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Abstract

We investigated whether bilingual language experience over the lifespan buffers against
age-related declines in executive control. Some studies have reported reduced age-related
decline in executive control in bilingual adults, compared to monolingual adults. However, other
studies have failed to find this effect. Here, we investigate this issue using an unspeeded
measure of executive control, the Wisconsin Card Sort Task, in an adult lifespan sample that
varied in bilingual language experience. The results suggested that women showed the greatest
age-related decline across WCST measures, and were more likely than men to show improved
performance with increased bilingual experience. We consider implications of this finding for
advancing our understanding of the relation between bilingualism and cognition, and also the

effects of biological sex on cognitive aging.

Résumé

Nous avons étudi€ si 1'expérience linguistique bilingue au cours de la durée de vie
contribue a lutter contre les baisses des fonctions exécutives liées a 1'age. Certaines études ont
rapporté une diminution réduite des fonctions exécutives chez les adultes bilingues, relativement
aux adultes monolingues. Cependant, d'autres études n'ont pas réussi a démontrer cet effet. Ici,
nous étudions ce probléme en utilisant une épreuve sans limite de temps mesurant les fonctions
exécutives, le Wisconsin Card Sorting Test, dans un échantillon adulte variant dans expérience
linguistique bilingue. Les résultats suggerent que les femmes démontraient le plus grand déclin
relatif a I'dge dans les mesures du WCST et étaient plus susceptibles que les hommes de
présenter une performance améliorée avec une expérience bilingue accrue. Nous considérons les
implications de cette découverte pour faire progresser notre compréhension de la relation entre le

bilinguisme et la cognition, ainsi que les effets du sexe biologique sur le vieillissement cognitif.
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Introduction

Executive control refers to the domain-general neurocognitive coordination of skills or
habits that allow us to successfully implement goal-directed behaviour (e.g., Braver, 2012;
Braver & West, 2008; Miyake et al., 2000; Miyake & Friedman, 2012). Healthy aging is
generally associated with declines in executive control (e.g., Amer, Campbell, & Hasher, 2016;
Salthouse, 2009, 2010; Stuss, 2011), however, there is great variability in how age-related
declines manifest across various executive control tasks (Christensen et al., 1999; Mungas et al.,
2010; Wilson et al., 2002; Zelinski, Gilewski, & Schaie, 1993). Of relevance here, recent work
suggests that certain lifestyle factors (e.g., education level, socioeconomic status) differentially
modulate executive control capacity over the adult lifespan (Mungas et al., 2010; Scarmeas &
Stern, 2003; Stern, 2012). Given that the number of older adults will markedly increase over the
next several decades (Alzheimer's Association, 2015; Beard, 2015), it is crucial we rigorously
evaluate which potential lifestyle factors may promote successful aging so that we can optimize
the neurocognitive health of this population (Davis, Marra, Najafzadeh, & Liu-Ambrose, 2010;
Forte, Boreham, de Vito, & Pesce, 2015; Vaughan & Giovanello, 2010).

One such factor that has received great attention in recent years is bilingualism, that is,
the knowledge, acquisition and regular use of two or more languages in daily life (Bialystok,
Abutalebi, Bak, Burke, & Kroll, 2016; Bialystok, Craik, Klein, & Viswanathan, 2004; Coderre,
Smith, van Heuven, & Horwitz, 2016; Costa & Sebastian-Gallés, 2014; Kroll, Bobb, & Hoshino,
2014; Kroll & Bialystok, 2013). Bilingualism is thought to protect against age-related executive
control declines because people who regularly speak more than one language face unique
cognitive challenges compared to people who speak only one language (i.e., monolinguals).

These unique cognitive challenges, in turn, cause bilinguals to more frequently recruit executive
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control processes, which over time leads to a more exercised and strengthened executive control
capacity.

While a great deal of work has investigated whether and how the bilingual experience
impacts domain-general cognition among many populations, including older adults, the emerging
story is not clear for a variety of reasons. These include a tendency in the literature to investigate
different dimensions of bilingual experience, to use age-group comparisons rather than a
continuous lifespan approach, and the failure to examine other variables that may also modulate
executive control performance over the lifespan, such as biological sex. In this paper, we
investigate whether different attributes of bilingual experience modulate executive control
performance across the adult lifespan (i.e., including younger, middle-aged, and older adults), as
a function of biological sex, using a non-speeded executive control task that is ideal for directly
comparing people across the lifespan (i.e., the Wisconsin Card Sorting Task).

We first discuss the obvious question, How would bilingual experience modulate domain-
general executive control? One way this occurs is that bilinguals must monitor and select the
appropriate language to use within a given context. For example, this may involve appropriately
suppressing the impulse to use English in one’s French-speaking workplace, but doing the
reverse when conversing with exclusively Anglophone friends (Abutalebi, Tettamanti, & Perani,
2009; Green, 1998; Guo, Liu, Misra, & Kroll, 2011; Kroll, Bobb, Misra, & Guo, 2008; Meuter &
Allport, 1999; Misra, Guo, Bobb, & Kroll, 2012; Pivneva, Palmer, & Titone, 2012; von Studnitz
& Green, 2002). Bilinguals must also suppress activation of specific sound patterns, words, or
meanings from other known languages when speaking or reading (Blumenfeld & Marian, 2011;
Christoffels, Firk, & Schiller, 2007; Dijkstra, 2005; Green, 2011; Guo et al., 2011; Kroll et al.,

2008; Macizo, Bajo, & Martin, 2010; Martin, Macizo, & Bajo, 2010; Misra et al., 2012; Pivneva,
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Mercier, & Titone, 2014). For example, by inhibiting the French meaning of chat when reading
that word in an English context. Consequently, the need to routinely exercise executive control to
suppress knowledge of a whole language, or to suppress specific representations within a
particular language, is hypothesized to enhance executive control capacity over the lifespan (see
review by Baum & Titone, 2014). In older adults, it is possible that heightened executive control
capacity could also contribute to greater cognitive reserve. Cognitive reserve is a construct that
refers to the idea that certain life experiences and activities ameliorate age-related changes in
neurocognitive function and may slow the progression of both normal age-related cognitive
decline and pathological aging (i.e., dementia) (Calvo, Garcia, Manoiloff, & Ibanez, 2016;
Scarmeas & Stern, 2003; Stern, 2002, 2009, 2012; Tucker & Stern, 2011).

