Boston University

OpenBU http://open.bu.edu
Boston University Theses & Dissertations Boston University Theses & Dissertations
2017

Beyond bilingual advantages: contexts,
mechanisms, and correlates of
executive function in bilingual and
monolingual children

https://hdl.handle.net/2144/27179
"Downloaded from OpenBU. Boston University's institutional repository."



BOSTON UNIVERSITY

GRADUATE SCHOOL OF ARTS AND SCIENCES

Dissertation

BEYOND BILINGUAL ADVANTAGES:
CONTEXTS, MECHANISMS, AND CORRELATES OF EXECUTIVE

FUNCTION IN BILINGUAL AND MONOLINGUAL CHILDREN

SRISHTI NAYAK

Hons. B.A., York University, 2010
M.A., Boston University, 2013

Submitted in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy

2017



© 2017 by
SRISHTI NAYAK
All rights reserved



Approved by

First Reader

Amanda Tarullo, Ph.D.
Assistant Professor of Psychological and Brain Sciences

Second Reader

Helen Tager-Flusberg Ph.D.
Professor of Psychological and Brain Sciences

Third Reader

Sudha Arunachalam, Ph.D.
Assistant Professor of Speech, Language, and Hearing Sciences

Fourth Reader

Gigi Luk, Ph.D.
Associate Professor of Education
Harvard Graduate School of Education



ACKNOWLEDGMENTS

Many direct and indirect sources of support have been crucial to the completion
of this dissertation. The research within would not have been possible without the
constant and carefully personalized support of my advisor Dr. Amanda Tarullo, and the
wonderful, hardworking, and excellent graduate students and research assistants of the
Brain and Early Experiences Lab. In particular, the contributions of Ashley St. John,
Diletta Mittone, Hiba Salem, and Meia Chita-Tegmark were invaluable to creating the
tools and collecting the data involved in the research. The support of the Psychological
and Brain Sciences department, and my committee members, has helped hold this project
to high standards throughout, and helped it find its place at the intersection of cognitive
neuroscience, bilingualism, and child development. I would especially like to
acknowledge the Clara Mayo Memorial Fellowship for the funding that made my
research possible. The emotional support and intellectual companionship of the problem
solvers in my life have enabled me to remain determined, and occasionally thrilled, about
my work. To Katie D, Inder, and Shaan, and to Shilpa, Davina, Amiya, Anandita,
Lakshmi, Mrinal, Ashley, Katie K, Charu, Meia, Tess, Telli, Sujata, , Balu G, Rohan A,
Mesay, Sebas, Daniel G, Daniel Q, Sameera, Kelsey, Hong Sun, Rasesh, Aditi P, Aditi
M, Rishabh, Sara, Abril, Rohan G, Hiba, Mike, Maya, Rati, Diletta, Casey, Zhamilya,
Alaz, Alex, Louise, Susmita: thank you for all the times you’ve helped me logistically,
organizationally, emotionally, and nutritionally, even when I didn’t think to ask. And of
course, I want to thank my mother, who has supported my career decisions no matter how

risky, spontaneous, or strange; my father, who has held me to high gender-neutral

v



standards from day one, always believing I am capable of anything; and my brother

Shikhar, whose mental strength continuously inspires me.



BEYOND BILINGUAL ADVANTAGES: CONTEXTS, MECHANISMS, AND
CORRELATES OF EXECUTIVE FUNCTION IN BILINGUAL AND
MONOLINGUAL CHILDREN
SRISHTI NAYAK
Boston University Graduate School and Arts and Sciences, 2017

Major Professor: Amanda Tarullo, Assistant Professor of Psychological and Brain
Sciences

ABSTRACT

At least 20% of the US population is estimated to be bilingual, and there is wide
popular and academic interest in the neurocognitive consequences of bilingualism. A
controversial body of literature points to “bilingual advantages” in executive function
(EF) skills involving attention, inhibitory control, and cognitive flexibility. However,
while bilingual advantages are thought to be a result of neuroplasticity, we do not
currently understand the specific neural mechanisms shaped in childhood. Further,
studies have failed to account for the distinction between “cool,” more purely cognitive,
and “hot,” more affective and motivationally relevant EF systems. Lastly, the study of
bilingual EF development has been sparse in preschool children, when EF skills are most
rapidly developing.

The present research compared behavioral, neurocognitive, and demographic
correlates of cool (cognitive) and hot (affective) EF, in healthy monolingual and bilingual
children with at least 20% exposure to a second language. In Study 1, I examined

whether 3.5-4.5-year-old bilinguals show better and faster conflict inhibition and
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cognitive flexibility, and neural differences in inhibition, monitoring, and error-
processing, in cool and hot contexts. Results showed faster cool inhibition and faster hot
cognitive flexibility in bilinguals, accompanied by neural differences in cool error-
processing. In Study 2, I examined whether 6—8-year-old bilinguals show better and
faster interference control in cool and hot tasks, and neural difference in inhibition,
monitoring, error-processing, and response preparation. Results showed no performance
or neural differences between groups. In Study 3, I examined whether 6—8-year-old
bilinguals show better and faster flexible switching in linguistic and non-linguistic
contexts, and better word-object mapping in an unfamiliar language. Results showed no
performance differences between groups. In addition to the behavioral and neural
findings, all three studies revealed group differences in demographic and cognitive
correlates of EF.

Together, results suggest that bilingual advantages may be most relevant in
preschoolers, susceptible to motivational context, supported by error-awareness
mechanisms, and unrelated to motor processing. Future studies of error-processing and
response-preparation mechanisms can shed light on how bilingualism shapes brain
function, and can elucidate group differences in the behind-the-scenes of inhibitory and

switching processes.
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BACKGROUND

The American Community Survey 2011 (US Census Bureau) estimated that 21%
of the U.S. population over the age of 5 speaks a language other than English in the
home. Globally, estimates are closer to 50% (Grosjean, 2010). In the years since the
survey, popular and academic interests in the neurocognitive consequences of
bilingualism have grown steadily. Recent newspaper and magazine headlines on the topic
include, “The Benefits of Bilingualism” (The New York Times, 2012), “Is Bilingualism
Really an Advantage?” (The New Yorker, 2015), “The Amazing Benefits of Being
Bilingual” (BBC, 2016) “Bilingual Education: 6 Potential Brain Benefits” (NPR, 2016),
and most relevantly to the current undertaking, “The Bitter Fight over the Benefits of
Bilingualism” (The Atlantic, 2016). This “bitter fight” provides the context for the
research contained within this dissertation. The “bilingual advantage” hypothesis, or the
idea that bilingualism provides cumulate cognitive benefits by shaping the brain, has
been tested extensively, and has produced contradictory results.

Why might bilingual advantages exist? Consider the young bilingual child.
Bilingual children are regularly exposed to two sets of phonological, grammatical,
semantic, and pragmatic rules. A bilingual toddler may be privy to language input that is
constantly in flux, moving rapidly between one language and another as the adults around
her converse in their bilingual environment, with each other, and sometimes with her. As
the toddler gets older, she is able to switch languages depending on her conversational
partner, or perhaps depending on the context (e.g. one language at home, but another

language at school). In some cases, children share separate languages with each parent,



over and above having a common language with all family members. When bilinguals
use one language, they are inhibiting or suppressing their other language to some degree,
employing cognitive efforts in doing so. Thus, young bilingual children get significantly
more cumulative practice with language inhibition than their monolingual peers. While
monolinguals and bilinguals both practice many kinds of inhibition during development,
all else being equal, bilingual environments provide an additional source for the regular
utilization of inhibition skills. This increased practice is thought to enhance bilingual
children’s executive function (EF) skills compared to their monolingual peers (Bialystok,
Craik, Green, & Gollan, 2009; Costa & Sebastian-Gallés, 2014). The EF system
comprises higher order skills such as working memory, cognitive flexibility, and
inhibitory control, and develops rapidly during early childhood, supported by experience-
dependent neuroplasticity in the underlying frontal and pre-frontal brain areas (Durston et
al., 2002).

