, 2014). Custom
MATLAB scripts were used for offline processing of EEG signal, with functions from the

EEGLAB environment.

First, the EEG graph plots from all the subjects (46) were inspected one by one to check
for noisy data/subjects. After the visual inspection together with the artefact detection, only
20 subjects (10 from language,7 from musical and 3 from social-art) were selected to be
analysed (26 participants were excluded). Because of the small sample size for each group,
no group comparisons were conducted. The analysis continued as a whole group, compare
differences between pre and post measurements over all interventions. Another 5 subjects
were excluded from the final analysis because after computing the ERPs, these subjects
showed flattened lines, meaning no good recorded signal. The final ERP sample thus

consisted of 15 participants.

For each participant, the following steps were taken. For the pre-processing, a high
band-pass filter was applied at 0.1 Hz to attenuate low frequencies and suppress noise (Luck,
2014). Data were re-referenced to the average of electrodes Al and A2. The data was
segmented into epochs starting 500 ms before the stimulus onset (target appearance) and
ending 1000 ms after it. The epochs of the data were time-locked to a task condition. The
focus of this study was on the condition with switch trials from the mixed block (switch
condition), and the condition with repeat trials from the mixed block (repeat condition). Both
correct and incorrect trials were included. The baseline correction was set by averaging the

pre-stimulus voltage of all the set of epochs divided by the number of segments. The data was
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cleaned using stepwise artefact detection to remove eye blinks and eye movements. Artefacts
above 50Hz within the time-windows of interest were removed. Participants average ERPs
were calculated for switch and repeat conditions. Next, a grand average ERP was calculated
over all participants by averaging all participant average ERPs. This resulted in a grand
average ERP for both conditions (switch and repeat). A low-pass filter at 30 Hz was applied
to the grand average ERPs to reduce noise. This study focused on the N2 on fronto-central
site within the time window of 200-400ms and on the P3 on centro-parietal site within 230-
350ms. For the N2 component, the mean amplitude was calculated for the fronto-central FC
electrode site over the 200-300ms time window. For the P3 component, the mean amplitude
was calculated for the parietal electrode site Pz over the 300-400ms time window. The N2
and P3 mean amplitudes were calculated both for t1 and t2, for the switch and repeat

conditions.

EEG statistical analysis

Statistical analyses on the mean amplitudes were performed using R statistical software
version 4.0.2 (R Core Team, 2020). A two-way Repeated Measures ANOVA was used with
time (2 levels: pre-post) and condition (2 levels: switch- repeat) as within variables and mean
N2 amplitude on electrode site FC as dependent variable. The same analysis was performed
with mean amplitude for the P3 component as dependent variable on electrode site Pz. As
literature indicates a higher activity in fronto-central regions for N2 and in parietal regions for

P3, the central electrode sites of these regions (Fc and Pz) were selected for analyses.
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The results for accuracy and reaction time (RTs) for the repeat and switch condition of the

colour-shape switching task for all three interventions are presented in Table 1.

Table 1

Means of Accuracy and Reaction Times per Task Switching Condition, Time, and Intervention

Intervention Repeat Switch
Pre Post Pre Post
Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Language Accuracy % 91.4(16.65) 96.06(4.9) 90.16(16.85) 96.64(4.5)
(N'=15) RTs 1103.81(166.56) 1029.84(198.15) 1270.89(211.26) 1192.69(177.34)
Music Accuracy % 92.63(14.13) 95.20(5.4) 91.51(15.69) 94.62(4.25)
(N =15)
RTs 1122.29(217.05) 1066.07(233.11) 1275.95(209.58) 1261.96(288.55)
Art- Accuracy % 93.3(9.23) 96.12(3.7) 91.24(11.27) 96.5(2.9)
Social
(N =16)
RTs 1024.37(222.2)  994.2(189.22) 1220.81(263.47) 1195.89(175.56)
Total Accuracy % 92.46(13.32) 95.8(4.6) 90.98(14.41) 95.93(3.9)
(N =46)
RTs 1082.6(202.77)  1029.25(204.8) 1255.12(226.57) 1216.39(216.78)

Note. Accuracy is measured by percentages of correct responses and reaction times in milliseconds

As depicted in Table 1, total accuracies over all interventions for both task conditions

were higher after the intervention compared to before for both the repeat condition (post: M =

95.8, SD = 4.6 and pre: M = 92.46, SD = 13.32) and the switch condition (post: M = 95.93,

SD =3.9and pre: M =90.98, SD = 14.41). A similar pattern was observed for reaction time.