Empirical support for the idea that bilingualism mitigates the effects of age-related
decline in domain-general executive control is mixed. Though, like others, we think the totality
of evidence leans in the direction of supporting this relationship (see reviews by Ardila &
Ramos, 2010; Bak, 2016a,b; Bialystok, 2016; Friedman, 2016; Watson, Manly, & Zahodne,
2016; Titone et al., in press). Indeed, some studies offer clear support for a link between
bilingualism and executive control in older adults. Yet, other studies have obtained mixed
support, in that effects occur for some measures but not others, or as a function of bilingual
experience (Ansaldo, Ghazi-Saidi, & Adrover-Roig, 2015; Grady, Luk, Craik, & Bialystok,
2015; Kousaie, Sheppard, Lemieux, Monetta, & Taler, 2014; Zahodne, Schofield, Farrell, Stern,
& Manly, 2014). Though of note, some studies have failed to support this view (de Bruin, Bak,
& Della Sala, 2015; Gathercole et al., 2014; Kirk, Fiala, Scott-Brown, & Kempe, 2014; Kousaie

& Phillips, 2012).
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As previously mentioned, variable findings likely arise because studies differ, sometimes
dramatically, in the kind of bilingual individual tested, and the kind of executive control tasks
administered (Baum & Titone, 2014; Titone & Baum, 2014; Titone et al, in press). Moreover,
one especially important way executive control tasks differ with respect to the study of older
adults is in terms of their reliance on speeded or unspeeded decision making. Indeed, the most
common executive control tasks used to address the bilingualism question require participants to
make rapid decisions about what they see or hear (e.g., Simon task, Stroop task, etc.). Use of
such tasks may be particularly problematic for testing the bilingualism hypothesis with older
adults because of known difficulties associated with generalized slowing (Salthouse, 1996;
Verhaeghen & Cerella, 2002), which may psychometrically overwhelm any subtle effects of
bilingual language experience, particularly in studies with relatively small sample sizes.

Consider first a study that failed to obtain evidence of an impact of bilingual language
experience on executive control. De Bruin, Bak, and Della Sala investigated a non-immigrant
elderly sample of English monolinguals and Gaelic-English active or inactive bilinguals from the
Hebrides (Scotland) using a speeded Simon task (de Bruin et al., 2015). De Bruin et al found no
bilingual vs. monolingual group difference in the magnitude of the congruency effect, which led
them to conclude that there was no impact of bilingual language experience on executive control.
However, the failure to find this effect could have arisen because of: 1) the small sample size (n =
24 - 28 participants in each group), ii) the specific kind of bilingual language experience typical
of English-Gaelic bilinguals in the Scottish Hebrides, iii) the fact that speeded binary decision
tasks may be less sensitive for revealing such effects with older adults, or iv) some combination

of such factors.
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Indeed, a more recent study using a similar but larger sample (n = 853) from another part
of Scotland (Edinburgh) did show group differences between bilinguals and monolinguals (Bak,
Nissan, Allerhand, & Deary, 2014). This study was noteworthy in making use of previously
collected longitudinal data from a variety of intelligence tasks, some of which would now be
classified as measures of executive control. Participants were first tested as children (at 11 years
of age in 1947), and then as older adults approximately 60 years later. The results suggested that
bilingual experience delayed age-related cognitive decline across all domains, irrespective of the
degree of bilingualism (i.e., age of L2 acquisition, number of languages, and frequency of L2
usage), and after controlling for childhood intelligence, sex, or socioeconomic status. This, and
other work, provide evidence that bilingualism can protect against age-related cognitive decline
(Bialystok, Craik, Binns, Ossher, & Freedman, 2014; Bialystok, Craik, & Freedman, 2007;
Bialystok et al., 2004; Bialystok, Craik, & Luk, 2012; Gold, 2015; Gold, Johnson, & Powell,
2013; Kavé, Eyal, Shorek, & Cohen-Mansfield, 2008; Luk, Bialystok, Craik, & Grady, 2011;
Schweizer, Ware, Fischer, Craik, & Bialystok, 2012).

In addition to the many ways that bilinguals and executive control tasks can differ across
studies, past work may also be affected by the tendency to focus on older adults exclusively
rather than taking a lifespan approach that treats age as a continuous factor from younger to older
adulthood. Lifespan approaches enable an examination of the links between different factors as
they unfold over developmental time, either cross-sectionally across people of different ages or
longitudinally for the same participants at different time points. For example, Zahodne et al.
longitudinally evaluated a large sample (n=1067) of Spanish-English immigrants living in a
“Spanish-speaking enclave” in Northern Manhattan, who were tested regularly for up to 23

years. The results showed that bilingualism was associated with better executive function at
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baseline. However, bilingualism did not ameliorate age-related cognitive decline or reduce the
incidence of dementia conversion in this sample. They interpreted these findings as failing to
support cognitive reserve theory, specifically because of the lack of change over time, though the
connection between bilingualism and executive control at baseline speaks to a role of language
experience. Moreover, because the composite executive control measure used in this study
included both verbal and non-verbal performance, it could have been partially measuring L1
language proficiency, which would also certainly vary as a function of bilingual language
experience. It is also possible that several of the covariates included in their models (e.g.,
education, time spent in the United States, etc.) might have been confounded with the degree of
bilingualism, and thus, may have statistically diluted the expression of bilingual effects.

