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Abstract
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10 We examined if language proficiency modulates performance in tasks that measure
executive control in older Telugu-English bilinguals (n = 50, Mean age = 57.15 years). We
15 administered numerical Stroop task, ANT, DCCS task and stop-signal task that are known to
17 tap into different aspects of executive functioning on healthy ageing Telugu-English
bilinguals. Second language (English) proficiency was calculated as a cumulative score that
22 considered both subjective and objective measures of L2 fluency and use. Bilinguals were
24 divided into two groups based on the cumulative score and compared on each task. We did
26 not find any effect of language proficiency on any of the executive control measures. The
additional Bayesian analysis also supported these findings. Therefore, the results do not

31 support the claim that bilingual language proficiency modulates executive control, at least in
33 the elderly population. We discuss the results with regard to the issue of bilingual advantage

in executive control and the role of age and language use.

54 Keywords: older bilinguals, L2 proficiency, executive control, bilingual advantage, healthy

56 ageing
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Introduction

Whether bilingualism should have any positive effect on one’s cognitive and executive
control has been controversial lately and remains unsettled (for reviews see Kroll &
Bialystok, 2013; Paap, Johnson, & Sawi, 2015). Those who have obtained positive
correlations between bilingualism and measures of executive functioning have attributed
them to different mechanisms such as superior inhibitory control (Green, 1998), attentional
disengagement (Mishra, Hilchey, Singh, & Klein, 2012), monitoring (Costa, Herndndez,
Costa-Faidella, & Sebastian-Gallés, 2009), executive processing (Hilchey & Klein, 2011), and
selective attention (Chung-Fat-Yim, Sorge, & Bialystok, 2017). However, others have found
null results in conceptual replications (Anton et al., 2014; Anton, Garcia, Carreiras, &
Dufiabeitia, 2016; Paap & Greenberg, 2013). Apart from the question of which component of
executive functions bilingualism should improve, in whom these improvements should be
seen is critical. It's intuitive to expect that older people should show benefits of bilingualism
more than younger people given their extensive use of and experience with bilingualism. In
this study, we examined if such extensive practice with language management over the years
makes older bilinguals perform better at executive control tasks. Many studies have shown
that bilingualism provides a cognitive reserve that pushes the onset age of degenerative
diseases (Alladi et al., 2016, 2017; Bialystok, Anderson, & Grundy, 2018; Bialystok, Craik, &
Freedman, 2007; Filippi, D'Souza, & Bright, 2018; Woumans et al., 2015). But, most such
reports have relied on hospital records and indirect methods of data acquisition on language
use. It is necessary to determine if bilingualism modulates executive control in older, healthy

bilinguals even before the onset of these diseases. We examined Telugu-English bilinguals on
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a range of executive control tasks to explore if their second language (L2) proficiency predicts

performance on such tasks.

The few studies that have examined bilingual advantage in older bilinguals have
obtained conflicting results (See Figure 1 for a summary of some studies). In one of the
earliest studies, Bialystok, Craig, Klein, and Viswanatha (2004) found reduced Simon effects
in older bilinguals compared to monolinguals. Since then some behavioural and brain imaging
evidence have been found for the positive effects of bilingualism on task-switching (e.g.,
Houtzager, Lowie, Sprenger, & De Bot, 2017; Gold et al., 2013), inhibitory control (eg.,
Bialystok et al., 2006, 2008), episodic memory (Schroeder & Marian, 2012) and selective
attention (eg., Soveri et al., 2011) in healthy, older bilinguals. However, not all have observed
such positive correlations between bilingualism and executive control in older participants
(Anton et al., 2016; Incera & McLennan, 2017; Ivanova et al., 2016; Papageorgiou et al.,
2018; Struys, Duyck, & Woumans, 2018). For instance, Ivanova et al. (2016) found that older
bilinguals are not better in inhibiting intrusions during language switching. Recently, Borsa
et al. (2018) compared bilinguals and monolinguals on the Attention Network Task (ANT) in
a fMRI study. While they found evidence of a “neural reserve” for bilinguals compared to
monolinguals in terms of ACC activation, the two groups did not differ on the behavioural

measurcs.

(Figure 1 about here)

Another strand of research suggests that lifelong bilingualism prevents early onset of

neurodegenerative diseases and offers protection against neural tissue loss (Alladi et al., 2013,
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5
2016, 2017; Bialystok et al., 2007; Woumans et al., 2015). It is assumed that the extensive use
of two languages across the lifespan enhances the executive control system which in turn
provides a protective cover against such diseases (Abutalebi & Green, 2016; Bialystok,
Poarch, Luo, & Craik, 2014; Bialystok et al., 2016). But, it is to be noted that several others
following a similar methodology of using hospital records have not found any difference in
the onset age of dementia between bilinguals and monolinguals (eg., Clare et al., 2016;
Lawton, Gasquoine & Weimer, 2015). For instance, Clare et al. (2016) did not find any
significant differences in the age of onset of Alzheimer's disease bilingual older adults
compared to the monolinguals. Gollan et al. (2011) found that the age of onset of Alzheimer's
disease in Spanish-English bilinguals was later than in monolinguals, but only for the low

educated bilinguals.

Bilingualism induced cognitive reserve against diseases is mediated through
bilingualism’s effect on executive control. Among many casual factors, L2 proficiency seems
critical as a proxy for bilingual fluency and competence. L2 proficiency (particularly for the
unbalanced, sequential type bilinguals) has been linked to language non-selective activation
(Mishra & Singh, 2016) and also to executive control (Mishra et al., 2012; Singh & Mishra,
2012, 2013, 2014, 2015). Similar findings have also been reported by other groups (Dong &
Xie, 2014; Festman & Miinte, 2012; Iluz-Chen & Armon-Lotem, 2014; Tao et al., 2011; Tse
& Altarriba, 2012). Further, brain imaging studies have shown that higher L2 proficiency
modulates activation of the Anterior Cingulate Cortex (Abutalebi et al., 2013). Many
developmental studies have also shown that an increase in L2 proficiency in children alters

brain networks that are critical in conflict resolution, which presumably is also recruited for
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language control in bilinguals (Green, 1998). Luk and Bialystok (2013) have suggested that
language proficiency as a continuous measure can be a good variable instead of the traditional
comparisons between bilinguals and monolinguals. Considering this, we correlated

composite scores on L2 proficiency with executive control measures in older bilinguals.

Current study

Given this background, where some have found evidence for superior cognitive
reserve in older, healthy bilinguals compared to monolinguals, and others have found null
results, it is important to seek more cross-cultural data from healthy older bilinguals. The
bilinguals in Hyderabad (a large cosmopolitan city in Southern India) live and work in a
densely bilingual society. Hyderabad is a metropolitan city with Telugu as its primary
language. Telugu is a Dravidian language largely spoken in the states of Telangana and
Seemandhra. Telugu has its script which is derived from Brahmi. This script is alphasyllabic
or more recently people have termed it “Akshara” (Nag, 2011). In contrast, English is a
Roman language and has an alphabetic script. Telugu and English also have different
phonological systems and there are no cognates between the languages. English is often
spoken as the lingua franca in both work and home environments. We tested a group of
Telugu-English bilinguals in Hyderabad on a range of executive control tasks. These

bilinguals were fluent in English which they had acquired early in life.

In India, there are English-medium schools that have English as the main medium of
education or state-run schools in different provinces where English is only taught as L2.

However, all post-school education in India is in English. Therefore, although individuals
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who have studied in English-medium schools tend to have higher fluency in L2, others
develop reasonable fluency in L2 when they enter college and university. There are few
studies that have directly examined how the medium of instruction at school or college may
modulate executive control directly. Our participants were all exposed to English during their
college years since all of them had at least completed graduate education. Many were in
professions where the demand for English was much higher than other professions. Since
these people are older bilinguals, the degree to which English was used at home vs. outside
could have differed. There is scant data on the quantum of English used by educated older
Indians at home and work. Many writers have indicated that in the last several decades the use
of English has grown significantly in India (Mohanty, 2010). In sum, our older bilinguals
having studied English either at school or more thoroughly in English medium schools had
experience in using both English and Telugu over a long period. Our primary independent
variable was language proficiency for which we developed a cumulative score (Ma, Chen,
Guo, & Kroll, 2017). This score gave an overall index of language ability and was developed
to treat L2 proficiency as a continuous variable. We reasoned that older bilinguals with better

cumulative scores should do better on executive control tasks.

Bilingual advantages have been mostly found across four domains (Bastian & Gade,
2016; Klein, 2016): an inhibitory control advantage (Green, 1998), an executive processing
advantage (Hilchey & Klein, 2011), advantage in switching or mental flexibility (Bialystok et
al., 2012) and more recently an advantage in attentional engagement (Bialystok, 2015).
Bilinguals activate both their languages simultaneously and have to routinely deal with

competition between these two languages to select the appropriate language. The control
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mechanisms involved in this selection are said to transfer to other nonlinguistic domains as
well. But the exact nature of this domain-general control process is still debated. The
inhibitory control (IC) model was proposed with the assumption that selecting the appropriate
language involves inhibiting the irrelevant language which then enhances inhibitory control in
general. However, Hilchey and Klein (2011) argued that in several studies that apparently
showed IC advantage, participants were faster on both congruent and incongruent trials which
suggests an overall speed advantage and not necessarily only an advantage in inhibition.
Subsequently, several studies argued that bilinguals show an advantage on tasks requiring
mental flexibility such as switching since they have to routinely switch between two
languages (Prior & MacWhinney, 2010). Most recently, the attentional system has been
proposed as the core cognitive system responsible for bilingual advantage (Bialystok, 2017).
Attending to two languages since infancy is said to enhance executive attention which then
manifests in different tasks. There have been studies in support of all the above models. Thus,
it is still not clear exactly which specific aspect of cognitive control is influenced by

bilingualism or L2 proficiency.