A host of studies have now tested for bilingual advantages in EF skills (for
reviews, see: Bialystok, 2011; Barac et al., 2014; Bialystok & Craik, 2010) and language
skills (Feldmen & Shen, 1971; Bialystok et al., 2003; Kaushanskaya & Marian, 2009).
These advantages have been attributed to bilinguals’ practice with cognitively managing
two languages, e.g. switching back and forth between them, or inhibiting one while the
other is active. Dual-language management utilizes the executive control system, which
is thought to shape neurocognitive EF processing over time (Abutalebi & Green, 2007,
Moreno et al., 2008; Bialystok et al., 2009). In children, bilingual advantages in EF skills

have been shown across various tasks (Bialystok & Martin, 2005; Bialystok & Feng,



2009; Carlson & Meltzoff, 2008; Martin-Rhee & Bialystok, 2008; Prior & Macwhinney,
2010), in different cultures (eg. Barac & Bialystok, 2012; Bialystok & Viswanathan,
2009), and in low socioeconomic status (SES) samples (e.g., Carlson & Meltzoft, 2008;
Blom et al., 2014). Meanwhile, many studies have systematically reported a lack of
bilingual advantages, and have called into question the reliability of previous findings,
taking the view that existing evidence does not establish a bilingual advantage (Anton et
al., 2014; Dunabeitia & Carreiras, 2015; Paap & Greenberg, 2013; Paap & Greenberg,
2013; Paap, Johnson, & Sawi, 2015; Paap, 2014; Zhou & Krott, 2016). While earlier
results remain controversial, and bilingual advantages are by no means consistent or
generalizable to all bilingual populations, meta-analytical work has addressed specific
aspects of the controversy. For example, one meta-analysis suggests that reports of
bilingual advantages are reliable after accounting for possible publication bias in favor of
bilingual advantages being found (Adesope et al., 2010). A second meta-analysis showed
that results were robust even though 50% of the positive findings came from a single
research group (Donnelly et al., 2015).
Motivation for the Current Research

The bilingual advantage hypothesis continues to garner much attention, with an
emphasis on efforts to understand underlying mechanisms by which bilingualism may
shape the EF system (see Valian, 2015 for discussion). Several important gaps in the
literature form the motivation for the studies presented in this dissertation research. First,
though bilingualism is thought to shape the structure and function of the neural systems

underlying EF processes, very little is empirically known about the neural mechanisms of



cognitive advantages or EF processing in bilinguals. Bilingual advantages, where they do
appear, are attributed to regular processes of experience-dependent plasticity in the
frontal and pre-frontal brain networks associated with EF. That is, early and regular
experiences with dual-language management are thought to shape the development of the
EF system (Bialystok, Craik, & Luk, 2012; Bialystok, 2011; Costumero, Rodriguez-
Pujadas, Fuentes-Claramonte, & Avila, 2015; Kroll, Dussias, Bice, & Perrotti, 2015;
Marian, Faroqi-Shah, Kaushanskaya, Blumenfeld, & Sheng, 2009) resulting in cognitive
advantages. While there have been a proliferation of behavioral comparisons between
bilingual and monolingual children, these have rarely included neural investigations.
Recently, one published study has added a neural component to the investigation of EF
skills in bilingual and monolingual children (Barac et al., 2016). Results suggest
differences in brain mechanisms underlying EF processing in 5 year olds, and provide a
starting point for understanding how, specifically, bilingualism shapes the developing
brain.

Second, while many studies have carried out behavioral investigations in school-
aged children, we have relatively little understanding of bilingual advantages in
preschoolers. The preschool period is a time of emerging EF skills and rapid development
(Anderson, 2002; Dowsett & Livesey, 2000; Garon, Bryson, & Smith, 2008; Weintraub
et al., 2014; Zelazo, Craik, & Booth, 2004) making it an important developmental time
frame to study in the present context. Further, preschoolers’ EF skills are predictive of
important aspects of cognitive development in children such as literacy, mathematical

ability, and school-readiness, and early academic achievement (Blair & Razza, 2007;



Mcclelland et al., 2007; Nesbitt, Baker-Ward, & Willoughby, 2013; Shaul & Schwartz,
2014). Thus, to understand how bilingualism shapes neurocognitive function, it is
important to understand early similarities and differences in behavior, between bilingual
and monolingual EF.

Third, while the study of preschool and school-aged EF has advanced
significantly, bilingual children’s EF systems are only studied in comparison to
monolingual children. Studies of neurocognitive development and the associations
between EF and key developmental factors such as Age or SES, are largely carried out in
monolingual samples, or mixed samples of monolinguals and bilinguals that obscure
language background information. As a result, the developmental literature neglects to
advance a nuanced understanding of bilingual neurocognitive development. Relatedly,
patterns found in EF development in monolinguals, are not adequately tested in
bilinguals, because again, EF development in bilingual children is studied largely in the
context of bilingual advantages. For example, a growing body of developmental literature
has explored the distinction between “cool,” more purely cognitive and “hot”
motivationally and affectively salient EF systems in monolingual preschoolers (Zelazo &
Miiller, 2002; Zelazo & Carlson, 2012; Hongwanishkul et al. 2005; Li & Zelazo, 2007;
Kerr & Zelazo, 2006; Brock et al., 2009; Prencipe et al., 2011; Rubia, 2011; Zelazo &
Carlson, 2012; Peterson & Welsh, 2014). However, bilingual advantages have largely
been explored in default cool EF contexts, where there are no real-time motivational
factors at play. Systematic studies of cool and hot EF in monolingual and bilingual

children are needed in order to understand whether bilingualism shapes the hot EF system



in early childhood, and whether emotional and motivational factors interact with any
bilingual advantages.

Fourth, studies of bilingual advantages have focused either on EF tasks in non-
linguistic contexts, or on language skills, but not on EF skills in linguistically-relevant
contexts (see Barac, Bialystok, Castro, & Sanchez, 2014, for review). Growing evidence
suggests that bilingual children show better metalinguistic awareness than monolinguals
(Bialystok, 2001, 2007; Bialystok & Barac, 2012; Bialystok, Majumder, & Martin, 2003;
Campbell & Sais, 1995; Kang, 2012; Laurent & Martinot, 2010; Marinova-Todd, Zhao,
& Bernhardt, 2010). Further, metalinguistic awareness, specifically phonological
awareness, and EF skills, are also bidirectionally associated in childhood (Yang, Yang, &
Kang, 2014). Based on these findings, we can hypothesize that bilingual EF skills in
linguistically-relevant contexts, such as contexts where the task environment, or stimuli is
language related, may have differential effects in bilingual and monolingual children.
Studies comparing bilingual and monolingual children in both non-linguistic and
linguistic contexts are necessary in order to understand any specific effects of langauge
salience or awareness, on bilingual and monolingual EF skills.