Finally, one additional factor that has not been systematically addressed with respect to
the bilingualism hypothesis, to our knowledge, is biological sex. While the literature on this
topic is also somewhat variable (Geary, Saults, Liu, & Hoard, 2000; Hyde, 1981; Li et al., 2009;
Roivainen, 2011), several studies support the idea that biological sex modulates various
cognitive and executive control domains over the lifespan. Specifically, several studies have
shown that men outperform women on tasks assessing spatial and visuospatial ability, inhibition,
and task-switching (Bieri, Bradburn, & Galinsky, 1958; Finkel, Reynolds, McArdle, Gatz, &
Pedersen, 2003; Karlsson, Thorvaldsson, Skoog, Gudmundsson, & Johansson, 2015; Reimers &
Maylor, 2005; Tun & Lachman, 2009; Voyer et al., 1995), whereas women outperform men on
tasks assessing memory, reasoning and verbal ability (Duff & Hampson, 2001; Finkel et al.,
2003; Maitland, Herlitz, Nyberg, Backman, & Nilsson, 2004; McCarrey, An, Kitner-Triolo,
Ferrucci, & Resnick, 2016). Many tasks used to investigate the role of bilingualism on executive

control are non-verbal and biased towards measuring processes that are hypothesized to be
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exercised through bilingual use (e.g., inhibitory control, task-switching). It is thus possible that
these executive control tasks may favour greater performance in men compared to women
(Clayson, Clawson, & Larson, 2011; Colzato, Hertsig, van den Wildenberg, & Hommel, 2010;
Evans & Hampson, 2015; Halari et al., 2005; Halari & Kumari, 2005; Stoet, 2010). Such
findings are also consistent with the idea that sex differences in hormones and physiology unique
to a particular phase of life (e.g., puberty, menopause) could differentially influence the
cognitive aging trajectory of women, compared to men (Janicki & Schupf, 2010; Keenan, Ezzat,
Ginsburg, & Moore, 2001; Shanmugan & Epperson, 2014). Thus, biological differences in men
and women may impact executive control performance, in a manner that could also interact with
other factors, such as bilingualism. If true, it would be difficult to interpret past findings about
bilingualism and executive control as being generally applicable to all people, or more or less
specific to men vs. women.

The Present Study. To summarize, a growing body of work suggests that bilingual
language experience modulates age-related declines in executive control, presumably by
increasing cognitive reserve among older adults. However, the findings across studies are
mixed, likely due to cross-study variability in individual differences among bilinguals,
heterogeneity across tasks, the tendency to use speeded executive control tasks, the failure to
take a lifespan approach, and the heretofore unstudied factor of biological sex. Thus, we
investigate whether individual differences in bilingual language experience relate to performance
on a well-established, unspeeded measure of executive control, the Wisconsin Card Sorting Task
(WCST), in an adult lifespan sample. The WCST is thought to measure cognitive flexibility and
set shifting, which are hypothesized to be specifically exercised by bilingualism. Given the

constraints of our sample, and the individual difference measures available to us, we consider the
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potential impact of three aspects of bilingual experience: the age of second language (L2)
acquisition, the number of languages known, and the percentage of non-native (i.e., non-L1)

language usage.

Our specific predictions were:

1. Given sex differences in particular executive control processes (which are also
considered to underlie the WCST), and changes specific to mid-life that may affect
cognitive performance of women to a greater extent than men, we predict greater decline
in WCST performance with aging in women compared to men.

2. Greater language experience (i.e., earlier age of L2 acquisition, greater non-native
language usage, and greater number of languages known) will have a beneficial effect on
WCST performance measures, particularly for women who may have more room to

improve given prediction 1.

Methods

Participants

Participants consisted of 152 bilingual and multilingual adults (98 females, 54 males; age
range 19 — 76 yrs; My, = 48.23, SE,e. = 1.31) who had no self-reported history of psychiatric
illness, neurological disorders, or substance abuse. A total of 41 participants could be classed as
younger adults (19 — 35 yrs of age; Mage = 25.59, SEqe. = .61), 66 as middle aged adults (40 — 58
yrs of age; Mage = 49.68, SE,qc = .66), and 45 as older adults (60 — 76 yrs of age; My = 66.73,
SEqge = .59). Of note, we examined the effects of age continuously in all analyses, while

controlling for individual differences in each participants’ total number of years of education,
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which served as a proxy for socioeconomic status. Participants were recruited through a variety
of means, which included advertisements (i.e., newspapers, magazines, etc.) and community and
social engagement (i.e., TV and radio interviews), as part of a larger study investigating the role

of episodic memory across the adult lifespan (Ankudowich, Pasvanis, & Rajah, 2016).

All participants had at least a high school education (Medycation = 15.68, SEcducation = .16),
and were right-handed as measured by the Edinburgh Inventory for Handedness (Oldfield 1971).
All participants completed the Language and Social Background Questionnaire (LSBQ; Luk &
Bialystok, 2013). Based on this measure, we determined that our sample contained 109
bilinguals, 39 trilinguals, and 4 multilinguals (knowing four languages). Participants spoke a
variety of languages, including: Tamil, Spanish, Hungarian, Bulgarian, Greek, Polish, Arabic,
Chinese, Italian, Gujarati, Creole, German, and Swedish, however, a large percentage were either
English-French or French-English bilingual (68%). Thus, the first language (L1) was identified
as English for 45 participants, French for 87 participants, and another language for 20
participants. The second language (L.2) was identified as English for 96 participants, French for
50 participants, and another language for 6 participants. The age of L2 acquisition in the sample

ranged from 0 to 22 years.

Procedure

Upon arriving at the lab, participants signed a consent form approved by the ethics board
of the Faculty of Medicine, McGill University. Participants then completed the WCST as part of
a battery of neuropsychological tests. We specifically chose the WCST from this larger battery
as it was the only task administered that would tap into executive control in a non-linguistic

manner. Participants were given a computerized version of the WCST (Mueller & Piper, 2014)
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using the Psychology Experiment Building Language Version 0.13 (retrieved from
http://pebl.sourceforge.net). Each trial required participants to match a card to one of four cards
(with no prior rule to match). For example, a participant might be given a card with four yellow
circles which they must match to one of four cards that vary in terms of shape, colour, and
number (e.g., one red triangle, two green stars, three yellow plus signs, four blue circles). Since
the participant is given no rules to match, logically, they can match their card based on shape
(i.e., circle), colour (i.e., yellow), or the number of shapes present (i.e., four). Thus, in this case,
there are two possible cards they could reasonably pick (i.e., three yellow plus signs or four blue
circles). Feedback is given after every trial by informing participants whether the match was
correct or incorrect. If the correct way to match is by colour (i.e., yellow), then the participant
must apply that rule for 10 consecutive trials to achieve a category, after which the rule changes
(i.e., to shape or number) unbeknownst to the participant. Based on the negative feedback,
participants must learn that the previously used rule to match no longer works and must
determine and apply a new rule to match. Categories (i.e., rules) varied by colour, number, and
form. The task is completed when the participant successfully sorts nine categories (three
categories repeated three times) or alternatively, progresses through 128 card sort trials.