We chose four tasks that each tap into one or more of the executive functions
mentioned above: Attention Network Test (ANT), numerical Stroop task, Dimensional
Change Card Sorting task (DCCS) and stop-signal task. The executive processing advantage
is commonly observed as an overall RT advantage on a task due to enhanced performance.
The attentional advantage was assessed through the ANT task. The task consists of three
independent attentional networks: alerting, orienting and executive control network.

Participants respond to a central directional arrow on the screen flanked by other arrows on
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either side. A cue (central/spatial/double/no) is presented before the target phase. Bilinguals
and monolinguals have shown differences in alerting (Costa et al., 2006), orienting (Poarch &
van Hell, 2012) and conflict effect (Costa et al., 2006, 2009; Tao et al., 2011). Tao et al.
(2011) found that early bilinguals (with higher L2 proficiency) showed reduced conflict effect
compared to late bilinguals on a modified ANT task. In contrast, Pelham and Abrams (2014)
did not observe such differences between early and late adult bilinguals. Anton et al. (2014)
also failed to observe an advantage in the ANT task in bilingual children compared to

monolingual children.

Numerical Stroop task and stop-signal tasks were used to examine the inhibitory
control advantage. Numerical Stroop task is said to tap into the inhibitory control ability of
bilinguals. Participants respond to the physical size of a number and ignore the numerical
magnitude of the number. While some studies have found that young bilingual adults perform
better (larger facilitation and lesser interference) than monolinguals on this task (Hernandez et
al., 2010), studies with children and elderly population have sometimes failed to observe such
differences (Anton et al., 2016; Dunabeitia et al., 2014). The stop-signal task has been used to
measure reactive inhibition in participants. We chose this task to examine whether lifelong
bilingualism leads to a benefit in the ability to reactively inhibit. In this task, the participants
are required to quickly abort a response when presented with a stop-signal. The evidence for
bilingual advantage in this task has been mixed. While Colzato et al. (2008) found no
differences between monolinguals and bilinguals in the performance on the stop-signal task,
using a similar task Antoniou et al. (2016) found that children speaking two closely related

languages have better inhibitory control than monolinguals. The dimensional card sorting
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(DCCS) task was administered to examine the set-shifting ability and mental flexibility in
bilinguals. The task involves categorising bivalent stimuli based on either the shape of the
object or the colour of the object. Bilinguals have been found to perform better in DCCS task
compared to monolinguals indicating that they are better at shifting between two
representations (Qu, Low, Zhang, & Zelazo, 2016; Yang, Hartanto & Yang, 2017). We
divided the participants into high and low proficient based on the L2 cumulative score and

compared the performance on all the tasks using both traditional and Bayesian analyses.

Methods

Participants

Fifty healthy ageing adults from the city of Hyderabad (34 male, Mean age = 57.2
years, SD = 4.12, Age range = 50 - 65 years) participated in the experiment (see Table 1 for
demographic details). All participants reported normal or corrected-to-normal vision. All
participants had Telugu as their L1 (native language). The mean age of acquisition (AoA) of
L1 was 1.9 years (SD = 1.2) which was calculated based on the self-reported age at which the
participants remember first using L1 words in speech. AoA of L2 was 9.46 years (SD =
2.91). All participants provided written consent for their participation. The Institutional Ethics

Committee of the University of Hyderabad approved the study.

(Table 1 about here)
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One crucial step in bilingual advantage research is finding an appropriate way to

quantify second language proficiency. Researchers have traditionally used either subjective
measures such as self-rated proficiency or standardised objective tests such as lexical decision
tasks or verbal fluency tasks to assess language proficiency. In a comprehensive analysis of
the different factors contributing to bilingualism, Luk and Bialystok (2013) found that
bilingual experience was best characterised by a combination of multiple factors — assessed
both subjectively and objectively. The authors thus suggest that “a composite of self-rated
English proficiency in listening and speaking in conjunction with objective testing is more
informative than either method alone” (p. 9). Thus, in this study, participants were divided
into high and low L2 proficiency (HP and LP) groups using a median split on L2 proficiency
composite score. Many recent studies have used such a composite score to denote bilinguals

with different language proficiency (e.g., Ma et al., 2017; McMurray et al., 2010).

L2 proficiency composite score for each participant was calculated by first adding z-
scores of all the objective L2 proficiency measures (i.e., score on WordORnot vocabulary test,
L2 semantic fluency score, and L2 naming latencyt in object naming task) and the L2 self-
report score from the questionnaire data, then dividing the sum by square root of sum of
variances and covariances of these individual values. Self-assessment has been found to
provide a reliable measure of proficiency in bilinguals (Marian, Blumenfeld, &
Kaushanskaya, 2007). Thus, to further validate the accuracy of the composite score, we
performed correlation between L2 composite score and L2 self-reported proficiency
(averaged over reading, speaking and comprehension). This correlation was found to be

significant, » = 0.73, p <0.001 .
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The mean L2 proficiency composite score for HP bilinguals was significantly higher

10 (M=0.05,58D=0.01, ¢ (36) =8.38, p < 0.001) in comparison to the LP bilinguals (M = 0.03,
SD = 0.01). No such differences were observed for the L1 proficiency composite score, ¢ (48)
15 =0.65, p = 0.52. The scores on all the control tasks (reported in Table 1) were then compared

17 between the two groups.

22 Control tasks

26 WordORnot. An online vocabulary test (WordORnot, centre for Reading Research,
Ghent University) was administered to all the participants as one of the measures of their L2
31 proficiency. Participants were instructed to judge strings of English letters as a “word” or a
33 “non-word”. The total score was the difference between the percentage of correct and
incorrect responses. The score for HP bilinguals (M = 54.52 %, SD = 15.48) was significantly

38 greater than the score for LP bilinguals (M = 33.44 %, SD = 17.46), t (48) =4.52, p < 0.001

Semantic Fluency Test. We administered semantic fluency tests in both Telugu and
45 English (please Table 1 for the cores). Participants were asked to generate as many names as
47 they could of everyday objects of 4 semantic categories (“birds”, “vegetables”, “animals”, and
49 “fruits”) within 1 minute for each category. Language mapping with the categories was
counterbalanced across participants. Semantic fluency scores (i.e., the average number of

54 words produced per language per minute) was calculated. The L2 semantic fluency score was

56 significantly higher for HP bilinguals (M = 11.38, SD =2.91) compared to LP bilinguals (M =
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7.58,8SD =2.72),t(48)=4.77, p <0.001. The two groups also differed on L1 semantic

fluency score (HP: M =13.48,SD=3.9,LP: M=11.4,SD=2.8), ¢t (48)=2.1, p=0.03.

Language Questionnaire. Participants filled a language background questionnaire
that had questions on the native language, languages known, the AoA of L1 and L2, and
percentage of time exposed currently to L1, L2, and other language(s) if any. They also
provided their L1 and L2 proficiency self-report score for speaking, understanding and
reading ability on a scale of 1 to 10, 10 being the highest. The average self-reported L2
proficiency was higher for the HP bilinguals compared to the LP bilinguals, ¢ (48) = 4.6, p <
0.001. No difference was found in the average self-reported L1 proficiency, ¢ (48) = 0.56, p =
0.58. The self-report scores for each category (in both L1 and L2) along with significance

values (wherever found) are mentioned in Table 1.

Socio-Economic Status (SES) Questionnaire. Participants were asked to fill in a
three-point SES questionnaire where they had to indicate if they belonged to upper, middle or
lower socio-economic class. Alongside, they also indicated their monthly income. There was
no significant difference, ¢ (48) = 1.12, p = 0.27 in SES of HP bilinguals (M = 2.6, SD = 0.5)

and LP bilinguals (M = 2.44, SD = 0.51).

Voluntary Object naming. A voluntary object naming task was administered to
further obtain an objective measure of proficiency in Telugu and English. The procedure for
the selection of black and white line drawings used in the experiment was similar to the one

used in the previous studies of Mishra and colleagues (Roychoudhury, Prasad, & Mishra,
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2016; Bhatia, Prasad, Sake, & Mishra, 2016). Before the naming task, participants were
exposed to the standardised 147 images with their names written both in English and in
Telugu. The stimuli in the object naming task were presented using DMDX (Forster &
Forster, 2003) version 5.1.1.3 with DirectX 9.0 on a laptop with 1366 x 768 pixel resolution
and 60 Hz refresh rate. Participants were seated on a chair at a distance of 60 cm from the
monitor. An i-ball M-27 table microphone was used to collect responses. Response latencies
were recorded by software DMDX through a voice trigger. A fixation cross appeared at the
centre of the screen for 1000 ms at the beginning of every trial. Then after a blank screen of
250 ms following the disappearance of the fixation cross, a black-and-white image to be
named was displayed for a maximum duration of 2500 ms or till the participant named the
picture. Participants were instructed to name the pictures “in any language that comes to their
mind first” as quickly and as accurately as possible. Participants were asked to maintain a
balance between the two languages when naming the pictures. We used this method to see if

voluntarily these bilinguals are able to choose and name in both the languages.