Lastly, studies of bilingual children’s neurocognitive development are hard to
compare with each other due to a large variety of the types of bilinguals sampled.
Bilingual experiences vary considerably, and such variation may directly impact EF
skills, which in turn can lead to contradictory findings in the literature on bilingual
advantages. An example of interest is the effects of langauge mixing or switching, or

bilinguals’ EF skills. Previous studies have found that within bilinguals, the amount of



regular language mixing or language switching is associated with cognitive flexibilty and
cognitive control skills (Verreyt, Woumans, Vandelanotte, Szmalec, & Duyck, 2015;
Yow & Li, 2015). In order to begin to reconcile many of the contradictions in the
literature, bilingual variation within and across samples need to be considered, and its
effects on EF skills need to be better understood.
Overview of the Current Research

The studies comprising this dissertation compared behavioral, neurocognitive, and
demographic correlates of cool (cognitive) and hot (affective) EF in healthy monolingual
and bilingual children. In Study 1, I examined whether 3.5—4.5-year-old bilingual
preschoolers show better and faster conflict inhibition and cognitive flexibility, and
whether they show any neural differences in inhibition, monitoring, or error-processing.
This question was investigated in both cool and hot contexts. In Study 2, I examined
whether 6-8-year-old school-aged bilinguals show better and faster interference control,
and whether they show any neural difference in inhibition, monitoring, error-processing,
and response preparation. This question was also investigated in cool and hot contexts. In
Study 3, I examined whether 6-8-year-old school-aged bilinguals show better and faster
flexible switching, in a linguistic and non-linguistic context. In an exploratory study, I
examined whether bilinguals show better word-object mapping in an unfamiliar
language, and whether the amount of language mixing bilinguals are exposed to in the
home predicts their flexible switching or neural function. Throughout the studies, I
examine any group differences in the patterns between demographic and cognitive

variables, performance on tasks, and neural function.



Taken together, these studies aim to move beyond exploring the conditions that
elicit bilingual advantages, towards better understanding the mechanisms of how early
bilingualism shapes cognitive and neural function during development. Further, this
dissertation research aims to advance our understanding of any interactions that may exist
between demographic and cognitive variables, bilingualism, and behavioral and neural

correlates of EF in childhood.



“COOL” AND “HOT” CONFLICT INHIBITION AND COGNITIVE
FLEXIBILITY IN BILINGUAL AND MONOLINGUAL PRESCHOOLERS.

A majority of studies that report a bilingual advantage in childhood EF are in the
domain of inhibition (see Bialystok et al., 2009, for review). While many behavioral
investigations of bilingual advantages have been carried out in school-aged children, we
have relatively little understanding of bilingual advantages in preschoolers. Brain areas
underlying EF undergo rapid development in the preschool years (Durston et al., 2002)
and this development is sensitive to environmental inputs such as socio-economic
stressors, and training (Brown, Ackerman, & Moore, 2013; Fay-Stammbach, Hawes, &
Meredith, 2014; Ruberry et al., 2016; Thorell, Lindqvist, & Nutley, 2009). Further,
preschoolers’ EF skills are predictive of important aspects of cognitive development in
children such as literacy, mathematical ability, and school-readiness, and early academic
achievement (Blair & Razza, 2007; Mcclelland et al., 2007; Nesbitt et al., 2013; Shaul &
Schwartz, 2014). Thus, understanding bilingual preschoolers’ EF processing is
particularly important to enhance our knowledge of bilingual EF development and of the
specific ways in which bilingualism may shape EF. Further, understanding bilinguals’ EF
mechanisms in the preschool years will set the stage for further inquiry into the
associations between EF and other aspects of development in bilingual children — a
domain which has largely been limited to monolingual children.
Conflict Inhibition and Cognitive Flexibility in Preschoolers

Two distinct but interrelated EF skills are conflict inhibition (sometimes referred

to as inhibitory control or interference control in the literature), and cognitive flexibility
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(Miyake et al., 2000). Conflict inhibition involves the control of one’s attention,
behavior, thoughts, and/or emotions to “override a strong internal predisposition or
external lure, and instead do what’s more appropriate or needed” (Diamond, 2013, p.
137). Cognitive flexibility refers to the ability to change approaches to a problem, or
flexibly adjust to new demands, rules, or priorities (Diamond, 2013). In preschoolers,
studies have found bilingual advantages in conflict inhibition and cognitive flexibility
using a variety of tasks including the Dimensional Change Card Sort (DCCS), Stroop
tasks, the Go/No-Go task, and the Attention Network Task (Bialystok, 1999; Bialystok &
Martin, 2004; Carlson & Meltzoff, 2008; Esposito et al., 2013; Barac et al., 2016).
However, a lack of task standardization in the literature continues to obscure the
scope and mechanisms of such an advantage. Contradictory results in the literature
suggest that variations in language backgrounds, task stimuli, context or difficulty can
introduce or diminish bilingual advantages in children (Martin-Rhee & Bialystok, 2008;
Paap, Johnson, & Sawi, 2014; Sabourin & Vinerte, 2014; Wu & Thierry, 2013). Further,
carefully controlled studies in large samples of school-aged children have recently
reported no differences between monolinguals and bilingual on EF skills (e.g. Anton et
al., 2014). To better understand the scope and mechanisms of any bilingual advantages in
children’s conflict inhibition and cognitive flexibility skills, there is a need for tasks that
are comparable across studies, and can be modified to examine bilinguals and
monolinguals in different contexts.
Emotional, Affective, Motivational Contexts: Hot Executive Function

Behavioral outcomes and neural processes involved in children’s EF are distinct
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in cool, or more purely cognitive contexts, compared to hot, or more socio-emotionally or
motivationally salient contexts (Zelazo & Miiller, 2002; Zelazo & Carlson, 2012).
However, it is currently difficult to compare preschoolers’ EF performance across similar
cool and hot tasks. Available hot tasks such as the Children’s Gambling Task or delay of
gratification tasks tend to not emphasize cognitive skills, and may require decision-
making over larger time windows, in contrast with the rapid responses on cool EF tasks.
Comparing cool and hot EF systems could shed light on motivational and emotional
processes in preschoolers, which are intricately tied to successful EF skills. Further,
examining the hot EF system in bilingual compared to monolingual preschoolers can
expand our current understanding of how bilingualism, affect, and motivation interact.
Currently, no studies have studied bilingual and monolingual children’s cool and hot EF
using comparable tasks.
Affective Modifications to the Dimensional Change Card Sort

In monolingual preschoolers, one approach that has been utilized is to modify a
cool task to introduce an affective component, making the task hot. For example, Li &
Zelazo (2007) tested 3 year old preschoolers on a more cognitive and more affective
version of the card sort task, which traditionally measures cognitive flexibility. The
standard DCCS (Zelazo, 2006) measures more purely cognitive EF. In this task, children
sort cards into the correct group based on a certain dimensional rule (e.g. sort cards based
on color), and then sort cards based on a different dimensional rule (e.g. sort cards based
on shape). This task is particularly challenging for preschoolers, who tend to perseverate

on the original rule (Carlson & Meltzoff, 2008). In order to override the first rule and
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flexibly switch to the second rule, children must be able to inhibit the original rule. Along
with the standard DCCS, Li & Zelazo administered an affective “Emotional Faces”
version, involving male and female faces that were either happy or sad. The Emotional
Faces task modelled the standard DCCS, but was designed to tap into the hot EF system.
Here, children sorted cards along gender or emotion dimensions (instead of shape and
color). In this way they were able to compare across the cool “cognitive” stimuli, and hot
“affective” stimuli, and found that hot Emotional Faces task facilitated preschoolers’
performance.