The dependent variables of interest are the number of Perseverative Errors, the number of
Non-perseverative Errors, and the number of Categories Completed. Perseverative Errors are the
total number of errors made following a rule change (e.g., errors made immediately after an
implicit rule change from colour to shape). Non-perseverative Errors are the total number of
errors made after a rule change that are not perseverative errors (e.g., the participant matches the
card based on shape when they should be sorting based on colour and they haven’t received

negative feedback to prompt them to try another card sorting rule). The variable of number of
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Categories Completed can range from 0 to 9, where one category is achieved when a participant
correctly responds to ten consecutive trials, after which the rule to match is changed without the

participant’s knowledge.

Results

We performed a series of multiple linear regressions using robust regression with
maximum-likelihood estimation. These regression models were implemented using iterated re-
weighted least squares (IRLS) with Huber weights using the rlm of the MASS package, version
7.3-45 (Venables & Ripley, 2002) in R (R Development Core Team, 2016). Robust regression
allows us to use all the observations present in the data, but attenuates the effect of large
residuals (i.e., outliers or influential points). This allows us to include outlier participants (i.e.,
older participants) that deviate from the norm. An analysis of the regression diagnostics showed
heteroskedasticity of the residuals and no outlier points showing large Cook’s distance,
demonstrating that model assumptions were met.

We conducted regression models to test the impact of specific measures of bilingualism
(discussed below), Age, Sex, and their interaction, on the following critical WCST measures:
Perseverative Errors, Non-perseverative Errors, and Categories Completed. Our three bilingual
language variables of interest were Model 1: L2 age of acquisition (L2 AoA, that is, the earliest
age at which participants started to learned their L2 language either at home or school); Model 2:
the Number of Languages Known; and Model 3) the percentage of Non-native Language Usage
(calculated as 100% minus the percentage of L1 usage). We chose these three variables as they
were the most reliable indicators of individual differences in bilingual language experience that

could be extracted from this somewhat heterogeneous group of bilinguals. Across models we
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tested the three-way interaction between Age, Sex and each bilingual language experience
variable individually, while statistically controlling for the number of years of education and the
two other language variables not included as part of the three-way interaction. Thus, in terms of
R syntax, the specific models fitted were: Model 1: DV ~ Age*Sex*L2 AoA + Years of
Education + Languages Known + Non-Native Language Usage; Model 2: DV ~
Age*Sex*Languages Known + Years of Education + L2 AoA + Non-Native Language Usage;
Model 3: DV ~ Age*Sex*Non-Native Language Usage + Years of Education + Languages
Known + L2 AoA.

All fixed effect variables were treated as continuous, with the exception of Sex, which
was treated as categorical through deviation coding (-0.5, 0.5). All continuous fixed effects
variables were standardized using a Z-score transformation, thus permitting comparisons in the
effect size of the model regression coefficients. Tables 1-3 (see appendix) shows a summary of
the regression output results for Models 1-3, respectively. Figures 1-4 (see appendix) present the

partial effects plots of the results, and are discussed in detail below.

The Number of Perseverative Errors

Recall, a high number of Perseverative Errors would indicate that participants had
difficulty using executive control to inhibit use of a sorting rule that was no longer operative
following an implicit rule change (e.g., when there was a switch in whether participants were
expected to sort on the basis of color, shape, or number). Thus, a Perseverative Error would be
present if a participant made an error indicating that they were using an immediately prior

sorting rule on a new switched trial.
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Model 1, which examined the interaction of Age x Sex x L2 AoA, showed a significant
Age x Sex interaction (f = 3.13, SE = 1.28, t =2.43, p = .01), indicated that women made a
greater number of Perseverative Errors than men beginning around mid-life (see Figure 1).
There was no effect of L2 AoA either as a main effect or in the context of any interaction.

Model 2, which examined the interaction of Age x Sex x the Number of Languages
Known, also showed an Age x Sex interaction (f = 3.20, SE =1.19, t =2.69, p = .01). With
respect to the Number of Languages Known, there were no significant main effects or
interactions similar to L2 AoA above.

Model 3, which examined the interaction of Age x Sex x Non-native Language Usage,
showed a significant interaction between Non-native Usage and Sex (f =-3.26, SE = 1.64, ¢t = -
1.99, p <.05), indicating that females who had a higher degree of Non-native Language Usage
made fewer Perseverative Errors than females who had a lower degree of Non-native Language
Usage (see Figure 2). Further, when sub-analyses were conducted separately for females (n =
98), there was a significant effect of Age (f=3.21, SE=.73,t=4.41, p <.01), there was a
marginally significant effect of Non-native Language Usage (f =-1.51, SE=.79,¢t=-1.90,p =
.06), and the overall model was significant, (6, 91) =4.45, p <.01. However, when sub-
analyses were conducted separately for males, there were no significant predictors, and overall
the model was not significant, F(6,47) = .61, p =.72.

To summarize the results for the Number of Perseverative Errors, we observed an Age x
Sex interaction such that women made more errors than men at around mid-life. In terms of
bilingual language experience, there was no effect of L2 AoA or Number of Languages Known,

however, there was an effect of Non-Native Language Usage x Sex, suggesting that women with
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greater non-native language usage made fewer Perseverative Errors than women with lower
Non-Native Language Usage.
The Number of Non-Perseverative Errors

In contrast with a Perseverative Error, a Non-perseverative Error would be a situation
when a participant made an error on a switch trial, however, this error would not indicate that
they misapplied an immediately prior sorting rule on a new switched trial. Non-perseverative
Errors reflect a failure to maintain attention within the same category in order to continue
applying the same rule to subsequent trials within the same category.