The audio responses of the object-naming task were recorded by software Audacity-
win2.0.5 using which naming errors were manually coded. Object naming latencies on correct
trials in L1 and L2 were calculated after discarding trials with latencies less than 150 ms,
trials with no or incorrect responses. There was no significant difference in L2 naming latency
between HP (M = 1156.82 ms, SD =201.95, ¢ (48) =- 0.260, p=0.8) and LP (M =1172.39
ms, SD = 220.56) bilinguals. Participants did not differ in L1 naming latency as well, ¢ (48) =

-0.9, p=0.4 (HP: M =1142 ms, SD =237, LP: M = 1202 ms, SD = 229). L2 naming latency

URL: http://mc.manuscriptcentral.com/nanc Email: INANC-peerreview@journals.tandf.co.uk



oNOYTULT D WN =

Aging, Neuropsychology and Cognition Page 20 of 72

15
for the two groups was also taken as one of the components for calculation of L2 proficiency

composite score.

Ravens Standard Progressive Matrices. Non-verbal IQ was assessed through
Ravens Standard Progressive Matrices (Raven, 1958). The task consisted of 60 items divided
into 5 types (A to E), each type with 12 items. Each item was a pattern with a missing part
and participants had to fill in the missing part from the possible pieces that could fit in the
missing part. The order of types and items were arranged in the order of difficulty. Correct
answers were counted as IQ score. HP bilinguals (M = 36.04, SD = 7.04) had higher 1Q

compared to the LP bilinguals (M = 30.42, SD = 7.46), t (48) = 2.69, p = 0.01

Mini-Mental State Examination (MMSE). MMSE (Folstein, Folstein, & McHugh,
1975) was administered to all participants to assess their global cognitive status. MMSE is a
test that is widely used by clinicians and researchers to test cognitive function, especially in
the elderly population. It is a 30-point questionnaire that examines basic functions under
different categories such as recall (“Can you remember the three words you have just said?”),
spatial and temporal orientation (“which city are we in?”), ability to follow simple commands
(“fold this piece of paper”) and so on. Each category carried different points, and the
maximum possible score in MMSE was 30. HP bilinguals (M = 28.92, SD = 1.53) and LP
bilinguals (M = 28.72, SD = 1.28) did not differ in their cognitive status as indicated by the

scores on Mini-Mental State Examination, ¢ (48) = 0.5, p = 0.62.
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Visual Digit Span. The digit span task was administered using Inquisit 4.0.0 (2004)

oNOYTULT D WN =

which adapted scripts from Woods et al (2011). Five participants (2 HP and 3 LP bilinguals)
10 refused to complete the task. So, it was administered only to 45 participants. In the forward
digit span task, there was no significant difference in the number of digits recalled between
15 HP bilinguals (n = 23, M = 6.43, SD = 0.95) and LP bilinguals (n =22, M =5.91, SD = 1.41),
17 t (43)=1.47, p=0.15 However, in backward digit span task, the number of digits recalled by
19 HP bilinguals (n =23, M = 5.87, SD = 1.058) was more compared to LP bilinguals (n =22, M

22 =5.18, 8D = 1.37) and this effect was marginally significant, ¢ (43) = 1.89, p = 0.07.

26 Stimuli and procedure

31 Attentional Network Test (ANT)

Attentional Network Test (Fan et al., 2002; Costa et al., 2008, 2009) was administered
38 to all the participants. Each trial began with a fixation cross at the centre of the screen for 400
40 ms. Then a cue appeared for 100 ms followed by a fixation cross for 400 ms. There were four
cue conditions: centre cue, double cue, spatial cue (above or below the central fixation) and
45 no-cue. In the centre cue condition, an asterisk appeared at the centre of the screen. In the

47 double cue condition, two asterisks appeared simultaneously 1.06 degree above and below the
49 central fixation cross. In the spatial cue condition, an asterisk appeared 1.06 degree either
above or below the central fixation cross. In the no cue condition, no asterisk appeared. In all,
54 except the centre cue condition, fixation cross remained on the screen throughout the cue

56 presentation duration of 100ms. Following this, a target arrow with flankers was presented for
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1700 ms or till the participant made a response. The target stimuli were presented as a set of
five horizontal black lines with an arrowhead pointing either right or left on a white
background screen. Each line or arrow subtended a visual angle of 0.55 degree, and the
distance of separation between two arrows/lines in a set was 0.06 degree. The set of arrows
appeared 1.06 degree above or below the central fixation cross. Three different types of target
and flanker combinations were used: congruent (————— 0r «—«—<«—<«—«—), incongruent
(+—+——«—« or »>—«———) or neutral (— — < — — or — — — — —). Participants were
instructed to respond to the central arrow. If the central arrow was pointing towards left, they
had to press “A” and, if it was pointing towards right, they had to press “L” on the keyboard.

Participants were instructed to “try to be as quick and as accurate as possible”.

Two within-subjects factors: cue type (central cue, double cue, no cue, spatial cue) and
flanker type (congruent, incongruent, neutral) interacted leading to 12 experimental
conditions. There was a total of 96 trials (12 experimental conditions repeated eight times).
All trials were randomised and presented in one block. There were total 32 congruent trials,
32 incongruent trials, and 32 neutral trials. There was a break for 2 minutes after 48 trials.

Twelve practise trials were administered before the experimental trials.

Dimensional Change Card Sort (DCCS) task

Standard condition of DCCS task (Qu et al., 2013; Wilson et al., 2008) was adopted

and administered to all participants. Three cards were simultaneously presented on the

computer screen along with a cue word “COLOUR” or “SHAPE”. Two target cards were
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presented on the top right and on the top left and a test card was presented on the bottom

oNOYTULT D WN =

centre of the screen. The target cards were of different shape and colour (e.g., red star and a
10 blue square). Participants were instructed to match the test card with one of the target cards
according to the cue word (“SHAPE” or “COLOUR?”). They had to press "A" if the target
15 card on the left side matched with the test card, and press "L" if the target card on the right
17 side matched with the test card. Participants were instructed to “try to be as quick and as

accurate as possible”.

24 The task consisted of two blocks: dominant block (non-switch block) and secondary
26 block (switch block). There were 40 trials in the dominant block in which participants had to
match target stimuli with the test stimuli by a dominant dimension. There were two types of
31 dominant block: Colour dominant and Shape dominant. The dominant blocks were non-

33 switch blocks because all the trials within a dominant block were to be matched by the same
dimension (colour only, or shape only). The trials in a dominant block are considered baseline

38 trials (discussed in ‘Results’ section).

In the secondary block, there were total 78 trials — 68 dominant trials of dominant

45 dimension and 10 secondary trials of secondary dimension. There were two types of

47 secondary block: one with “Colour” as dominant dimension and “Shape” as a secondary

49 dimension, and the other with “Shape” as dominant dimension and “Colour” as a secondary
dimension. If the dominant block was “Colour” then dominant dimension in the secondary
54 block would be “Colour” and secondary dimension would be “Shape”. If the dominant block

56 was “Shape” then dominant dimension in the secondary block would be “Shape” and
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secondary dimension would be “Colour”. In the secondary block, the dominant trials and
secondary trials were randomised across the participants. The secondary block was switch

block as participants had to switch in some trials between dimensions (shape and colour).

There were two versions of the DCCS task, one with “Colour” as a dominant
dimension (i.e., Colour dominant version), and the other with “Shape” as a dominant
dimension (i.e., Shape dominant version). Each participant performed both the two versions

of this experiment.

Stop-signal task

Standard visual two choice stop-signal task (Colzato et al., 2008) with visual go signal
and an auditory stop signal was administered to all participants. The interval between two
choice signals varied from 1250 ms to 1750 ms randomly in steps of 125 ms (i.e., 1250 ms,
1375 ms, 1500 ms, 1675 ms and 1750 ms). During this interval, a fixation cross was presented
at the centre of the screen. The go signal was an arrow pointing towards right or left, for 2000
ms or till a response was made. Participants were instructed to press “A” on the keyboard if
the arrow was pointing towards left and “L” if the arrow was pointing towards the right. The
“stop” signal was a short auditory signal (a beep sound) presented at a short delay after the
presentation of the go signal. Participants were instructed to withhold their response in such
stop-signal trials. The difficulty of the stop-signal trials was manipulated by varying the stop-
signal delay (SSD), i.e., the time between the presentation of go signal and the presentation of

the auditory stop signal.
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There were total 110 experimental trials out of which 30% (i.e., 33 trials) were stop-
signal trials and 70% (i.e., 77 trials) were go trials or choice trials. The SSD was varied
systematically in a simple staircase or a tracking method by gradual increase or decrease from
the previous SSD by 35ms. If a previous stop-signal trial was successfully inhibited, then SSD
was increased by 35ms to increase the difficulty in the next trial, and if the inhibition was not
successful, then in the next trial, the SSD was decreased to decrease the difficulty. There were

12 practise trials before the experimental trials.