Similar to Li & Zelazo, we have recently developed an affective, hot DCCS task,
designed to tap into hot EF (Tarullo, Nayak, St. John, & Doan, 2015). In addition to
being emotionally-significant, our hot DCCS is high-stakes and motivating, and includes
trial-by-trial feedback in the form of happy or sad faces and sounds, based on which
preschoolers can learn during the task. Feedback is accompanied by “gaining” or “losing”
sticker prizes on-screen, introducing a reward component. The hot DCCS is modified
from Espinet et al.’s (2012) computerized cool DCCS task, and keeps both the stimuli
and rules identical to the standard cool DCCS. Through the age-appropriate feedback and
rewards provided, preschoolers tend to really care about their performance of the task,
helping us tap into hot EF.

Previous studies in bilingual and monolingual preschoolers have focused on
DCCS “post-switch” accuracy as a measure of cognitive flexibility. The post-switch
condition refers to trials on which the initial dimensional card-sort rule (e.g. sort by

shape) is switched to a new rule (e.g. sort by color). Post-switch accuracy is therefore a
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measure of how well preschoolers can flexibly adapt to the new rule. Based on post-
switch accuracies, previous studies have reported bilingual advantages in preschoolers’
cognitive flexibility (Carlson & Meltzoff, 2008; Bialystok, 1999; Bialystok & Martin,
2004). In these studies, as well as in the monolingual development literature,
performance on the pre-switch condition is often considered only to indicate whether
participants “passed” or “failed” to adhere to the initial card sort rule. However, since the
pre-switch condition involves sorting cards by one of two salient dimensions, it can
provide a baseline measure of conflict inhibition. Measured against this baseline, the
post-switch condition provides a measure of conflict inhibition based on a new rule, and
the additional EF skills required to flexibly switch to a new rule. Comparing
monolinguals and bilinguals on the DCCS pre-switch skills can therefore provide
additional insight into EF processing. Further, due to the availability of computerized
DCCS tasks (Bialystok & Martin, 2004; Li & Zelazo, 2007; Espinet et al., 2012; Tarullo,
Nayak, St. John & Doan, 2015), it is possible to measure response times (RTs) on correct
card-sort trials in both pre-switch and post-switch conditions. RTs can shed light on
processing speed in bilinguals relative to monolinguals. No studies of bilingual and
monolingual preschoolers’ DCCS performance have considered differences in pre-switch
RTs.
Neural Mechanisms of Executive Function in Bilingual Preschoolers

Regular dual-language management involves bilingual language control processes
such as selectively inhibiting or switching between languages. Neuroimaging studies in

adults show that a wide range of brain regions are implicated in bilingual language
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control, including those associated with executive control skills (Abutalebi & Green,
2008; Luk et al., 2011). Currently, bilingual advantages in EF skills are attributed to
cumulative experience with dual-language management and language control. However,
very little is known about which or how neural mechanisms are shaped during periods of
rapid development such as early childhood as virtually no published studies have
compared neural mechanisms of EF between monolingual and bilingual children. Two
ERP components of interest when studying EF in children are the N2 and P300
waveforms, thought to index inhibition and monitoring skills respectively. The N2
underlies inhibition and conflict processing in preschoolers (Espinet et al., 2012; Lahat et
al., 2010), and the P300 indexes context updating and adjustment to new task demands in
children as young as 4 (Polich et al., 1990). The P300 is comprised of a P3a component
in frontal areas, related to stimulus detection, and a P3b in parietal and centroparietal
areas, related to context updating (e.g., in different sets), and memory processes (Polich,
2007).While N2 and P300 ERP waveforms have been used to better understand the
development of monolingual EF, the literature on bilingual advantages is just beginning
to adopt these tools.

To the best of our knowledge, only one published study has compared neural
mechanisms of bilingual and monolingual children (Barac et al., 2016). The study
included 5-year-old monolingual and bilingual preschoolers from the Greater Toronto
Area, where bilingualism is highly common, and more heterogeneous across socio-
economic strata. In the study, children completed a Go-No/Go task while EEG data were

recorded (Barac et al., 2016). The Go/No-Go task is commonly used to measure of
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inhibitory control in children. N2 and P300 amplitudes and latencies-to-peak were
compared across monolingual and bilingual children, measuring the strength of the brain
signal, and the time taken for the signal to reach its strongest point, respectively. Results
showed better behavioral performance, shorter N2 latencies-to-peak, higher P300
amplitudes, and shorter P300 latencies-to-peak in bilingual compared to monolingual
children. ERP findings were also associated with better performance in the sample. That
is, bilinguals showed a behavioral advantage in inhibition skills, and more mature
electrophysiological markers of inhibition and monitoring processes. This result lends
support to the idea that bilingualism shapes neural mechanisms in early childhood.
However, we currently have no information about how neural processes may compare in
bilingual and monolingual children, in the absence of behavioral differences. Neural
studies of bilingual children’s EF are needed in order to understand typical neural
development in bilinguals, which the bilingual advantage hypothesis would predict to be
different from monolingual neural development. Differing neural markers in the absence
of behavioral differences can shed light on how bilingualism shapes the brain differently,
even if these mechanistic differences do not result in either group showing a cognitive
advantage. Given that findings of bilingual advantages in children are often
contradictory, neural measures in addition to common behavioral measures can
potentially clarify whether neural mechanisms differ between groups, and the details of
such a difference if applicable.

EEG studies in young children also offer tools to extend our understanding of

bilingual advantages or differences in EF processing in the absence of behavioral
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differences by comparing “behind-the-scenes” mechanisms that enable behavioral
performance. One relevant neurocognitive mechanism that cannot be studied behaviorally
is error-detection or error-awareness. Human error-processing, indexed by the well-
established Error-Related Negativity (ERN) ERP waveform, originates in the Anterior
Cingulate Cortex (ACC) (Holroyd & Coles, 2002; Meyer, Weinberg, Klein, & Hajcak,
2012; Velanova, Wheeler, & Luna, 2008; Yeung, Botvinick, & Cohen, 2004). The ACC
is thought to integrate input from motivational, error detection, cognitive and emotional
networks (Bush et al., 2000), and is therefore an important aspect of the EF system. The
ERN error-detection signal indexes error-processing and is thought to aid improvement
of task performance (Holroyd & Coles, 2002). The ERN component has been found in
children as young as 4 (Brooker et al., 2010) and therefore is an excellent tool to examine
how bilingualism may shape the rapidly developing EF system in preschoolers. No
studies have as-yet compared error-processing in bilingual and monolingual children,
which may be highly relevant for understanding differences in EF skills.
The Current Study

We measured bilingual and monolingual preschoolers’ accuracy and RTs on a
cool and hot version of the DCCS. We also recorded high-density EEG while participants
completed both DCCS versions. The current study extends previous comparisons of
bilingual and monolingual preschoolers’ conflict inhibition and cognitive flexibility in the
following ways: First, we focus on the preschool age: a time of rapidly developing EF
skills that has been sparsely studied. Second, we aimed to refine our understanding of the

scope and potential mechanisms of the bilingual advantage shown in preschoolers by
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considering the additional variables of processing speed and conflict inhibition. Further,
we aimed to understand how bilingualism may shape the hot EF system by comparing
bilingual and monolingual preschoolers on both a cognitive cool DCCS, as well as a
high-stakes hot DCCS including emotionally significant feedback and reward. Lastly, we
compared neural mechanisms of error-processing in bilingual and monolingual
preschoolers, by examining ERN signals during the DCCS task. Existing computerized
DCCS tasks enable the measurement of both accuracy and RTs of correctly sorted cards.
Further, and relevant to our purpose of understanding the mechanisms of any bilingual
advantages, existing computerized DCCS tasks can easily be combined with
Electroencephalography (EEG) to investigate online neural processing.
Methods