Model 1, which examined the interaction of Age x Sex x L2 AoA, showed a significant
three-way interaction between Age, L2 AoA, and Sex (f = 2.06, SE = .99, t =2.08, p = .04),
indicating that women made more Non-perseverative Errors than men overall, although earlier
L2 AoA among women was associated with fewer Non-perseverative Errors (see Figure 3).
Further, when sub-analysis were conducted on females alone, there were main effects of age (f =
2.72,SE=.74,t=3.70, p < .01) in addition to L2 AoA (f=1.92, SE=.79,t=2.42, p =.02),
and the overall model remained significant, F(6, 91) =4.35, p <.01. Conversely, when sub-
analysis were separately conducted for males alone, only a main effect of L2 AoA (f=-1.59, SE
= .64, t =-2.49, p = .02) remained, although the overall model was marginally significant, F(6,
47)=1.95, p=.09. This main effect among males indicated that earlier L2 AoA among males
did not reduce Non-perseverative Errors, but rather was associated with greater Non-
perseverative Errors.

Model 2, which examined the interaction of Age x Sex x the Number of Languages

Known, also showed a significant Age x Sex interaction (f = 2.50, SE =1.09, t =2.29, p = .02).
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However, there were no significant main effects or interactions with respect to the Number of
Languages Known.

Model 3, which examined the interaction of Age x Sex x Non-native Language Usage,
also showed an Age x Sex interaction (f = 2.62, SE = 1.20, t = 2.18, p = .03), however, there
were no significant main effects or interactions involving Non-native Language Usage.

To summarize the results for Non-Perseverative Errors, we again found an interaction
between Age and Sex such that women performed worse than men at around mid-life, similar to
the results observed for Perseverative Errors. With regards to the potential mitigating effects of
bilingual language experience on task performance, we observed an Age x L2 AoA x Sex
interaction showing that women with earlier L2 AoA made less Non-perseverative Errors than
women with greater L2 AoA.

The Number of Categories Completed

In contrast with Perseverative and Non-perseverative errors, the number of Categories
Completed could range from 0 to 9, and each category is achieved when the participant
successfully completes 10 consecutive correct responses associated with a card sorting rule (i.e.,
colour, shape, or number). This WCST measure reflects overall global performance, where the
greater number of Categories Completed corresponds to better performance on the WCST.

Model 1, which examined the interaction of Age x Sex x L2 AoA, showed a significant
Age x Sex interaction (f =-1.15, SE = .37, t=-3.11, p <.01), but no main effects or interactions
involving L2 AoA with respect to the number of Categories Completed. This Age x Sex
interaction indicated that although women complete more categories than men at a younger age,
this pattern is inversed starting around mid-life, with older women showing worse performance

than older men (see Figure 4).
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Model 2, which examined the interaction of Age x Sex x the Number of Languages
Known, also showed a significant Age x Sex interaction (f =-1.29, SE = .38, t =-3.45, p < .01),
but no main effects or interactions involving the Number of Languages Known.

Model 3, which examined the interaction of Age x Sex x Non-native Language Usage,
also showed a significant Age x Sex interaction (f =-1.10, SE = .39, t = -2.84, p <.01). Similar
to the previous Age x Sex interactions from past models, this interaction showed that participants
achieved less categories with age, but that females showed a greater performance decrement
compared to males as early as mid-life.

To summarize the results for the Number of Categories Completed, we consistently
observed Age x Sex interactions across all the models, such that females complete less categories
compared to males at older age. However, there was no modulating effect of bilingual language
experience on this measure of the WCST.

Discussion

We investigated whether and how bilingual language experience, age and biological sex
jointly modulated performance on the WCST, using an adult lifespan sample. With respect to
the past literature investigating the impact of bilingual language experience on domain-general
cognition, which typically involves fewer participants (i.e., Ns ranging from 20 — 30) who are
limited to particular age cohorts, this study had the following advantages: 1) we examined the
effects of age continuously from young adulthood to older adulthood in a relatively large sample,
thus enabling us to assess whether any effects would emerge in mid-life; 2) we systematically
investigated interactions with biological sex that might be expected given inherent
neurobiological and neurocognitive differences between women and men that emerge in mid-

life; 3) we used an executive control task, the WCST, that had no overt speed requirements, thus
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making it more feasible to directly compare performance over the lifespan in a manner that
would be uncompromised by general cognitive slowing (Fristoe, Salthouse, & Woodard, 1997;
Salthouse, 1996, 2009). Finally, we always controlled for education, a proxy measure of
socioeconomic status.

The findings indicated that women both had the greatest age-related cognitive decline
across all WCST measures, and were more likely than men to show improved performance with
increased bilingual experience. We discuss each of these findings in greater detail below.

The Impact Of Age And Biological Sex On WCST Performance. Consistent with past
work (Axelrod & Henry, 1992; Daigneault, Braun, & Whitaker, 1992; Fristoe et al., 1997;
Kousaie et al., 2014; Rhodes, 2004), our results showed that performance on the WCST declined
with age. Specifically, as people aged, they made more Perseverative and Non-perseverative
Errors, and they achieved fewer Categories Completed. Past work indicates that this age-related
decline in WCST performance is related to declines in multiple executive control processes,
specifically those related to working memory, processing speed, inhibition processes, and set-
shifting (Ashendorf & McCaffrey, 2008; Fristoe et al., 1997; Hartman, Bolton, & Fehnel, 2001;
Head, Kennedy, Rodrigue, & Raz, 2009). However, the specific executive control processes
involved in the WCST is contentious and not clearly elucidated (Huizinga, Dolan, & van der
Molen, 2006; Huizinga & van der Molen, 2007; Miyake et al., 2000). This is not surprising given
that the WCST, like most executive control tasks, is not ‘process pure” and requires the
engagement of various executive and non-executive cognitive processes (i.e., visual perception)
(Miyake & Friedman, 2012; Valian, 2015).