Numerical Stroop task

Numerical Stroop task (Anton et al., 2016) was administered to all the participants.
Each trial began with a fixation cross at the centre of the screen for 300 ms. Then a pair of
digits in Courier New black font appeared on the screen, for 4000 ms or till the participant
made a response. The digits were of two different sizes, font sizes 24 and 48. There were
three different combinations of digit-pair: congruent (when the bigger digit in size had a
bigger numerical value), incongruent (when the bigger digit in size had a smaller numerical
value) and neutral trial condition (when both the bigger and the smaller digit had the same
numerical value). Participants were instructed to respond to the bigger-sized digit in the digit
pair, regardless of its numerical value. They had to press “A” on the keyboard if the digit on
the left side was bigger and press “L” if the digit on the right side was bigger. For half of the
trials, digits on the right side were bigger and for another half, the digits on the left side were

bigger. Participants were instructed to try to be “as quick and as accurate as possible”.
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Trial types were the within-subjects factor: congruent trials, incongruent trials, and
neutral trials. There were total 96 experimental trials created using eight digits (1, 2, 3, 4, 6, 7,
8 and 9). Each digit was presented the same number of times (4 times) in each condition
(congruent, incongruent, and neutral) and in total 24 times. There was an equal number of
trials in all the three conditions: 32 congruent trials, 32 incongruent trials, and 32 neutral
trials. In all the conditions, responses were counterbalanced across the sides: in half of the
trials responses were on the right side and in the other half they were on the left side, and
trials were randomised across participants. Twelve practise trials were given before the main

experiment.

Participants first completed the 4 main cognitive control tests followed by the control
tasks and the language questionnaire. The task order was randomized across participants to
prevent the effects of fatigue and practice. The experiment was about two hours long.
Participants were offered a 10-minute break half-way through the session, if they needed to
take rest. All the tasks were administered in a quiet room with no distractions on a Dell
Vostro machine with Intel Core i5 processor running Windows 7 connected to a LCD monitor
with resolution 1024 * 768 pixels and refresh rate of 60 Hz. Responses were collected using a

Logitech wireless keyboard.

Data analyses and Results

In each task, trials with RT above and below 2 standard deviations from each

participant’s mean were excluded as outliers. The resulting data was analysed through
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ANOVA using SPSS (IBM SPSS Statistics for Windows). The specific factors and the
dependent variables are mentioned under each task. The descriptive statistics for all the tasks
are given in Appendix A. The results are shown in Figure 2. Some researchers have argued
that bilingualism must be treated as a continuous variable (Luk & Bialystok, 2013). Thus, we
also performed regression analyses on all the important task measures while treating

composite L2 proficiency score as a continuous variable.

Bayesian hypothesis testing and estimation

Since we did not find any group difference with traditional analyses, we additionally
performed Bayesian analysis because the traditional hypothesis testing only provides evidence
to reject a null hypothesis. Researchers have advocated for the additional use of Bayesian
statistics along with traditional statistics especially in the case of nonsignificant results
(Dienes, 2014). Two methods are primarily used to assess null values using the Bayesian
framework: Bayesian hypothesis testing using Bayes factor and Bayesian parameter
estimation (Kruschke, 2011). Bayesian hypothesis testing involves setting up two models with
two contrasting hypothesis and adjusting the likelihood of each model based on the evidence
(data obtained). We tested for model Hy defined as no differences between the two groups
against model H; defined as better performance for HP bilinguals compared to LP
bilinguals.We performed independent sample t-tests using JASP comparing both the groups
on the key dependent measure in each task. Bayes factors (BF(;) were computed which
quantify the relative evidence for the two competing hypothesis. According to a commonly
accepted convention (Jefffreys, 1961; Kruschke, 2011), 3 > BF(; > 1 denotes anecodtal
evidence, 10 > BF,; > 3 denotes moderate evidence and BF(; > 10 denotes strong evidence for

the null hypothesis. Similarly, 1/3 <BF(; < 1 denotes anecdotal evidence, 1/10 < BF,; < 1/3
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denotes moderate evidence and BF; < 1/10 denotes strong evidence for the alternate

hypothesis. BFy;= 1 suggests that the data is inconclusive.

Bayesian parameter estimation for comparing two groups is a method that provides
complete information about the posterior distribution (that is, the prior distribution updated by
the current data) of the two groups. This estimation method can be used to assess the
credibility of differences in means using the HDI and a ROPE (Region of Practical
Equivalence) value. Highest density interval (HDI) refers to the 95% of the most credible
values of the posterior distribution. If 95 % of the HDI (for the distribution of the difference
in group means) contains zero, then the data is suggestive of a lack of group difference
because it indicates that there is not much difference in the individual distributions of each
group. A more conservative decision criterion to estimate the likelihood of group differences
using the ROPE has also been suggested (Kruschke, 2011). ROPE is a range of values around
0 that is statistically equivalent to the null value. Thus, the ROPE essentially gives the
minimum difference in group means that is practically equivalent to no difference between the
groups. The ROPE is generally decided based on previous research findings. If 95% of the
HDI falls within the ROPE, then the null effect is accepted. If 95% of the HDI falls outside
the ROPE, then the alternate hypothesis is accepted. The posterior distribution of the
difference in group means for each executive control measure along with the ROPE limits
was plotted (Figure 2) and analysed using the BEST package in R (Kruschke, Meredith &

Meredith, 2018).

There is no consensus in the literature regarding which of the two Bayesian methods is
more appropriate. Both the methods involve different interpretations of the Bayesian

inference (Kruschke & Liddell, 2018). We decided to test our data with both the approaches
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to assess the likelihood of the null effects of L2 proficiency on cognitive control tasks in our

sample.

(Figure 2 about here)

(Figure 3 about here)

Attentional Network Test

Trials in which participants did not respond were excluded from further analyses
(3.83% of the total trials). Three participants' data had more than 80% outliers and were
excluded from further analyses. 4.55% trials in HP group and 4.6 % trials in LP group were
discarded as outliers. Incorrect trials (1.1%) were also filtered out before analysing the

response time data.

We performed separate analyses on each of the attention networks (Executive
network, Alerting network and Orienting network). For Executive network analysis, repeated
measures ANOVA was conducted on RT with group (HP and LP bilinguals) as a between-
subjects factor and flanker type (congruent, incongruent and neutral) as a within-subjects
factor. Similarly, for Alerting network analysis, ANOVA was performed on RT with cue type
(no cue, double cue) as within-subjects factor and group (HP and LP bilinguals) as between-
subjects factor. For Orienting network analysis ANOVA was performed on RT with cue type
(centre cue and spatial cue) as within-subjects factors and group (HP and LP bilinguals) as

between-subjects factor.

Executive Network. Repeated measures ANOVA on executive network showed a

significant effect of flanker type, F' (2, 44) = 168.65, p < 0.001, n? = 0.79. Participants
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responded faster (p < 0.001) on congruent trials (754.54 ms) compared to incongruent trials
(880.95 ms). Responses on neutral trials (755.7 ms) were also significantly faster (» < 0.001)
compared to incongruent trials. There was no difference (p = 0.81) between congruent RT
and neutral RT. There was no main effect of group, F (2, 44) = 0.02, p=0.89, 11> < 0.001.
The interactions between flanker type and group also did not reach the level of significance (F

<.

We further explored whether L2 cumulative score modulated conflict effect. Linear
regression analysis was used to test if the L2 cumulative score significantly predicted conflict
effect. The results of the regression analysis indicated that the L2 cumulative score is not a

significant predictor of conflict effect, » = 0.07, F (1, 45) = 0.26, p = 0.61.

These findings were further confirmed by Bayesian t-test on conflict effect comparing
the two groups which resulted in a BFy; = 2.79 suggesting that the null hypothesis was slightly

more likely than the alternative one.

Alerting Network. ANOVA on the alerting network showed that the main effect of
cue type was significant, F (1,45)=5.41, p=0.03, #°=0.11. RT on trials with double cue
were faster (792.88 ms) than those with no cue (805.31 ms). Main effect of group was not
observed, F (1, 45)=0.02, p=0.89, n? < 0.001. Interaction between flanker type and group
was also not significant (' < 1). The correlation between alerting effect and L2 proficiency
was not found to be significant either, » = 0.07, F (1, 45) = 0.22, p = 0.64. The lack of group
difference was also confirmed by Bayesian t-test on alerting effect (BF,; = 2.46) indicating

that the null hypothesis was slightly more likely than the alternative hypothesis.
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Orienting network. ANOVA on orienting network revealed that the main effect of
cue type was not significant, F (1, 45) = 0.24, p = 0.63, n?> = 0.005. The main effect of group
was also absent, F' (1, 45) = 0.18, p = 0.67, n> = 0.004, and the interaction between cue type
and group was not significant (/' < 1). Interestingly, linear regression showed a significant
positive correlation between orienting effect and L2 proficiency, »= 0.3, F(1,45)=4.43,p
= 0.04 indicating that older bilinguals with higher L2 proficiency are better at orienting to
cues. Bayesian t-test on orienting effect favoured the null hypothesis (BFy; = 5.97) confirming

the lack of group difference on orienting effect.

A ROPE of 20 ms around 0 was set for all the three effects based on previous studies
on bilingual advantage using the ANT (Anton et al., 2014; Costa et al., 2006, 2009).
Specifically -20 to +20 ms was the range used in Anton et al. (2014) where the authors used a
similar estimation method to evaluate the null results. Bayesian estimation method revealed
that for alerting effect, 91% of the HDI was within the ROPE. For orienting and conflict

effect, 77% and 61% of the HDI was within the ROPE (Figure 3A, 3B and 3C).