Reaction times were smaller (thus faster) over all interventions at post-measurements

compared to pre-measurement in both repeat (pre: M = 1082.6, SD = 202.77 and post: M =

1029.25, SD = 204.8) and switch condition (pre: M = 1216.39, SD = 216.78 and post: M=
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1255.12, SD = 226.57). Furthermore, the average scores for accuracy and reaction time in
Table 1 show that on average, participants needed less time (lower RTs) for repeat trials than
for switching, and they performed slightly more accurate (0.68 %) in the repeat condition

compared to switching.

Table 2
Means and SDs of Switching Costs in Accuracy and RTs

Intervention Time
Pre Post
Mean (SD) Mean (SD)
Language (N = 15) Accuracy % -1.249(2.938) .582(2.618)
RTs 167.084(110.227) 160.907(86.094)
Music (N = 15) Accuracy % -1.12(2.696) -0.593(3.787)
RTs 152.438(108.817) 195.899(102.113)
Art-Social (N =16)  Accuracy % -1.665(2.992) .38(3.591)
RTs 196.448(124.905) 201.676(78.233)

Note. Switching costs are the difference between switch and repeat trials (switch- repeat)
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Figure 1

Switching Costs in Accuracy before and after the three Interventions
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Note. Switching costs reflect the difference subtracting the mean accuracy for the repeat
condition from the mean accuracy for the switch condition in the mixed block. A positive
outcome for switching costs accuracy indicates higher accuracy (better performance) for
switch trials rather than repeat trials. A negative outcome means the opposite.

The one-way RM-ANOVA with switching costs in accuracy as dependent variable
showed a statistically significant effect of time [F (1,43) = 5.89, p =.019, ges = .055],
indicating that participants differed in accuracy of switching costs before and after the
intervention. No statistically significant effect on interaction of time and intervention was
found, indicating no differences between the language, music and social learning and time.
This difference can be seen also in the figure 1, where it is illustrated that before the
intervention all the groups had negative switching costs in accuracy, which means
participants were more accurate in repeat trials. However, the post measurements illustrate a
change, turning the switching costs in positive values, for the language and musical learning

intervention.
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As depicted in Figure 2, only the language intervention seems to tend to react faster
after the intervention, comparing to the two experimental groups and especially the social
one. However, switching costs in RTs, had no significant effects for either time nor
intervention. Participants’ reaction speed did not change after the intervention and neither of

the three groups was faster than the other.

Figure 2

Switching Costs in Reaction Times before and after the three Interventions
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Figure 3 displays the grand average ERPs for N2 and P3 during switch-repeat

conditions, separately before and after the intervention.
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Figure 3
Grand Average ERP set

Note. This figure demonstrates the Grand Averages of Event-related potential (ERP) for the
N2 and P3 component at fronto-central(FC) and parietal site(Pz) accordingly, in switch-
repeat condition during the two measurements points (Pre: A and C and Post: B and D). The
vertical line corresponds to the target onset. The black line reflects switching, while red line
reflects repeating condition. Time-window of interest with green colour at 200-400ms for N2

and at 250-350ms with orange colour for P3.

N2 and P3 Summary Statistics

Table 3 below, depicts the average N2 and P3 mean amplitudes for both task conditions
(switch and repeat) and time (pre and post), for each electrode site separately. Lower
amplitudes are observed in the repeat condition for both pre (M = 5.152, SD = 5.28) and post

(M =4.701, SD = 4.16) compared to the switch condition (M= 7.182, SD = 3.69) and (M =
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5.357, SD = 4.17), respectively. Comparing time points, N2 amplitudes was found to be

lower after the intervention than before.

Comparing conditions, P3 amplitudes at Pz were observed to be higher in repeat trials
for both pre (M =5.644, SD = 4.94) and post (M =5.192, SD = 4.52) measurements,
compared to switch trials pre (M =5.371, SD = 3.87) and post (M = 4.219, SD = 4.86).

Furthermore, P3 mean amplitude values were lower at post- compared to pre-measurements.