We also observed that a greater age-related cognitive decline in women vs. men began to

emerge as early as midlife. Other work has also shown age-related cognitive decline as early as
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midlife (Gunstad et al., 2006; Kwon et al., 2016; Singh-Manoux et al., 2012), however, past
work rarely considered potential sex-related differences in the cognitive trajectory at this time
point. Middle adulthood is a unique period of life when women experience significant hormonal
changes as they transition from pre-menopause to peri- and post-menopause. Specifically,
during menopausal transition women experience declines in endogenous estrogen levels, a
primarily female sex hormone which has a neuroprotective role on cognition (Brinton, Yao, Yin,
Mack, & Cadenas, 2015; Green & Simpkins, 2000; Janicki & Schupf, 2010). One class of
estrogens, 17B-estradiol, acts on estrogen receptors that are densely populated in the prefrontal
cortex and hippocampus — two of the key brain regions involved in higher cognitive processes
(e.g., Brinton, 2009; Luine, 2014; Sherwin & Henry, 2008). Lower 173-estradiol levels at mid-
life has been related to changes in prefrontal and hippocampal activity and connectivity in post-
menopausal women compared to pre-menopausal women, during a verbal working memory task
(Jacobs et al., 2016). This suggests that estradiol, and potentially other sex steroid hormones that
fluctuate during this transition at midlife, are critical for functions related to these brain regions,
including executive functions i.e., working memory. Supporting this conjecture, depleting
estrogen levels has been linked with greater age-related decline in women (Greendale et al.,
2009; Henderson, 2009; Sherwin, 1996). Moreover, supporting our findings, greater age-related
cognitive decline has been observed in women compared to men (Proust-Lima et al., 2008; Read
et al., 2006), although other studies report contradictory findings (Barrett-Connor & Kritz-
Silverstein, 1999; Larrabee & Crook, 1993; McCarrey et al., 2016; Meyer et al., 1999;
Wiederholt et al., 1993).

The Impact Of Bilingual Language Experience On WCST Performance. In the present

study, we found that women with greater Non-native Language Usage and earlier L2 AoA made
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fewer Perseverative and Non-perseverative Errors, respectively. Interestingly, this finding for
women is inconsistent with past work investigating bilingualism and executive control with
respect to the WCST (Gathercole et al., 2014; Kousaie et al., 2014). For example, Kousaie and
colleagues used the WCST on their young and older participants, and tested monolingual
Francophones (30 young and 30 older adults), monolingual Anglophones (40 young and 31 older
adults) and French/English bilinguals (51 young and 36 older adults), who were non-immigrant
adults from Ottawa or Quebec. They found that monolingual Francophones achieved more
categories than monolingual Anglophones and bilinguals. However, other WCST measures (i.e.,
Perseverative and Non-perseverative Errors), which may be more sensitive to the effects of aging
(e.g., Rhodes, 2004), were not reported.

As well, one other study investigated lifespan effects pertaining to bilingualism and
executive control using a similar task in a sample of English-Welsh bilinguals in Wales (age 3 to
older adults). Specifically, Gathercole et al. used a card sorting task similar to the WCST, only
in their case it involved explicit, experimenter-induced rule changes (Gathercole et al., 2014).
Here, there were some significant bilingual effects across groups, but the pattern was rather
haphazard. However, several potential questions make it difficult to derive a completely
coherent story in that that they used slightly different tasks over the different age ranges, in
addition to measuring difference scores for accuracy and RT instead of using raw scores to
assess global performance. Moreover, unlike the WCST which uses more specific performance
measures (i.e., Perseverative, Non-perseverative Errors, etc.), this particular card sort task only
assessed overall accuracy and RT. Finally, although they used a large overall sample (n=650),
they binned their participants into seven smaller-N groups that were crossed with four language

groups, ANOVA style, which may have reduced the power. Thus, the specific way the data were



BILINGUAL EXPERIENCE, EXECUTIVE CONTROL, AND BIOLOGICAL SEX 25

analyzed in these studies may have led to variable effects of bilingual experience on task
performance.

In the present study, we use robust regression methods to investigate specific aspects of
bilingual experience (i.e., L2 AoA, Number of Languages Known, percentage of Non-native
Language Usage) across three WCST task measures: Perseverative Errors, Non-perseverative
Errors, and the number of Categories Completed. Our findings suggest that specific aspects of
bilingual experience (i.e., L2 AoA, Non-native Language Usage) enhanced WCST performance,
and thus, may have acted as a source of cognitive reserve in healthy aging. Greater bilingual
language experience can exercise executive control processes in ways that might make bilinguals
more resilient to age-related cognitive decline compared to monolingual usage. Bilinguals have
to constantly select, switch and inhibit one language vs. another, on an ongoing basis. Thus, this
constant management of two or more languages might exercise executive control mechanisms
and, of relevance, transfer over to stronger domain-general executive control processes (Kroll et

al., 2014; Kroll, Dussias, Bice, & Perrotti, 2015).

Specifically, the results suggested that earlier L2 AoA was related to better WCST
performance (i.e., fewer non-perseverative errors) in our sample, consistent with past work
showing this variable to be important for forestalling age-related cognitive decline (Luk, De Sa,
& Bialystok, 2011; Perquin et al., 2013). Given that both languages are constantly active in
bilinguals (e.g., Kroll et al., 2015), earlier L2 AoA entails that individuals have greater life
experience controlling and managing multiple languages, which may lead to more robust
executive control processes over time. More specifically, a participant’s ability to make fewer
Non-perseverative Errors might reflect a greater ability to maintain a sorting rule in one’s mind

to successfully apply it to the task (Hartman et al., 2001; Paolo, Troster, Axelrod, & Koller,
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1995; van der Linden, Frese, & Meijman, 2003). Thus, earlier L2 AoA might reflect greater
executive control processes pertaining to superior attentional processes and/or reduced

interference to distracting stimuli.

However, other studies suggest that benefits of L2 AoA may depend on other factors,
such as childhood IQ. For example, in Bak et al.’s large-N longitudinal study investigating
bilingualism on later-life cognition, participants with higher childhood IQ benefited more from
earlier L2 AoA, but conversely, children with lower IQ performed better with later L2 AoA
(Bak, Nissan, Allerhand, & Deary, 2014). Thus, factors, such as childhood 1Q, might interact
with participant sex to result in different effects of age of L2 acquisition observed in later life.
Furthermore, earlier L2 AoA may not necessarily mean that participants actively use their known
languages. Thus, the joint activation of two or more languages in addition to the continual daily
use of these languages may be necessary to confer an executive control benefit, as compared to

individuals who had earlier L2 AoA but do not actively use multiple languages in daily life.