Numerical Stroop task

Trials in which participants did not respond were excluded (0.39% of total trials).
3.52% trials in HP group and 3.51% trials in LP group were excluded as outliers. Incorrect

trials (0.44%) were also filtered out before further analyses.

We analysed response time data for numerical Stroop task using repeated-measures
ANOVA with condition (congruent, incongruent, neutral) as within-subjects factors and
group as between-subjects factor. ANOVA on RT showed no significant main effect of

condition, F (2, 48) = 0.68, p = 0.51, n? = 0.01) indicating lack of Stroop effect in these
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participants. There was no difference between the RT on congruent (620 ms), incongruent
(624 ms) and neutral trials (617 ms). Main effect of group was also not observed, F' (1, 48) =
0.12, p=0.732, 1> =0.002. Interaction between condition and group was also not significant

(F<1).

The lack of Stroop facilitation effect was confirmed by Bayesian t-test comparing RT
on congruent trials with RT on neutral trials (Stroop facilitation) for all participants (BFy; =
9.21). RT on neutral trials was also compared with RT on incongruent trials (Stroop
interference, BFy; = 1.69) which suggested the absence of Stroop interference effect, although
the evidence was not very strong. Bayesian t-test comparing the two groups on Stroop
interference effect suggested that null hypothesis was slightly more likely than the alternative
one (BFy; = 5.54). We did not perform regression analysis, Bayesian t-test or Bayesian
estimation to examine the influence of L2 proficiency on Stroop facilitation/interference as

there was no evidence for the basic effects.

Stop-signal task

We used filtering criteria only for the choice trials before calculating Median RT.
Trials in which participants did not respond were excluded from further analyses (3.3% of the
choice trials). 4.24% of trials in HP group and 4.15% trials in LP group were rejected as
outliers. Trials with error in discriminating the go signal (1.5%) were also filtered out before
analysing the RT data. Trials with failed inhibition (responding to stop signal) are generally
not excluded from analysis as the dynamic adjustment of the onset of stop signal is designed
to generate about 50% stopping efficiency (Wildenberg et al., 2006). The HP and LP

bilinguals were able to stop their responses efficiently on about 85% of the trials which is
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much higher compared to the stopping rates observed normally. It is possible that the older

bilinguals prioritises accuracy over speed thereby successfully inhibiting most responses.

First, we analysed Median RT on choice trials. There was no significant difference (¢ =
-0.166, p = 0.87) in median choice RT between HP (978.06 ms) and LP bilinguals (987.28
ms). Bayesian t-test also supported this result with a BFy; = 3.13. Linear regression analysis
showed no significant correlation between Median RT and L2 proficiency, » = 0.07, F (1, 48)
=0.27, p = 0.6. We performed ANOVA on Stop Signal Reaction Time (SSRT) to verify if L2
proficiency could modulate inhibition efficiency. SSRT was calculated by subtracting the
mean SSD from the median choice RT. SSRTs were estimated separately for each participant
and for each group. The main effect of group was not observed (¢ = -0.486, p = 0.63) which
reveals that the LP ( 492.54 ms) and HP groups (467.63 ms) did not differ significantly in

SSRT.

This result was also confirmed by a Bayesian t-test on SSRT (BF,;=2.4) and a
regression analysis, »= 0.02, F'(1,48)=0.01, p =0.91. A ROPE of (-40, 40) was set around
0 to assess group differences in SSRT using the estimation method. There have been very few
studies examining cognitive advantage in bilinguals using the stop-signal task and a bilingual
advantage has rarely been found with 10 — 20 ms group differences (Colzato et al., 2008;
Morales et al., 2013). Thus, we set a slightly larger ROPE of (-40, 40) for this measure. The

posterior distribution showed that 53% of the HDI was within the ROPE limits (Figure 3D).

Dimensional Change Card Sort (DCCS) task

The first four trials in the switch block were removed before the analysis (see Qu et

al., 2013 for similar analysis). Incorrect responses and the trials immediately following an
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incorrect response were filtered out (1.45% in dominant block and 10.86 % in secondary
block in Shape dominant version, and 5.9% in dominant and 10.7 % in secondary block in
Colour dominant version). Further, trials with RT less than 100 ms and trials with RT above
and below 2 standard deviations from each participant’s mean were excluded as outliers.
Based on this criteria, 3.4% trials in HP group and 3.5 % trials in LP group were excluded in
the dominant block of the Shape dominant version. 2.7% trials in HP group and 2.6% trials in
LP group were discarded in the secondary block. In the colour dominant version, 3.12% in the
HP group and 3.16% of trials in the LP group in the dominant block were discarded. 2.46%

trials in HP group and 2.47% of trials in LP group were discarded in the secondary block.

We compared the participants’ performance on the switch trials during the switch (or
secondary) blocks with the performance on the baseline trials during the non-switch
(dominant) blocks. Local switch cost for RT were calculated by subtracting the median RT on
the baseline trials from the median RT on the switch trials during the switch block, then
dividing the resultant value by the median RT on the baseline trials. We also calculated global
switch cost by subtracting the median RT on the baseline trials from the median RT on the
repeat (stay) trials during the switch block then dividing the resultant value by the median RT

on the baseline trials (Qu et al., 2013).

We compared the local switch cost and global switch cost in colour task (colour

dominant version) and shape task (shape dominant version) separately.

Colour Task. Independent-samples t-test was conducted to compare local switch cost
across the two groups. There was no significant difference in local switch cost between LP

bilinguals (1.0) and HP bilinguals (0.85), ¢ (48) = 0.27, p = 0.79. There was no significance
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difference in the global switch cost between the LP bilinguals (0.33) and HP bilinguals
(0.31), ¢ (48) =-0.24, p = 0.82. We also did regression analysis on local switch cost and global
switch cost with L2 proficiency cumulative score as an independent variable. The results of
the regression analysis indicated that the L2 cumulative score is not a significant predictor of
either local switch cost (= 0.09, F (1, 48) = 0.38, p = 0.54) or global switch cost (= 0.03,

F(1,48)=0.05, p = 0.83).

Bayesian t-tests on local and global switch costs both provided moderate evidence for
the null hypothesis (BFy; = 1.27 and BFy; = 2.96 respectively). For the estimation method,
ROPE was set at (-0.1, 0.1) around 0 based on studies that have compared relative switch
costs between bilinguals and monolinguals on colour-shape switching task (Prior & Gollan,
2011). 0.1 is still a conservative estimate because it indicates a 10% increase in switch cost
between the two groups. The posterior distribution showed that 25% of the HDI was within
ROPE for local switch costs and 80% of the HDI was within ROPE for global switch costs
(Figure 3E and 3F). This suggests that there is some evidence to accept the null hypothesis for
global switch costs while there is very little evidence to support the null difference on local

switch costs.

Shape Task. There was no significant difference in local switch cost between LP
(0.95) and HP bilinguals (0.89), # (48) =- 0.45, p = 0.66. LP (0.44) and HP bilinguals (0.48)
did not differ on global switch cost as well, 7 (48) = 0.40, p = 0.69. Linear regression analysis
was used to verify if the L2 cumulative score significantly predicted switch costs. The results
of the regression analysis indicated that the L2 cumulative score is not a significant predictor
of local switch cost (= 0.02, F (1, 48) =0.02, p = 0.88.), and global switch cost (= 0.04, F’

(1,48)=0.06, p = 0.8).
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Bayesian t-tests on local and global switch costs also provided moderate to strong
evidence that the null hypothesis was more likely (BFy; = 2.48 and BF,; = 4.6 respectively).
With a similar ROPE value as used for the shape dominant blocks, the estimation method
showed that 53% of the HDI and 68% of the HDI were within the ROPE for local and global

switch costs, respectively (Figure 3G and 3H).

We failed to find any significant effects of L2 proficiency on cognitive control
abilities through multiple analyses. To test whether the quantum of engagement with L2 (and
not just proficiency in L2) modulates performance on executive control tasks, we performed
correlations between percentage of exposure to L2 (self-reported) and the executive control
measures (the results are reported in Appendices B - E). We observed that higher exposure to
L2 was linked to higher alerting and orienting effect (» = 0.35, p <0.05 and r = 0.4, p <0.05
respectively) as well as to lower switch costs in the DCCS task (shape, » =-0.26, p < 0.1 ). To
test this relationship further, we divided the participants into two groups based on exposure to
L2 (HE: high exposure, LE: low exposure). We performed an analysis of covariance
(ANCOVA) on each executive control measure with exposure as the independent variable and
L2 proficiency as the covariate (the group means, and F values are reported in Appendix F).
After controlling for L2 proficiency, high exposure group showed a greater orienting effect, '
(1,44) =4, p=10.05,1>= 0.08 and lesser Stroop effect, F (1,47)=6.14, p=0.02, = 0.11
compared to low exposure group. The percentage of exposure did not have a significant effect

on any other measure.