Participants

One hundred and twenty-two participants (50 female; 72 male; 56 bilinguals; 66
monolinguals) ranging from 42.53 to 55.53 months old (M = 50.06 mos.; SD = 3.51
mos.) were included in the final analyses. Participants were excluded from the analyses if
they had any history of neurological problems or diagnosed attention difficulties, or were
premature at birth (had a gestational age of less than 37 weeks). Participants were
retroactively classified into two groups based on parent reports of language background.
Participants were classified as monolingual (< 5% regular exposure to a L.2), bilingual (>
20% or greater exposure to L2). These language background thresholds were decided
based on previous research which suggests that for children to be bilingual they need to

receive about 10-25% exposure to each language (Place & Hoff, 2011; Marchman,
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Fernald, & Hurtado, 2010). Within this range, some consider 20% to be the specific
threshold of bilingualism (Gutierrez-Clellen & Kreiter, 2003), which is consistent with
the finding that children are much less likely to make utterances in a second language if
they are exposed to it less than 20% of the time (Pearson et al., 1997). Based on our
interest in comparing monolinguals and bilinguals, participants with > 5% and < 20%
regular exposure to L2 were excluded from the final analyses (n = 5). Table 1 gives
further demographic details about monolingual and bilingual participants included in the
final sample. All bilingual participants were dominant in English, and their L2s spanned a
range of non-English languages. However, informed consent procedures for parents were
available in English, Chinese, and Spanish, leading to an oversampling of children with
Spanish and Chinese as an L2. All participants were recruited from the greater Boston

arca.
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Table 1. Demographic information by language group

Monolingual Bilingual

Mean (SD)
Age 50.37 (3.05) 49.70 (4.00)
SES 0.12 (0.72) -0.27 (0.98)
Occuptational Prestige 0.21 (0.63) -0.24 (1.02)
Parent Education 0.13(0.73) -0.23 (1.10)
Annual Income Range 0.19 (0.90) -0.27 (0.98)
%
Gender
Male 69.7 46.4
Female 30.3 53.6
Ethnicity
Caucasian 72.7 214
Asian 7.6 25
African American 7.1
Latino 17.9
Middle Eastern 3.6
Biracial/Multiracial 19.7 23.2

Note. N(monolinguals) = 66; N(bilinguals) = 56. Child age is
given in months. SES composite variable and all components of
the SES composite are standardized (M =0, SD = 1).
Procedures

Children between the ages of 3.5 and 4.5 years visited the laboratory with their
parent to participate in the study, which lasted 2 hours. After informed consent was
obtained, children’s cool and hot inhibition and cognitive flexibility skills were measured
while high-density EEG was recorded. Next, children’s inhibitory control and attention
skills (reported elsewhere), and receptive vocabulary were measured. Small prizes and
stickers were given to children throughout to keep them motivated. While the children

completed the tasks, parents completed demographic questionnaires and completed

cognitive tests (reported elsewhere). EEG data was processed offline, and N2, P3b, and
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ERN amplitudes and latencies were extracted. All procedures were approved by the
Institutional Review Board.
Behavioral Measures

Cool inhibition and cognitive flexibility: Dimensional Change Card Sort. The
Dimensional Change Card Sort (DCCS) utilized here is a computerized task in which
children sort images based on a given dimension (e.g. sort by shape), and then sort
according to a new rule after a certain number of trials (e.g. sort by color). Figure 1

illustrates the basic design of the stimuli.

Figure 1. The Dimensional Change Card Sort task, adapted from Espinet et al., (2012). In
the pre-switch condition, children are asked to sort the stimuli (center top) based on one of
two competing dimensions (e.g. shape). In the post-switch condition, children are asked to
sort the stimuli by a different dimension (e.g. color).

Responses were made via button press, and accuracy and RTs were recorded
automatically. In order to sort the images successfully, children are required to inhibit
attention to the competing dimension (e.g. ignore the color, and attend to the shape). The
first 15 trials comprise the pre-switch condition. After 15 trials, they are required to

inhibit the first rule and sort by a different rule for an additional 30 trials (e.g. sort by
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color). These 30 trials comprise the post-switch condition. Post-switch performance
measures children’s ability to flexibly adjust to a new sorting rule, along with inhibitory
control. No performance feedback is offered during this task except in practice trials, and
the task is thought to elicit cool, or more purely cognitive EF processing (Zelazo &
Miiller, 2002). The computerized version of the DCCS utilized here was closely modeled
after Espinet et al.’s (2012) study, and was compatible with EEG data collection'. Where
necessary, the task was reprogrammed to be compatible with our experimental setup for
behavioral and EEG data collection. The task was programmed and presented using E-
Prime Professional 2.0, and raw data were extracted using the software. The cool DCCS
yields separate RT and accuracy scores for each trial, for both pre-switch and post-switch
conditions. The task was not speeded, but responses faster than 150 ms and longer than
10 seconds were excluded from the analyses. In order to calculate RT data, only correct
responses were included. Further, in order to calculate RT and accuracy scores for the
post-switch conditions, only those participants who “passed” the pre-switch conditions
were included. In order to pass the pre-switch condition, participants needed 10 or more
correct trials of the 15 pre-switch trials.

Hot inhibition and cognitive flexibility: Modified Dimensional Change Card
Sort. The Hot DCCS was a modified version of the DCCS (Espinet, Anderson, & Zelazo,
2012), created by Tarullo, Nayak, St. John, and Doan (2015). The hot version included

performance feedback after each trial®. Importantly, the feedback is emotionally salient,

" A modified version of the original computer program used by Espinet et al. (2012) was utilized in
this study. Programming modifications were made by the author where necessary.
? Task modifications were designed by Dr. Amanda Tarullo, and programmed by the author.
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such that when the child responds correctly, they see a happy face, followed by a
collection of fish stickers appearing on a booklet, each accompanied by a positive sound.
When the child responds incorrectly, they see a sad face, followed by a collection of fish
stickers disappearing from a booklet, each accompanied by a negative sound. Before the
task the child is given an actual sticker booklet and shown the fish stickers, and it is
explained that they will gain or lose stickers based on their performance. This task is
thought to engage more socio-emotional processing, as described in Zelazo & Miiller
(2002). Similar to the cool DCCS, the hot DCCS yields separate RT and accuracy scores
for each trial, for both pre-switch and post-switch conditions.