Table 3
Means of Mean Amplitudes of N2 and P3 per Condition, Electrode Site and Time point

Electrode site Repeat Switch

Time Pre Post Pre Post
Mean(SD) Mean(SD) Mean(SD) Mean(SD)

FC(N2) pV 5.152(5.28) 4.701(4.16) 7.182(3.69) 5.357(4.17)

Pz(P3) pV 5.644(4.94) 5.192(4.52) 5.371(3.87) 4.219(4.86)

Note. FC = Fronto-central, Pz = Parietal

In order to evaluate the effect of task condition and time on N2 amplitudes, a two-way
repeated measures ANOVA was performed. No statistically significant effects were found
neither in time or condition, meaning the N2 amplitudes did not differ before and after the
intervention, or between the switch and repeat condition at FC electrode site. Similarly, in
order to evaluate the effect of task condition over time on P3 amplitudes, a two-way repeated
measures ANOVA was performed on Pz electrode site. No statistically significant effect was
found for neither condition or time, meaning the P3 amplitudes did not differ between switch

or repeat conditions and no differences found before and after the intervention.
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Discussion

The current study aimed to examine whether the acquisition of a new language could
benefit older adults’ cognitive flexibility ability. This was done by focusing on the switching
costs in a colour-shape switching task and its underlying ERPs. Switching costs, which
reflect the difference in performance between the switch and repeat condition of the
switching task, are a direct indication of cognitive flexibility. As stated above, a better
performance in cognitive flexibility, expressed by lower switching costs in accuracy and
reaction times, was expected, after a three months’ language intervention, compared to

before.

From a behavioural aspect the results are ambiguous. Switching costs in accuracy
differed significantly with respect to time, but there was no effect of intervention and time.
This suggests that either the interventions contributed to older adult's better accuracy, or a
practice effect has occurred. This is in line with findings suggesting that learning processes
can guide cognitive control (Braem & Egner, 2018; Crump & Logan, 2010; Farooqui &
Manly, 2015). The interventions did not differ from each other. Although the same trend was
observed for the switching costs in reaction times, with participants being faster after the
interventions, this finding was not significant. Thus, no clear interpretation can be made for
the impact of the three intervention styles and most importantly the language learning, on

participants' reaction times.

In general, the findings contradict previous studies which show that bilingualism has
impact on older adults' reaction speed, when measuring in the colour shape switching task
(Gold et al., 2013). However, in the study of Gold and colleagues, bilingualism is considered

to be a life-long outcome and not an intervention at a later stage of life, as in this study.
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Maybe a longer than three months’ language intervention would have shown more
transparent results also in reaction times. However, the current results are encouraging given
that even in this somewhat brief period of language training (compared to lifelong

bilingualism) older adults increased their accuracy levels.

A potential explanation for this tendency of increased accuracy is that older adults
prefer to spend more time on a task, aiming to respond correctly, sacrificing their speed
(Forstmann et al., 2011). This idea is in line with the assumption that when being in a
switching situation, older adults tend to update task sets on each trial to determine whether
updating is necessary as in switch trials, or not, as in repeat trials. This means that they take
more time to react, in order to maintain their accuracy in high levels (Eppinger et al., 2007;
Friedman et al., 2008; Karayanidis et al., 2011). Interestingly, the language and musical
intervention performed better in switching than repeating trials after the interventions.
Considering practice effects, participants might have focused more on switching, the most
challenging trials, during the second measurement time point, where they knew how the task
will be like. Another thought might be that the task was modified in a simpler way to fit to
the needs of older adults and so indications on the rules of which keys to press were always
on the screen. Because of this, older adults might have needed more time in order to first look
at these rules and then react. However, an advantage of this format was the minimisation of
working memory because participants do not need to recall the rules. This allows for more

clean measure of cognitive flexibility, with less interference of working memory processes.

No effect of intervention was found for either accuracy or RTs. It was expected that the
language learning intervention would have a greater impact compared to the two control
groups in lowering the switching costs. It can therefore be concluded that the interventions in
general did not influence switching costs in reaction time and no conclusion can be made in

terms of the different intervention styles. As many researchers support, it is possible that
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interventions and especially language learning, did not have an effect on cognitive flexibility
(Paap & Greenberg, 2013). However, the findings also partially contradict findings
supporting no actual bilingual benefit in older adults’ cognitive flexibility in either accuracy
or reaction times (Ramos et al., 2017), since there is some proof of lowered switching costs in
accuracy. However, any effect on cognitive flexibility might not be specifically for language

learning.

ERPs

Because of the absence of significant intervention effects in the behavioural data and
the high number of participants who got excluded because of noisy data, the three
interventions were combined into one group for the ERP analysis. The aim was to find
differences over time and between task conditions, no differences between the three groups

were analysed.