Discussion
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We examined whether L2 proficiency improves cognitive functioning in older
bilinguals. We administered a set of tasks measuring various aspects of executive control on
older, healthy, Telugu-English bilinguals in the age range of 50 — 65 years. The ANT,
numerical Stroop task, stop-signal task, and DCCS task were administered to all the
participants along with a battery of other tasks to measure L2 proficiency, memory capacity
and IQ. Bilinguals were divided into HP and LP based on a composite score derived from
various objective and subjective measures of L2 proficiency. The two groups' performance
was not found to differ on any of the tasks. The null effects were further confirmed through
Bayesian analysis. Based on our study, we conclude that L2 proficiency does not lead to
cognitive advantages in well educated, healthy, ageing Telugu-English bilinguals. Although
our group has earlier shown that young HP bilinguals (e.g., Singh & Mishra, 2012, 2013,
2015, 2016) are better than LP bilinguals on executive control tasks, we did not observe this
advantage in the older population. These results are in line with a growing number of
studies/reviews that have reported null effects of bilingualism on cognitive functioning (e.g.,
Lehtonen et al., 2018; Paap & Greenberg, 2013; Saint-Aubin et al., 2018). In a recent meta-
analysis of studies done on the protective role of bilingualism in cognitive decline, Mukudam,
Sommerlad and Livingston (2017) failed to find consistent evidence for a bilingual advantage
in cognitive decline. They argued that retrospective studies on patient records are susceptible
to several confounding factors making the findings difficult to interpret. Our study takes care
of these confounding factors since we experimentally tested a homogeneous group of
bilinguals with similar levels of education and socioeconomic background, differing only in

L2 proficiency.
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What could be the reason for this lack of group difference? It is possible that language
proficiency can only boost executive control if the bilinguals are practising bilingualism every
day. Unlike university students who function within a bilingual setup most of their time, the
older bilinguals spend most of the time at home. Self-report data from our participants show
that the percentage of exposure to L2 did not differ (p = 0.28) between HP (26.3 %) and LP
(20.1 %) participants. The current switching frequency also did not differ (p = 0.61) between
the two groups. Additionally, the percentage of exposure to L2 was significantly lesser (p <
0.001) than L1 for both the groups. These measures suggest that although there was a
difference in the level of proficiency between the two groups, the exposure to L2 did not
differ significantly between the two groups. As a result, such bilinguals may not often use the
skills like shifting, switching, inhibition or monitoring. And without the constant practice of

these skills through bilingualism, executive control may not be modulated.

In a recent study, Borsa et al. (2018) found evidence for such a link between language
use and executive control. On an ANT task, they observed that exposure to L2 was a
significant predictor of interference effects. This clearly indicates that the quantum of
engagement with L2 influences general executive control. Greater engagement of L2 provides
greater opportunity for exercising language control resulting in executive control benefits. To
test this hypothesis with our current dataset, we performed Analysis of Co-variance
(ANCOVA) with the percentage of exposure to L2 as the independent variable and L2
proficiency as the covariate. This was done to examine whether exposure to L2 modulates
cognitive functioning, independent of differences in proficiency. If exposure to L2 (and not

L2 proficiency) modulates executive functioning in bilinguals, then we should observe better
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executive control performance in the high exposure group. However, this was not observed in
any of the measures except the ANT orienting effect and the Stroop effect. The reduction in
Stroop effect is not straightforward to interpret as there was no significant evidence for the
existence of the Stroop effect itself. Additionally, the increased orienting effect was only
marginally significant. Nevertheless, these results underscore the importance of appropriately
quantifying the context of a bilingual and considering it as an independent variable in studies
examining cognitive advantage in bilinguals. Further, it is to be noted that we recorded the
subjective report of participants' exposure to L2, but not their usage of L2. Although there
might be correlations between the two, the assumption is that active usage of the two
languages (not just passive exposure to them) requires some of the core cognitive mechanisms
such as inhibition, monitoring etc. which then translates into better performance on tasks

measuring these components (eg., Yang, Hartanto, & Yang, 2016).

Another possible reason for the lack of effect of L2 proficiency could be that there is a
ceiling effect with respect to bilingual advantage and it is possible that both HP and LP
groups might have shown an advantage compared to a monolingual group. For instance, Luo
et al. (2010) found that high and low vocabulary bilinguals differed from monolinguals in
executive function measures in a letter fluency task, but no difference was found within the
two types of bilinguals. This shows that executive control (indexed by performance on the
letter fluency task) could depend on the existence of bilingualism but not on the levels of it.
We are not in a position to evaluate this since our study did not have a monolingual control
group for the reasons mentioned in the introduction section. But it is to be noted that the two

groups of bilinguals in Luo et al. (2010) differed in vocabulary size but not in proficiency. A
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lot of research has shown that bilingual language control may be linked to language
proficiency. Therefore, in the absence of a monolingual control group, one can expect a
difference between groups differentiated by L2 proficiency. In line with this, Luk and
Bialystok (2013) note that, bilingualism should not be treated as a categorical variable (in
terms of presence vs. absence of bilingualism) and that multiple factors such as language use

and proficiency must be taken into consideration while examining bilingualism.

Our data are in contrast to several earlier findings of bilingual advantage in the elderly
population (e.g., Bialystok et al., 2006, 2007, 2008). It is to be noted that a vast majority of
studies reporting differences in executive control in elderly bilinguals have compared
bilinguals with monolinguals (eg., Alladi et al., 2013, 2015; Bialystok et al., 2006, 2007,
2008; Houtzager et al., 2017). This could be problematic because of the difficulty in matching
two different groups on a host of other confounding factors. This is particularly true in the
Indian context, in a large metropolitan city like Hyderabad, where monolinguals are mostly
illiterates/low educated with no additional knowledge of any language. Mishra and colleagues
have done many studies on Indian illiterates who were largely monolinguals knowing only
their native language (Huettig, Singh, & Mishra, 2011; Mishra, Singh, Pandey, & Huettig,
2012; Olivers, Huettig, Singh, & Mishra, 2014). This could bring serious confounds into the
study since the level of education has been shown to play a significant role in modulating
bilingual advantage (Gollan et al., 2011). Thus, our data raises questions on studies that have
argued for a cognitive reserve in bilinguals based on data from hospital records from a
population similar to the one we have used in this study (Alladi et al., 2013, 2015). For

instance, Alladi et al. (2013) find the literacy level to be higher in bilinguals compared to

URL: http://mc.manuscriptcentral.com/nanc Email: INANC-peerreview@journals.tandf.co.uk



Page 41 of 72

oNOYTULT D WN =

Aging, Neuropsychology and Cognition

36
monolinguals. They “correct” for this effect statistically through a univariate GLM analysis.
However, such statistical correction of confounding factors has been criticised (Miller &
Chapman, 2001; Paap, Johnson, & Sawi, 2014). It is also difficult to determine the extent to
which the patients used both the languages when they were healthy based on hospital records
or data from caretakers. As a result, it is hard to know whether bilingualism was indeed

responsible for the later onset of such neurodegenerative diseases.

It is possible to question whether our data collection methods were sensitive enough to
observe any subtle differences, considering the prevalence of null effects in our study. To
examine this, we performed correlations between some demographic variables (such as age,
gender, 1Q), L2 measures (percentage of exposure to L2, L2 proficiency score etc.) and task
performance (correlation tables are given in Appendices B - E). We observed that the
percentage of exposure to L2 significantly predicted an increase in the scores on 1Q and
MMSE. Higher scores on MMSE also led to lower switch costs and lower Stroop effects.
While there was no consistent pattern to these correlations, it nevertheless provides some
evidence that our methods were sensitive enough to detect group differences, if any.
Importantly, age did not correlate significantly with any of the executive control measures.
This is surprising since cognitive capacities generally decline with age (Craik & Salthouse,
2011; Douaud et al., 2014). For instance, in a large sample of 484 participants, Douaud et al.
(2014) found that age was a significant predictor of cognitive decline. In an analysis of the
brain structures of healthy participants ranging from 8 years to 85 years, the authors observed
that with old age, brain areas associated with disorders such as Alzheimer's degenerated faster

compared to rest of the brain areas. Interestingly, Borsa et al. (2018) also found that age
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correlated significantly with conflict effect (on ANT), but only in monolinguals and not in
bilinguals. This was taken as evidence that bilingualism acted as a reserve against the natural
age-related cognitive decline. While monolinguals experienced a decline in their cognitive
capacities as they aged, the practice of two languages in bilinguals stopped or slowed down
such decline. It is possible that this null correlation in our study between age and any of the
executive control measures also suggests a positive influence of bilingualism in healthy older
bilinguals. We can't be confident of this explanation since we did not have a monolingual
group for comparison. However, this perspective of bilingualism as a factor that slows down

cognitive decline in healthy older bilinguals is worthy of more serious enquiry.

We confirmed the lack of group differences on the cognitive control measures through
multiple analyses methods. In addition to the traditional frequentist statistics, we also
performed two different types of Bayesian analysis — a model comparison using Bayes factors
and the Bayesian estimation method - to assess the likelihood of the null effect. Bayesian
analysis is important in this context because the traditional null hypothesis testing (NHST)
does not have provisions for accepting a null hypothesis. The results from both Bayes factors
and estimation method failed to show any strong evidence for bilingual advantage. The Bayes
factors for all the tasks indicated that there was moderate to strong evidence for accepting the
null hypothesis. The parameter estimation method also some provided some support for the
null hypothesis. According to this method, the alternative hypothesis can be accepted only if
95 % of the HDI falls outside the ROPE. This was not observed for any of the tasks
suggesting that we don't have sufficient evidence in support of the bilingual advantage claim.