Receptive vocabulary: NIH Toolbox Picture Vocabulary Test. The NIH
Toolbox Picture Vocabulary Test (TPVT) is a computer-adaptive measure of receptive
vocabulary, and a component of the NIH Toolbox Cognition Battery. Audio recordings of
words are presented along with four images, from which the child is asked to choose the
image that most closely relates to the word, by pointing. The measure is computer-
adaptive, i.e. the words presented automatically increase in difficulty based on the child’s
performance. The TPVT shows excellent convergent and divergent validity as a measure
of receptive vocabulary (Weintraub et al., 2013), and is modeled after other well-
established vocabulary measures such as the Peabody Picture Vocabulary Test — Fourth
Edition (PPVT-IV; Dunn & Dunn, 2007). The current analyses utilize an unadjusted scale
score, which are theta scores (M = 0; SD = 1) calculated according to Item Response

Theory (IRT).
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Socio-economic status (SES). Parents reported on their household’s annual
income and composition, highest maternal and paternal level of education attained, and
maternal and paternal occupation (as applicable). From these reports, a maternal and
paternal occupational prestige variable was coded using the job zone coding scheme from
the Occupational Information Network (O*NET,

http://www.onetonline.org/help/online/zones), which ranks U.S. census-based

occupational categories on a 1-5 scale based on the education, experience, and training
required. Parental educational attainment and occupational prestige were computed by
averaging across maternal and paternal variables. Further, an income-to-needs ratio
variable was computed from household income and composition information, using 2013
U.S. federal poverty guidelines. Parent educational attainment, parent occupational
prestige, and income-to-needs ratio were standardized and averaged to create an SES
composite variable. For participants who chose not to report annual income data, income-
to-needs ratio could not be calculated. For these participants, the SES composite variable
was computed by combining the parent education and occupational prestige.
Neural Measures

High-density EEG recording. Dense array EEG was recorded utilizing the
Clinical Geodesic EEG System 300 (Electrical Geodesics, Inc.), consisting of a 128-
channel Hydrocel GSN 130 net, Net Amps 300 Amplifier, an experimental station with
E-Prime Professional 2.0 (Psychology Software Tools) and E-Prime Extensions for Net
Station, and Net Station 4.5 software. While consent and assent were collected, the EEG

net was soaked for 10 minutes in a hot Potassium Chloride solution. EEG recordings
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were collected while the child was seated inside the electrically shielded EEG booth,
wearing the EEG net. Before recording began, impedances were checked and electrodes
were adjusted till impedances were below a threshold of 80 Q, an adequate level of
impedance for research with young children using a high-impedance EEG acquisition
system. EEG was recorded to a vertex reference at a 500 Hz sampling rate.

EEG processing and ERP extraction. Offline, EEG data was filtered, applying a
bandpass filter of 1-30 Hz. Next, data was segmented into epochs, based on the
conditions of interest for calculating each ERP component of interest. Segments were
created time-locked to stimulus presentation for examination of N2s and P3bs and time-
locked to participant responses for examination of ERNs. For each segment, an automatic
artifact rejection paradigm identified channels with excessive artifact (> 200 pV), and
replaced bad channels via interpolation. Next, the Ocular Artifact Removal tool in
NetStation 4.5 was used to excise eyeblink artifacts from the data with a 20 pV/ms blink
slope threshold, and the cleaned data were again subjected to artifact rejection and bad
channel replacement. Channels that were bad on >15% of the segments were marked as
bad for the entire recording. Segments with > 15 bad channels or with remaining
eyeblinks (>140 pV differential average) were excluded. For N2 and P3b ERP extraction,
participants with less than 10 clean segments per condition were excluded from further
analyses at this stage. For ERN extraction, participants with less than 6 clean segments
per condition were excluded from further analyses, consisted with previous ERN analyses
in children and adults (Grammer, Carrasco, Gehring, & Morrison, 2014; Meyer et al.,

2012; Senderecka et al., 2012). Individual ERPs were re-referenced to an average
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reference, and baseline corrected against a window of 200 ms. Stimulus-locked segments
(N2 and P3b) were baseline corrected against a window -200 ms to 0 ms relative to
stimulus onset, whereas response-locked segments (ERNs) were baseline corrected
against a window of -300 ms to -100 ms relative to participant response. Further details
about ERP extraction are given below for each waveform of interest.

N2 extraction’. Based on prior analyses of the N2 in children (Espinet et al.,
2005; Rueda et al., 2005; Todd et al., 2008), the N2 amplitude was defined as the peak
negative amplitude occurring 300-500 ms after stimulus onset in fronto-central regions.
During EEG processing, two categories of segments were created: cool post-switch and
hot post-switch. Segment lengths were chosen to include baseline activity, and activity of
interest. Segments were 1000 ms long: -200 ms to 800 ms relative to stimulus onset.
Grand-averaged waveforms for the cool and hot post-switch DCCS conditions showed
that the N2 did indeed fall within this 300-500 ms window for our sample. The
individual averaged waveforms were then examined to ensure that the second negative
peak fell within the 300-500 ms window for each participant. Time windows were
adjusted slightly to contain the peak where necessary. N2 peak amplitudes and latencies-
to-peak were then computed separately for cool post-switch and hot post-switch DCCS
conditions at midline fronto-central sites where the N2 was maximal (6, 11, 16).

P3b extraction®. Based on prior developmental studies (Polich, 2007; Bryce et

al., 2011), and visual examination of the grand-averaged waveforms in parietal regions,

3 N2 extraction was completed by Dr. Amanda Tarullo and Ashley St. John as part of a separate study,
rior to the commencement of this dissertation research.
P3Db extraction was completed by Dr. Amanda Tarullo and the author.
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the P3b was defined as the third positive peak in parietal regions, with peak amplitude
occurring 450700 ms after test stimulus onset. During EEG processing, two categories
of segments were created: cool post-switch and hot post-switch. Segment lengths were
chosen to include baseline activity, and activity of interest. Segments were 1000 ms long:
-200 ms to 800 ms relative to stimulus onset. Individual averaged waveforms for midline
parietal electrode sites were examined to ensure that the P3b fell within the 450—700 ms
window and that the peak amplitude in that window was indeed the third positive peak.
When needed, the window was adjusted slightly to include an earlier P3b or exclude a
late occurring second positive peak. The DCCS post-rule switch P3b peak positive
amplitude and latency-to-peak were then computed separately for cool post-switch and
hot post-switch DCCS conditions, for the midline parietal electrodes where the P3b was
maximal (62, 72).

Error-related negativity (ERN) and correct response negativity (CRN).
During EEG processing, four relevant categories of segments were created: cool DCCS
correct, cool DCCS incorrect, hot DCCS correct, and hot DCCS incorrect. Segment
lengths were chosen to include baseline activity, and activity of interest. Segments were
600 ms long: -300 ms to 300 relative to participants’ responses. Based on previous
literature pertaining to this age group (Meyer, Weinberk, Klein & Hajcak, 2011; Brooker
et al., 2010), the time window for the ERN was defined as the highest negative peak
between — 100 and 100 ms relative to response onset, for incorrect trials. Segment length
was chosen to include both the baseline window and the window of interest for extracting

ERNSs and CRNs. During pre-processing it was determined that not enough clean EEG
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segments were available in each condition and each language group for the hot DCCS
task. Therefore, further ERN analyses were only carried out on segments from the cool
DCCS task.