The results also showed that greater Non-native Language Usage, that is, the active use of
non-L1 language(s), related to improved task performance in Perseverative Errors. Reduced
Perseverative Errors reflects a greater ability to inhibit a no longer relevant card sort rule in order
to apply a new rule. It is possible that individuals with greater non-native language usage have
greater practice inhibiting the non-target language(s), which might transfer to greater inhibitory
processes that may be reflected in this task as a reduction in the number of Perseverative Errors.
Moreover, this finding is consistent with Kavé et al. (2008), who found that bilinguals who self-
reported a higher degree of non-native vs. native language fluency performed better on a
cognitive screening test (assessing time orientation, memory and concentration) (Katzman et al.,

1983) than those who self-reported a higher degree of native vs. non-native language fluency
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(Kavé et al., 2008). Similarly, Prior and Gollan (2013) report a significant link between
executive control and bilingual language control, particularly for non-dominant language
production and error monitoring (Prior & Gollan, 2013). Thus, greater use of non-L1 languages
may involve greater demand for language control which may be associated with more efficient
task-switching processes and consequently, more robust executive control processes. However,
greater non-native language usage (e.g., those with greater than 90% non-native usage) might
also indicate that participants no longer use their L1 language and perhaps more dominantly use
their non-L1 language(s) (rather than balanced usage of two languages). This is conceivable in
our study sample where individuals may have learned their native language at home early in life,
but may have started to more frequently use another language (i.e., French/English) in a new
cultural context. This may attenuate the influence of non-native language usage on task

performance (as ‘greater’ does not necessarily mean ‘better”).

Interestingly, our results showed no effect of number of languages known, a dimension
that has previously been reported to have a significant effect in delaying cognitive decline in
older adults (Ihle, Oris, Fagot, & Kliegel, 2016; Kavé et al., 2008), and in delaying symptom
onset of dementia (Chertkow et al., 2010). For example, Kavé¢ et al. explored whether the role of
self-reported number of languages spoken predicted performance on two cognitive screening
tests. They conducted a longitudinal study using a large sample of Israeli Jewish bilinguals and
multilinguals that were tested three times across the 12 year-span of the study. The results
showed that self-reported number of languages spoken positively predicted cognitive tests scores
independent of age, sex, place of birth, age at immigration, and education. Other work also
supports a more protective role of multilingualism (i.e., knowing 3 or more languages) compared

to bilingualism in protecting cognition in older age, suggesting that the use and practice of more
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than two languages has a more significant effect on cognition, potentially through greater
exercise of executive control mechanisms, and thereby acting as a more powerful source of
cognitive reserve (Bak et al., 2014; Chertkow et al., 2010; Kavé et al., 2008; Perquin et al.,
2013). Therefore, it is possible that the lack of variability in our study in terms of the number of
languages known (with a smaller sample of multilinguals) possibly attenuated any effects related

to this language experiential variable on cognitive performance of the WCST.

Moreover, variations in bilingual and multilingual patterns of use can differentially
exercise executive control processes (e.g., Bak, 2016a). Prior work using the WCST in younger
adult bilinguals report differences in performance depending on how bilinguals use their
languages [i.e., non-switchers vs. switchers (Festman & Miinte, 2012), interpreters vs. bilinguals
(Yudes, Macizo, & Bajo, 2011)]. Thus, a hypothesis of greater bilingual language experience
may not necessarily entail greater cognitive outcome, but an additional important factor is how
these bilinguals use their languages in daily life which may also exert an effect on cognition.
This is not a direct factor that we consider in our study but we did repeat our analyses on a subset

of our English/French bilinguals living in Montreal (where the study was conducted).

Given our diverse multilingual sample, it is possible that participants may not use their
native languages in a way that is similar to the usage patterns of English and French in Montreal.
For example, previous research suggests that inactive bilinguals (i.e., balanced bilinguals in early
life but actively used one language in later life) performed more like monolinguals than active
bilinguals (de Bruin et al., 2015; de Bruin, Della Sala, & Bak, 2016). French is the city’s official
language, but there is frequent switching between English and French across and within social
contexts, suggesting similar patterns of language usage across participants. Of note, our general

pattern of results were obtained when we recomputed our analyses on this subset of
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homogeneous participants that were French/English bilinguals alone. This suggests that the
results reported using the whole sample is not necessarily due to within-population variability,

but in differences in bilingual language acquisition and usage.

Finally, education level consistently emerged as a significant covariate under the analysis
of Categories Completed in our analyses. The participants in our sample had a minimum of high
school education, and did not vary significantly in terms of number of years of education.
Education level is a potent source of cognitive reserve and in maintaining cognitive function in
normal aging or dementia (Bennett et al., 2003; Jefferson et al., 2011; Rhodes, 2004; Sattler,
Toro, Schonknecht, & Schroder, 2012; Stern et al., 1994). Other studies have also reported an
effect of bilingualism on promoting cognition independent of education level (e.g., Kavé et al.,
2008). However, Gollan and colleagues (2011) suggest that the effect of education level can
potentially obscure the influence of bilingual language experience on cognitive performance
(Gollan, Salmon, Montoya, & Galasko, 2011).

By extension, a benefit of bilingualism may not be easy to detect if it is competing or
interacting with other cognitive reserve factors that are masking its influence (Valian, 2016). It is
possible that these language dimension variables did not consistently show across WCST
measures if competing cognitive reserve factors make the influence of bilingualism ‘invisible’
(Valian, 2016). Although factors like greater bilingual language experience and higher education
contribute to cognitive reserve, it is challenging to tease apart the role of any one factor if they
are confounded with other factors (Jones et al., 2011). For example, Chertkow et al found that
bilingual immigrants showed significantly greater cognitive outcomes compared to non-
immigrant bilinguals (Chertkow et al., 2010). Moreover, supporting Valian’s claims, factors such

as immigration status can also mask the influence of any bilingual effect on cognitive
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performance (Kousaie & Phillips, 2012), which can contribute to the null or mixed findings in
the literature. Moreover, some studies report an advantage of bilingualism on executive control
that persists, independent of potentially confounding factors such as education, socioeconomic
status, and immigration status (Alladi et al., 2013; Perquin et al., 2013; Schweizer, Craik, &
Bialystok, 2013). These findings seem to support that bilingualism does contribute to cognitive
reserve, independent of other factors, but also in complex ways that involve the interaction of
other cognitive reserve factors.