Importantly, our data is more suggestive of a lack of group difference since the posterior
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distribution of the difference of group means for most of the tasks was centered around zero
suggesting a high probability of no difference between the groups. The only exception is the
local switch cost on the DCCS task shape-dominant block which indicates a possible group
difference. But it may not be a very reliable effect since is not supported by either the Bayes
factor analysis or the traditional t-tests. Finally, it can be pointed out that the percentage of
HDI within the ROPE for each task was always below 95% (the null hypothesis can be
accepted when at least 95% of the HDI is within the ROPE) suggesting that maybe there
wasn't enough evidence to conclusively accept the null hypothesis based on this method.
However, it is to be noted that due to the paucity of experimental research examining the role
of L2 proficiency on cognitive control in older bilinguals, specifically in India, it is difficult to
decide on how big of an effect counts as a “true” effect. So, the ROPE limits set in this study
have to be treated as a rough estimation. Secondly, the Bayesian estimation method, as the
name suggests, is meant to be useful for estimating the extent of the difference in group
means rather than providing strict criteria for binary decisions on whether an effect is

significant or not.

One of the limitations of this study is the small sample size (n). Previous scholarship
on Indian ageing bilinguals on this question (eg., Alladi et al., 2013) was based on hospital
records and not experimental investigations. Because this was the first experimental study on
an ageing population in India, there were several limitations in recruiting a large group of
participants. It is true that a very large n in any experimental investigation induces confidence
in the results - positive or negative (Paap, 2014). However, there have been other studies with

low sample sizes that have shown a null effect of bilingualism (Anton et al., 2016; Kousaie &
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Phillips, 2012; Papageorgiou et al., 2018; Ramos et al., 2017). And these findings have been
used in other meta-analysis or reviews for claiming the no-advantage position (De Bruin,
Treccani, & Della Sala, 2015; Hilchey & Klein, 2011; Paap, Johnson & Sawi, 2015). Further,
to address this limitation as best as possible, we performed Bayesian analysis. The null
hypothesis significance testing (NHST) is susceptible to false conclusions, especially with
small sample sizes. One of the reasons is the dependence of p values on stopping intentions
(the decision to stop collecting data). But, this problem is not as severe with the Bayesian
method which is considered to be quite robust as “Bayesian inference does not depend on
stopping and testing intentions” (Kruschke & Liddell, 2018). This effectively means that the n
at which we stopped collecting data (big or small) should not drastically modify our Bayesian
inference. However, it is true that large-scale studies (whenever possible) will be able to

throw more light on the links between L2 proficiency and executive control.

Whether knowing more languages leads to higher executive functioning advantage is
not clear from available studies (Chertkow, Whitehead, Philips et al. 2010). We are arguing
that since older bilinguals may not indulge in many bilingual conversations, they may not find
opportunities to switch/inhibit/monitor often. Ours is a performance-based account of
neuroplasticity that bilingualism might have bestowed. However, some researchers (e.g., Bak
et al., 2014) have argued that quantum of language use may not matter for executive control.
Bak et al. (2014) argue that since bilinguals unintentionally activate the two languages and
inhibit one for selection, their executive control gets exercised irrespective of language use. It
is true that many studies have shown that bilinguals activate two languages in parallel, but we

do not know from such studies how the competition between the two languages is resolved.
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Additionally, language proficiency has been shown to influence such non-selective parallel
language activation (Singh & Mishra, 2016). It seems problematic to assume that the overt
practice of a skill plays a minor role in inducing plasticity. Unless bilingualism is in use in a
societal scenario with actual partners, just the knowledge of two languages and passive
activation of them may not be enough to induce neuroplasticity. In line with this argument,
many studies have shown that bilinguals who use language more show better performance on

executive control tasks (Hartanto & Yang, 2016).

In conclusion, our study indicates that differences in language proficiency may not be
sufficient to induce an advantage in cognitive functioning in healthy, elderly bilinguals. It is
the first study to examine the influence of L2 proficiency in Indian bilinguals using an
experimental paradigm. However, we are not suggesting that there are no cognitive benefits of
bilingualism at all. Rather, it is important to consider the socio-linguistic context of a
bilingual population before taking either a null effect or an advantage into serious
consideration. Bilingualism is a social phenomenon which cannot be studied in isolation and
expected to generalise across different contexts. Future studies examining the role of
bilingualism should consider including language use and the overall linguistic context of the
bilinguals as a potential factor. Comparing two groups of bilinguals with similar levels of
proficiency but differing in the amount of L2 use will provide useful evidence to understand
this issue better. For example, one may find a difference between sedentary home-bound older
bilinguals who just speak one language at home and other active older bilinguals who use two
languages at work. In the Indian context, language use is often differentiated between work

and home domains. Future studies with such variables may throw new light on the boundary
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conditions of the phenomenon which is much required to resolve the debate surrounding this

1ssue.
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Appendix A. Descriptive statistics of all the tasks.

Task High proficient bilinguals  Low proficient bilinguals
Mean SD Mean SD

Numerical Stroop

Congruent 627.24  (134.14) 613.02 (139.1)

Incongruent 632.06 (114.74) 616.86 (129.82)

Stroop Effect 4.83 (46.21) 3.83 (53.16)

Attentional Network Task (ANT)

Executive Network

Congruent 75426  (104.01) 754.81 (80.76)

Neutral 752.3 (126.45) 759 (86)

Incongruent 877.99 (125.95) 883.90 (97.00)
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2
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4

Z Conflict Effect 123.74  (74.63) 129.09 (55.53)

7

8 Alerting Network

9

10 No Cue 806.26  (125.10) 804.35 (86.92)

11

12 Double Cue 796.13  (133.96) 780.62  (83.20)

13

14 Alerting Effect 10.13 (36.37) 14.73 (36.91)

15

1? Orienting Network

12 Central Cue 787.36 (121.12) 795.34 (82.63)

20

- Spatial Cue 779.69  (103.20) 797.73 (97.88)

22

- Orienting Effect 7.67 (32.30) -2.39 (41.11)

24

25 Stop-signal task

26

27 Stop Signal Reaction Time(SSRT) 467.63 (142.20) 492.54 (213.31)

28

29 Dimensional Change Card Sort

30

31 (DCCS) task

32

33

34 Colour Task

35

36 Local Switch Cost 0.85 (0.59) 1.02 (0.39)

37

38 Global Switch Cost 0.31 (0.25) 0.33 (0.23)

39

40 Shape Task

41

42 Local Switch Cost 0.89 (0.41) 0.95 (0.52)

43

j;‘ Global Switch Cost 0.48 (0 .28) 0.44 (0.32)

j? The correlation tables for all the tasks are listed below. Only the values in the last column
change substantially for each task.

48

49

50 Appendix B. Correlational analysis for ANT

51

gg 2. 3. 4. 5. 6. 7. 8. 9. 10. 11

54 1. Gender 037" 023 0.2 -0.13 0.1 0.06 0.3 -0.1 0.2 -0.03

gg 2. Age 0.005 005 005 -0.07 -0.06 0.8 -0.17 -0.05 -0.11

57 3. MMSE 036" 0.13 0.19 034" 0.1 0.06 0.1 0.04

58

59

60
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4.1Q 0.19 028 034" 009 0.11 -0.03  -0.12
5. SES 0.19 0.1 -0.09 -0.15 0.08 -0.13
6. L2 proficiency? 0.08 0.10 -0.07 0.3° -0.07
7. L2 exposure® -0.05 035 047 -0.24
8. YOB® -0.29* -0.03 0.04
9. Alerting effect 0.18  -0.07
10. Orienting effect -0.4™
11. Conflict effect
Note: **p <0.001, “p <0.01, p <0.05, *p < 0.1
aL2 proficiency refers to the cumulative L2 proficiency score used to divide the participants into two
groups
YL2 exposure refers to the percentage of exposure to L2 extracted from the questionnaire as an answer to
the question: “Please list what percentage of the time you are currently, on average, exposed to each
language. (Your percentages should add up to 100%)”)
°YOB: Years of Bilingualism = Current age — AoA of L2
Appendix C. Correlational analysis for Numerical Stroop task
2. 3. 4. 5. 6. 7. 8. 9.

1. Gender 0.34" 0.22 0.2 -0.14 0.12 0.06 0.3" 0.07

2. Age 0.002 0.05 0.06 -0.04 -0.07 0.8 0.16

3. MMSE 037" 0.11 0.19 0.35" 0.09 -0.33"
4.1Q 0.13 0.32" 0.36" 0.11 -0.08
5. SES 0.12 0.06 -0.11 -0.03
6. L2 proficiency 0.11 0.14 0.13

7. L2 exposure -0.04 -0.23
8. YOB 0.13

9. Stroop effect
Note: **p <0.001, “p <0.01, p <0.05, ¥p < 0.1
Appendix D. Correlational analysis for DCCS task

2. 3. 4, 5. 6. 7. 8. 9. 10. 11. 12.

1. Gender 034" 022 02 -0.14 0.12 0.06 03" -0.08 -0.15 -0.15 -0.004
2. Age 0.002 0.05 0.06 -0.04 -0.07 0.8 0.02 0.04 -0.09 -0.02
3. MMSE 037" 0.11 0.19 035" 0.09 -0.07 -0.24* -04" -
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0.39""
4.1Q 0.13 032" 036" 0.11 -0.11 -0.18 -0.36" -
0.38""
5. SES 0.12 0.06 -0.11 -0.02 -0.04 -0.04 -0.21
6. L2 proficiency 0.11  0.14 0.03 -0.09 0.04 -0.02
7. L2 exposure -0.04 -0.18 -0.26" 0.2 0.09
8. YOB -0.05 -0.12 -0.12 0.02
9. Global SC (shape)? 0.66 0.32° 0.23
10. Local SC (shape)? 0.34°  0.29°
11. Global SC (colour)® 0.82"
12. Local SC (colour)?
Note: **p <0.001, *p <0.01, *p <0.05,7p <0.1
aShape-dominant block, PColour-dominant block
Appendix E. Correlational analysis for Stop-signal task
2. 3. 4. 5. 6. 7. 8. 9.