ERP segments were grand-averaged and visualized at the following sites: Fz,
FCz, Cz, CPz and Pz. In our sample, ERNs were only visible at Fz, FCz, and Cz, and
were maximal at Fz. Based on where ERNs are expected in young children, and where
they were maximal in our sample, ERNs were extracted at electrode site Fz (electrode 11
on the EGI 128 channel EEG net). Individual-waveform averages, averaging across good
ERP segments, were examined to ensure that the ERN fell within the defined window.
When needed, the window was adjusted slightly to contain the ERN waveform. ERN
amplitudes and latencies-to-peak were computed by averaging across good pre-switch
and post-switch trials of the cool DCCS. Correct response negativity (CRN) amplitudes
were extracted from correct trials of the cool DCCS, using the same method and
parameters as the ERN.
Preliminary Analyses

In order to test whether variables met the assumptions of normality, skew and
kurtosis were analyzed for each background, behavioral, and neural variable of interest.
Behavioral and neural outliers were winsorized if they fell outside the range of +/-3 SDs
from the mean. After the data cleaning process, all variables of interest showed skew and
kurtosis within the acceptable range, and met the assumptions of normality. EEG data
were extracted using NetStation 4.5. Once the raw data were correctly formatted,

statistical analyses were carried out using IBM SPSS Statistics 24.
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Results

Preliminary Results

Correlations between demographic and cognitive variables, and
performance. Bivariate correlations were analyzed in order to understand associations
between demographic and cognitive variables, and performance on the cool and hot
DCCS. Demographic variables included Age and SES, and cognitive variables included
TPVT scores. Performance variables included Cool DCCS pre-switch and post-switch
RTs and accuracies, and Hot DCCS Pre-switch and Post-switch RTs and accuracies.
Table 2 details the correlations in the overall sample. Overall, better pre-switch
performance, indexing inhibition, was associated with older ages, in cool and hot
contexts, and with higher SES in the hot context. Better post-switch performance,
indexing additional cognitive flexibility abilities, was associated with older ages in the
cool and hot contexts, and with higher SES and higher receptive vocabulary in the hot
context.

Table 2. Correlations between demographic and cognitive variables, and performance

Cool DCCS Hot DCCS
Pre-Switch Post-Switch Pre-Switch Post-Switch
RT ACC RT ACC RT ACC RT ACC
Age  -0.22* 0.31** -0.16 -0.09 -0.06 0.37** -0.09 0.35*
SES -0.03 0.12 0.19 0.19 0.07 0.19*  0.17 0.28*
TPVT -0.05 0.09 0.09 0.28*  0.15 0.07 0.05 0.24*

Note. Only participants who passed the pre-switch conditions were included in the post-
switch conditions. *p <.05, **p <.01

Correlations between ERP Variables and Performance. Bivariate correlations

were analyzed in order to understand associations between neural activity and task



29

performance in our sample. Overall, in the cool context, children with higher post-switch
accuracies, measuring cognitive flexibility, showed larger P3b amplitudes (» = 0.30, p <
.05). No other ERP and performance variables were correlated in the overall sample.
Behavioral Results

Cool and hot inhibition and cognitive flexibility. Table 3 shows monolingual
and bilingual accuracies and RTs on cool and hot version of the DCCS.

Table 3. Cool and hot DCCS performance by language group

Cool DCCS Hot DCCS
Pre-Switch Post-Switch Pre-Switch Post-Switch

Mean SD Mean SD Mean SD Mean SD

. ACC .89 .09 74 .30 96 A1 .85 25
Monolinguals

1888.01 683.76 210195 86131 220421 686.79 3098.16 919.70 .
. ACC .88 .09 .68 .33 96 .09 .84 23
Bilinguals

RT 1549.34 54147 199410 781.69 221281 85148 2623.62 857.94

Note. Only participants who passed the pre-switch conditions were included in the post-switch conditions.

In order to test for any differences between monolinguals and bilinguals on DCCS
performance, we conducted a number of one-way ANCOV As. Pre-switch and post-
switch RTs and accuracies from cool and hot DCCS versions were included as dependent
variables. Conditions were analyzed separately instead of in a repeated-measures
multivariate model because different covariates were relevant to each condition, as
determined by correlational analyses. Variables were included as covariates when they
correlated with the dependent variables in a given model. Further, only children who
“passed” the pre-switch condition were included in the post-switch condition. Results

showed bilingual advantages in RTs in two of the four DCCS conditions (see Figure 2).
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Figure 2. Monolingual and bilingual preschoolers’ RTs on pre-switch and post-switch
conditions of the DCCS. Mean RTs are shown in milliseconds. RTs are given for cool and
hot DCCS versions. * p <.05 ** p =.01.

In the cool DCCS, bilinguals showed faster RTs than monolinguals, after
accounting for Age as a covariate (£ (1, 114) = 6.437, p < .05, ypz =.06). In the hot
DCCS, bilinguals showed faster RTs than monolinguals, after accounting for Age, SES,
and receptive vocabulary as covariates (F (1, 76) =2.956, p = .01, ypz =.09). The groups
performed equivalently in cool post-switch RTs and hot pre-switch RTs, and on accuracy

in all conditions.

ERP Results
N2 and P3b components. Based on our criteria of only including participants
with 10 or more clean EEG segments in analyses, we were only able to analyze post-

switch trials from both cool and hot DCCS versions. Table 4 shows monolingual and
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bilingual ERP peak amplitudes and latencies-to-peak.

Table 4. N2 and P3 amplitudes and latencies by language group

Cool DCCS Hot DCCS

N2 P3 N2 P3

Amp Lat Amp Lat Amp Lat Amp Lat

Mean -6.00 394.23 6.52 559.54 -5.8663 394.5238 6.0999 557.5357
Monolinguals

SD 4.76 63.50 4.65 80.04  3.58493 74.46564 4.02789 76.64902
Mean -6.06 393.51 5.64 564.32 -7.0132 382.3556 5.4088 531.8000

Bilinguals
SD 3.52 61.84 427 82.78 517768 53.67797 391172 73.38373

Note . N(monolinguals) = 37; N(bilinguals) = 31. Amp = Peak amplitude; Lat = Latency-to-peak. Only participants who
passed the pre-switch conditions were included in the post-switch conditions.

In order to test for main effects of language background on N2 and P3b
components, and to test for any Language Background X Electrode Site interactions, we
conducted 2 -way Electrode Site X Language Background repeated measures
MANOVAs, with N2 and P3b latencies and amplitudes as dependent variables. Electrode
sites included in the model were those that were maximal in our sample (see Methods:
Neural Measures). Separate MANOV As were run on cool and hot DCCS data, and only
participants who passed the corresponding pre-switch condition were included in the
analyses. Results showed no significant differences between bilinguals and monolinguals
on N2 and P3b peak amplitudes or latencies-to-peak. Post-hoc t-tests showed a trend in
the difference between monolingual and bilingual P3b latencies on the cool DCCS, at
posterior electrode site 72 (see Appendix A for 128 channel electrode map). Bilinguals
had numerically shorter P3b latencies in the cool DCCS, but this difference was not

significant (¢ (1,55) =-1.923, p = .006).



32

ERN component. Table 5 shows monolingual and bilingual ERP peak
amplitudes and latencies-to-peak.
Table 5. ERN amplitudes and latencies by language group

Error-Related Negativity

Amp Lat

Monolinguals -4.99 (4.14) 0.05 (55.01)

Bilinguals -1.14 (5.42) -12.79 (52.72)

Note. N(monolinguals) = 21; N(bilinguals) = 19.
Amp = Peak amplitude; Lat = Latency-to-peak.
Cool DCCS pre-switch and post-switch trials
were included in the calculation of ERN peak
amplitudes and latencies.