To conclude, the results of the present study suggest that factors reflecting increased
bilingual language experience, when investigated in combination with biological sex, modulate
performance in an unspeeded executive control task as a function of increasing age. Specifically,
women overall showed greater age-related declines in WCST performance compared to men,
however, greater bilingual language experience (i.e., earlier age of L2 acquisition) was related to
better WCST performance as people aged. Thus, a strong consideration of age-related executive
control trajectories across men and women may be crucial when investigating the relative impact
of other factors, such as bilingual language experience. Future work characterizing the complex
relationships between bilingual language experience, executive control, and other mitigating
factors such as biological sex, will certainly be enhanced by the use of converging measures of

executive control function, such as functional neuroimaging, a topic we are currently pursuing.
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APPENDIX

Table 1. Effect sizes (), standard errors (SE), t values for Model 1, which examines the interaction between Age, Age of L2

Acquisition, and Sex.

Perseverative Errors (PE)

Non-Perseverative Errors

Categories Completed (CC)

(NPE)
Fixed effects b SE t value b SE t value b SE t value
—Age 1.52 63 2.39° 2.00 53 375 -.76 18 415"
—L2 AoA -.02 62 -.04 01 52 .02 .06 18 31
~Sex 250 1.26 1.99° 1.89  1.06 1.78 -.93 36 2.57
—Age * L2 AoA -33 .60 -.54 -.02 51 -.05 02 17 .09
—Age * Sex 313 1.28 2.43 127  1.08 1.17 -1.15 .37 3117
—L2 AoA * Sex 12 1.27 .09 378 1.07 3.547" -.62 37 -1.68
—Age * L2 AoA * Sex 50 1.17 43 2.06 99 2.08" -47 34 -1.39
Control Predictors S SE t value b SE t value S SE t value
Languages Known -.65 .66 -97 -1.33 56 239" 37 19 1.94
Non-Native Usage -.79 .68 -1.16 78 .58 1.35 -.11 .20 -.57
Education Level .06 59 10 -.10 50 -.19 34 17 2.03"
(Intercept) 1646 .63 2626 | 10.08 .53 19.117 7.22 18 40.00""

*porPr(>|z|) <.05;**p or Pr(>|z]) <.01,

**¥%p or Pr(>|z|) <.001
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Table 2. Effect sizes (p), standard errors (SE), t values for Model 2, which examines the interaction between Age, Number of Languages

Known, and Sex.

Perseverative Errors (PE) Non-Perseverative Errors Categories Completed (CC)
(NPE)

Fixed effects S SE t value S SE t value S SE t value
—Age 1.54 61 2.51° 1.55 56 2767 | -.69 19 3597
— Languages Known -.69 .68 -1.02 -1.05 .62 -1.69 33 21 1.54
~Sex 2.50 1.21 2.07 3.03 1.11 2.727 | -1.05 38 274"
—Age * Languages Known 48 .62 7 .28 57 .50 -.09 .19 -47
—Age * Sex 3.20 1.19 2.69" 2.50 1.09 229" | -1.29 38 -3.45""
—Languages Known * Sex .03 1.26 .03 15 1.16 13 .01 40 .03
—Age * Languages Known * Sex -.30 1.24 -.24 23 1.14 .20 .20 .39 52
Control Predictors S SE t value S SE t value S SE t value
L2 AoA -.12 .59 -.20 .04 .55 .08 .06 .19 34
Non-Native Usage -75 .65 -1.15 .59 .60 .99 -.11 .20 -.55
Education Level 14 57 24 -40 53 -.76 41 18 223"

(Intercept) 16.43 .60 27.56" 9.66 55 17.65 | 7.23 19 38417

*porPr(>|z|]) <.05;**p or Pr(>|z|) <.01; ***p or Pr(>|z|) <.001
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Table 3. Effect sizes (p), standard errors (SE), t values for Model 3, which examines the interaction between Age, Non-Native Usage, and Sex.

Perseverative Errors (PE)

Non-Perseverative Errors

Categories Completed (CC)

(NPE)

Fixed effects S SE t value S SE t value S SE t value
—Age 2.08 63 328" 1.48 61 2.42° -79 20 4017
—Non-Native Usage 27 .86 32 .53 .84 .64 -.29 27 -1.06
~Sex 1.86 1.27 1.46 3.05 1.23 2.48" -.99 40 2.50"
—Age * Non-Native Usage .39 .70 .55 14 .68 21 -.09 22 -.40
—Age * Sex 225 1.25 1.81 2.62 1.20 2.18 -1.10 39 -2.84"
—Non-Native Usage * Sex -3.26 1.64 -1.99" 57 1.59 .36 .66 S1 1.29
—Age * Non-Native Usage * Sex -1.93 1.43 -1.35 -.02 1.38 -.02 37 44 .84
Control Predictors S SE t value S SE t value S SE t value
Languages Known -.70 .61 -1.15 -1.00 .59 -1.71 32 .19 1.67
L2 AoA -24 58 -41 15 56 27 .05 18 30
Education Level -.19 56 -33 -41 55 -75 46 18 263"

(Intercept) 16.83 63 26.82"" 9.71 61 16.01" 7.22 19 37.07

*porPr(>|z|]) <.05;**p or Pr(>|z|) <.01; ***p or Pr(>|z|) <.001
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Figure 1. Partial effects plot demonstrating the Age x Sex interaction on the number of Perseverative Errors (Model 1).
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Figure 2. Partial effects plot demonstrating the Non-native Language Usage x Sex interaction on the number of Perseverative Errors
(Model 3).
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Figure 3. Partial effects plot demonstrating the three-way interaction between Age, Sex, and Age of L2 Acquisition on the Number of
Non-perseverative Errors (Model 1).
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Figure 4. Partial effects plot demonstrating the Age x Sex interaction on the number of categories completed (Model 1).
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