1. Gender 0.34" 0.22 0.2 -0.14 0.12 0.06 0.3" 0.02

2. Age 0.002  0.05 0.06 -0.04 -0.07 0.8  -0.22

3. MMSE 0.37 0.11 0.19 0.35 0.09 0.01
4.1Q 0.13 0.32" 0.36 0.11 -0.09

5. SES 0.12 0.06 -0.11 0.03

6. L2 proficiency 0.11 0.14 0.02

7. L2 exposure -0.04 -0.07

8. YOB -0.16

9. SSRT®?

Note: **p <0.001, *p <0.01, *p <0.05,7p <0.1

aStop-signal reaction time

Appendix F. ANCOVA results

Results from analysis of co-variance with cumulative L2 proficiency as the covariate.
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F )% n? Group means (in ms)?

ANT alerting effect

Exposure to L2 1.13 0.29 0.02 HE: M =16.84, SD =433
LE: M =8.3,SD =284

L2 proficiency 0.71 0.4 0.02

ANT orienting effect

Exposure to L2 4 0.05% 0.08 HE: M =16.4,SD =324
LE:M=-10.7,SD=36.9

L2 proficiency 1.5 0.2 0.03

ANT conflict effect

Exposure to L2 0.81 0.37 0.02 HE: M =116.5,SD=41.6
LE: M =136.1,SD=81.1

L2 proficiency 0.01 0.9 <0.001

Stroop effect

Exposure to L2 6.1 0.02* 0.1 HE: M =-7.9,SD =43.8
LE: M =16.5,SD=523

L2 proficiency 3.72 0.06" 0.06

Global SC (shape)

Exposure to L2 0.54 0.47 0.01 HE: M =0.5, SD=0.27
LE:M=0.43,SD=0.33

L2 proficiency 0.006 0.94 <0.001

Local SC (shape)

Exposure to L2 0.00004 0.9 <0.001 HE:M=0.92,SD=0.4
LE:M=0.93,SD=0.5

L2 proficiency 0.02 0.89 <0.001

Global SC (colour)

Exposure to L2 1.15 0.29 0.02 HE: M =0.29, SD =0.28
LE: M =0.35,SD=0.2

L2 proficiency 0.42 0.52 0.009

Local SC (colour)

Exposure to L2 1.2 0.27 0.02 HE: M =0.85, SD = 0.57
LE: M =1.02,SD =0.4

L2 proficiency 0.01 0.92 <0.001

SSRT
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Exposure to L2 0.26 0.6 0.006

60

HE: M =469.2, SD = 136.3
LE:M=491,SD=2173

L2 proficiency 0.1 0.76 0.002

aGroup means obtained from ANCOVA after controlling for L2 proficiency scores.

HE: high exposure, LE: low exposure

Table 1: Demographic data of participants

High-proficiency bilinguals

Low-proficiency bilinguals

(n=25) (n=25)
Mean SD Mean SD
Age (in years) 57.44 4.32 56.9 3.98
Age of Acquisition (in
years) of:
L1 2.20 1.41 1.62 0.90
L2 9.04 2.84 9.88 2.98
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Number of years of formal

education in:

L1 8.32 4.63 10.1 3.89
L2 3.28 431 1.92 3.89
Percentage exposure to*:

L1 66.16 18.48 75.52% 18.68
L2 26.32 16.09 20.1 18.07
Self-reported proficiency

score of L1 in:

Reading? 9.44 0.768 9.40 1.04
Speaking® 9.12 0.917 9.10 1.10
Understanding spoken 9.48 0.714 9.16 1.21
languageP

Self-reported proficiency

score of L2 in:

Reading® 8.92 0.909 7.68" 1.49
Speaking® 8.04 1.37 6.16 1.68
Understanding spoken 8.68 1.11 7.16" 1.68
languageP

Naming latency (in ms) in:

L1 1142.45 237.45 1202.17 229.04
L2 1156.82 201.95 1172.39 220.56

Semantic fluency score in:
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L2

13.48

11.38

3.94

291
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11.4*

7.58"

62

2.82

2.72

15.48

33.44"

17.46

10 L2 vocabulary test score 54.52

Composite score®:
15 L1 0.000713 0.00832 -0.000712 0.0071

17 L2 0.0471 0.00538 0.0271* 0.01063

Current switching 4.48 1.58 4.20 1.98

22 frequency?

24 Preferred switching
frequency with a balanced 3.96 1.95 3.04 1.84

29 bilingual®

31 MMSEf 28.92 1.52534 28.72 1.27541

33 Non-verbal IQ 36.0417 7.04322 30.4167* 7.45955

36 Working memory

38 Forward digit span task 6.43 (n=23) 0.945 591 (n=22) 1.41

Backward digit span task 5.87 (n=23) 1.058 5.18 (n=22) 1.37

43 SES 2.6 0.5 2.44 0.507

47 *» <0.001, #p < 0.05

50 aQuestion: “Please list what percentage of the time you are currently, on average, exposed to
52 each language. (Your percentages should add up to 100%)”

>4 b Self-rating of language proficiency by each participant on a scale of 1 to 10 (10 being the

highest).
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¢ Composite scores for L1 and L2 consisted of scores from object naming test, semantic
fluency test, self-ratings on proficiency and vocabulary test (only for L2 score).

4 Question: “How often are you in a situation when you switch between the languages Telugu
and English?” — 1 (never) to 7 (very often).

¢ Question: “When choosing a language to speak with a person who is equally fluent in all
your languages, how often would you switch between languages?” — 1 (never) to 7 (very
often).

" As shorter naming latencies reflects higher language proficiency, naming latencies were
multiplied by -1 so that a larger resulting value corresponded with higher composite L2 score

(Ma, Chen, Guo, & Kroll, 2017).

Figure captions

Figure 1. A representative sample of studies conducted to examine bilingual advantage in the
elderly population since 2004. Blue circles indicate studies on healthy older adults measuring
performance on cognitive tasks and red circles indicate studies that have examined the role of
bilingualism in the onset of a neurological disease based on patient records. The double
circles indicate studies that have treated bilingualism as a continuous variable and tested

bilinguals based on their second language proficiency.

Figure 2. Comparison of ANT (A), Alerting effect (B), Orienting effect (C) conflict effect

across L2 proficiency groups. (D) Group comparison of Stroop effect from numerical Stroop

task. (E) Local switch cost and Global switch cost comparison of DCCS task for Colour and
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Shape dominant blocks across L2 proficiency groups. (F) Comparison of Stop-signal

oNOYTULT D WN =

Reaction Time(SSRT) across L2 proficiency groups.

11 Note: Error bars indicate +1 SE

14 Figure 3. The posterior distributions of the difference in group means for all the tasks. The y
axis is the probability density and the x axis is the parameter value (difference in group means
19 in ms). The ROPE limits are marked by red vertical lines. The criteria for setting the ROPE

21 limits for each task are described in the text.

24 Note: p;: high proficient group, ,: low proficient group
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Past studies on older bilinguals

—=® Ramos et al., 2017

# Kousaie and Phillips, 2017 ® Study based on patient records
Houtzager et al., 2017 ® Study based on healthy adults
® Alladi et al., 2017

® Alladi et al., 2016

——®Anton et al., 2016
—=® lvanova et al., 2016
—® Bruin et al., 2015
—® Lawton et al., 2015
——=® Woumans et al., 2015
—e®Kirk etal., 2014

Kousaie et al., 2014
——® Zohodne et al., 2014

# Alladi et al., 2013
—=® Kousaie and Phillips, 2012

@Gollan et al., 2011 (low educated participants)
—@Gollan et al., 2011 (high educated participants)

Papers published from 2004 to 2017

Bialystok et al., 2008
® Bialystok et al.,2007

—® Bialystok et al., 2006 (eye movement task)

Bialystok et al., 2006 (manual task)
® Bialystok et al.,2004

Null Mixed Advantage

A representative sample of studies conducted to examine bilingual advantage in the elderly population since
2004. Blue circles indicate studies on healthy older adults measuring performance on cognitive tasks and red
circles indicate studies that have examined the role of bilingualism in the onset of a neurological disease
based on patient records. The double circles indicate studies that have treated bilingualism as a continuous
variable and tested bilinguals based on their second language proficiency.
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Figure 2. Comparison of ANT (A), Alerting effect (B), Orienting effect (C) conflict effect across L2 proficiency
groups. (D) Group comparison of stroop effect from numerical stroop task. (E) Local switch cost and Global
28 switch cost comparison of DCCS for Colour and Shape dominant tasks across L2 proficiency groups. (F)
29 Comparison of Stop-signal Reaction Time(SSRT) across L2 proficiency groups.

30 Note: Error bars indicate +1 SE
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Figure 3. The posterior distributions of the difference in group means for all the tasks. The y axis is the
probability density and the x axis is the parameter value (difference in group means in ms). The ROPE limits
are marked by red vertical lines. The criteria for setting the ROPE limits for each task are described in the

text.

Note: u1l: high proficient group, p2: low proficient group
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