The ERP results focused on N2 and P3 components, since ample of studies have
supported the relation of these components with cognitive flexibility (Capizzi et al., 2016;
Karayanidis, Jamadar, 2013; Kopp et al., 2014; Miniussi et al., 2005; Nicholson et al., 2005).
Smaller (less negative) N2 amplitudes and larger (more positive) P3 amplitudes were
expected post compared to pre intervention in switch than repeat trials. This would suggest a
more efficient conflict detection processing and response inhibition learning and thus strong
indications for better cognitive control and cognitive flexibility. In general, no significant
differences were found in either N2 or P3 amplitude for either condition or for time in the
electrode sites of interest. One explanation why the expected differences were not found
might be that as P3 temporally follows the N2 there might be a partial overlap of N2 and P3

waves on switch-repeat trials, leading to no clear distinct differences (Gajewski et al., 2018).
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Although no significant effects were found, the expected trends were observed: post
measurements showed smaller N2 amplitudes and larger P3 amplitudes in switch compared
to repeat conditions. This supports previous findings relating N2 and P3 component’s
tendencies with task-driven interference (Capizzi et al., 2016) and with response execution
(Kieffaber & Hetrick, 2005; Lavric et al., 2008), respectively. Specifically, smaller N2
amplitudes have been associated with smaller switching costs, proposing that as the frontal
activity grows, the coping of the interference becomes better. In the same vein, larger P3
amplitudes have been linked to a more efficient task set reconfiguration, resulting in lower
switching costs (Cutini et al., 2021). When switching, participants may first need to detect the
change and suppress the existed knowledge-rule (Cutini et al., 2021; Jamadar et al., 2010),
leading to a more switching cost prone behaviour. It is believed that interventions like
language learning can help lowering the switching costs and improving cognitive control
processes, confirming the smaller N2 and larger P3 amplitudes. With respect to findings with
older adults, these tendencies on N2 and P3 might also reflect on deficits in interference
processing when older adults need to select the right response (Kray et al., 2005; Eppinger et
al., 2007), as well as highlight an additional effort to implement the task (Karayanidis et al.,

2011).

The study had several limitations. Firstly, the number of participants who completed
the behavioural and EEG measures at pre-measurement and post-measurement was smaller
than initially planned, which resulted in low power to detect an effect of intervention.
Especially since quite a lot of participants were excluded for the ERP analysis, this was done
for only a very small sample. Power analysis showed that the study was underpowered. This
also changed the initial research question for the neural underpinnings of cognitive flexibility
because no comparison could be made between the three interventions. Another limitation

that is related to the general set-up of the study is that a longer duration of the interventions
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could potentially establish bigger learning and produce bigger effects. Also, in this study no
mixing costs were inspected and tested, although N2 differences appear to be stronger related
to mixing cots (Gajewski & Falkestein, 2012, 2015; Kray et al., 2005; Karayanidis et al.,
2011). Latencies of the components was also not inspected, while this could have illustrated a
broader image of the task switching process. Something worth mentioning is that more data
were collected after the completion of this study, and analysing them could support current

findings or provide a clearer picture of the results of this study.

In general, the findings are ambiguous and more research using task switching needs to
be done to inspect the neural components that underlie the processes of cognitive flexibility
in older adults. More paradigms, except for the colour-shape task could confirm or lead to
new results. Studies could also inspect language with other learning settings or maybe also
switching tasks but with linguistic background, to exclusively test the procedure of cognitive

flexibility on language settings.

Conclusion

Finding practical ways to enhance older adults’ functionality is of great importance.
Physical and cognitive training can play a vital role in older adults’ performance in executive
functions tasks, and most importantly in daily life challenges. Bilingualism is a promising
intervention to ameliorate older adults’ cognitive control and maybe to slow down age-related
frailties. Switching task is a good measuring tool to start investigating the cognitive processes
that get activated in cognitive flexibility and together with the event related potentials which
zoom in the temporal aspects, behavioural and neurophysiological findings will contribute to
the understanding, and form conclusions about the process of cognitive flexibility. Although

this study showed some indications, no clear conclusions can be drawn for the impact of
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language learning on participants’ performance on cognitive flexibility. The observed
differences may indicate that either practice effects for subjects or that indeed all
interventions were effective, in the sense that any new activity can boost cognitive flexibility.
Findings in event related potentials were also ambiguous, giving no significant results. Future
research can highlight possible alternations to the practices implemented in this study,
suggest new interventions and practices to enhance cognitive flexibility and enlighten how

bilingualism actually help older adults in a behavioural and neurophysiological way.
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