To test for differences between ERN amplitudes and latencies-to-peak between
monolinguals and bilinguals, we conducted two one-way ANOVAs. Based on
preliminary correlational findings, no covariates were included in the models. Bilinguals
showed significantly smaller ERN peak amplitudes than monolinguals (F (1, 51) = 10.8;
p <.01; np2 =.17). No group differences were found in ERN latencies-to-peak. Further,
mean number of error trials did not differ between monolingual and bilingual children.
ERNSs in monolinguals and bilinguals are illustrated in Figure 3. ERN amplitudes were
smaller in bilinguals compared to monolinguals. ERN amplitudes were less negative than
baseline negativity in bilinguals, but more negative than baseline negativity in
monolinguals. ERN latencies-to-peak were numerically, but not significantly shorter, in

bilinguals compared to monolinguals.
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Figure 3. Response-locked Error-related negativities (ERNs) in bilingual and monolingual
preschoolers during a DCCS task. Y-axis, marked by perforated vertical line, indicates
participant response (time = 0). ERN peaks are the most negative peak between -100 ms and
100 ms relative to responses.

Differences in Patterns between Monolinguals and Bilinguals

In order to test for any group differences in the patterns of association between
variables, we conducted a series of Backward Stepwise Regression analyses. Regression
models tested for any group differences in associations between background and
cognitive variables and DCCS performance. DCCS performance variables included cool
pre-switch and post-switch RTs and accuracies, and hot pre-switch and post-switch RTs
and accuracies. Only those who passed the pre-switch conditions were included in the
corresponding post-switch conditions. Background variables Age, SES, and TPVT scores
were included as predictors, along with Language, and interaction terms between
language background and each variable (e.g. Language Background X Age). Language
background was dummy coded such that monolinguals = 1, and bilinguals = 2. The best

fitting regression models were determined through backward elimination of variables that
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did not fall within a 10% confidence interval. Separate models were tested for each
DCCS performance variable of interest (RTs and accuracies in pre and post-switch
conditions of cool and hot versions). Results for each DCCS condition are detailed
below.

Cool pre-switch condition. The cool pre-switch condition pertained to inhibition
skills in a more purely cognitive context. Results showed a main effect of Language
Background (5 =-1.33, p <.01) and an interaction effect of Language Background with
Age (f=1.37, p <.01) on pre-switch accuracies. All other predictors were excluded from
the final model (R’ = .10, F (2, 92) = 5.15, p < .01). Further, results showed a main effect
of Age (f =-.288, p <.01) and Language Background (= -3.16, p <.01), but no
interaction effects with language background on pre-switch RTs. All other predictors
were excluded from the final model (R’ = .16, F (2, 92) = 8.49, p < .001).

Cool post-switch condition. The cool post-switch condition pertained to
cognitive flexibility skills in a more purely cognitive context. In the cool condition,
results showed a main effect of Language Background (f = -4.187, p <.05), and
interaction effects of Language Background with receptive vocabulary (f = 5.15, p <.01)
on post-switch accuracies. In addition, the interaction between Language Background and
Age was included in the model but was not significant. All other predictors were
excluded from the final model (R = .13, F (3, 68) = 3.29, p < .05). Further, results
showed a non-significant trend in the effect of SES on post-switch RTs (p =.06). All
other predictors were excluded from the final model (R’ = .05, F (1, 67) = 3.80, p = .06),

and there were no significant interaction effects between language background and any
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other variables, on post-switch RTs.

Hot pre-switch condition. The hot pre-switch condition pertained to inhibition in
a more affective context. Results showed a main effect of Age (5 = .40, p <.001) on pre-
switch accuracies. All other variables were excluded from the model (R’ = .16, F (1, 82)
=15.42, p <.001). Results showed a main effect of SES (f =.77, p <.05), receptive
vocabulary (f = -.86, p <.05) and Language Background (f =-15.29, p <.01), and
interaction effects of Language Background with receptive vocabulary (5= 15.02, p <
.01), on hot pre-switch RTs. In addition, the interaction between Language Background
and SES was included in the model, but this effect was not significant. All other variables
were excluded from the model (R’ = .15, F (5, 82) = 2.75, p < .05).

Hot post-switch condition. The hot post-switch condition pertained to cognitive
flexibility in a more affective context. Results showed a main effect of receptive
vocabulary (f = .37, p <.01), and interaction effects of Language Background with Age
(p=1.40, p <.01), SES (f = .22, p <.01), and receptive vocabulary (f =-1.27, p <.01),
on post-switch accuracies. All other predictors were excluded from the model (R = .26,
F (4,77)=6.32, p <.001). Further, there was a significant interaction effect of Language
background and Age (f =-11.77, p <.001), on post-switch RTs. All other predictors
were excluded from the model (R° = .10, F (1, 75) = 8.35, p < .01).

Discussion

The current study compared monolingual and bilingual preschoolers’ performance

on cool (more purely cognitive) and hot (more affective) versions of a DCCS task. The

cool and hot versions matched each other closely, and both versions tapped into conflict
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inhibition and cognitive flexibility skills. When no feedback or rewards were present,
bilinguals were faster than monolinguals on the easier conflict inhibition condition, but
when feedback and reward were present, bilingual were faster than monolinguals on the
more challenging cognitive flexibility condition. In addition to behavioral performance in
cool and hot DCCS versions, ERN waveform peak amplitudes and latencies were
analyzed to understand error-processing mechanisms during the card sort task. Bilinguals
showed smaller ERN amplitudes and a trend toward smaller ERN latencies-to-peak,
compared to monolinguals.

When no feedback or rewards were provided (cool DCCS), bilingual preschoolers
performed better than monolingual peers on the initial (pre-rule switch) card-sorting rule.
Specifically, while both groups sorted a similar number of cards correctly, bilinguals did
this faster than monolinguals. However, this bilingual advantage was no longer seen once
the card-sort rule was switched (post-rule switch) to something new. It has previously
been shown that most 3 year olds find it challenging to flexibly change rules in a DCCS
task, with a large number of children perseverating on the initial rule (reviewed in
Hanania & Smith, 2009). Our results showed that bilingual and monolingual preschoolers
found flexible switching equally challenging in the absence of any feedback.

When socio-emotionally salient feedback was provided on a trial-by-trial basis,
and the “stakes” were high, the pattern of the bilingual advantage was different. Here,
both groups performed similarly on the initial card sort rule, suggesting that feedback and
higher stakes overrode any bilingual advantage seen in the cool condition. However,

bilingual preschoolers performed better than monolingual peers on the switched card-sort
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rule. Again, this bilingual advantage was reflected in faster, but not more accurate,
performance.

Taken together, our behavioral results indicate the moderating and interacting
effects of task difficulty as well as socio-emotional stake and feedback, in eliciting the
often cited bilingual advantage in EF. That is, bilinguals did show some advantages on
conflict management and cognitive flexibility, but only when the task was either
relatively easier (pre-switch) in a low stakes context (cool), or relatively more
challenging (post-switch) in a high stakes context (hot). The hot, high stakes context in
our study further included the support of trial-by-trial feedback, potentially enabling
preschoolers’ to improve their performance. This pattern suggests that bilingual
advantages in inhibitory control and flexible switching appear at moderate levels of
challenge, with task difficulty, socio-emotional stakes, and feedback, working as
complementary forces to determine likely performance levels. This pattern of findings is
particularly relevant in the age group tested here, since the preschool years are a time of
significant and rapid EF development (Zelazo et al., 2003).

Electrophysiological results showed that bilinguals showed smaller (less negative)
ERN peak amplitudes than monolinguals on error-trials in the cool (more purely
cognitive) card-sort. This difference in error monitoring and awareness between bilingual
and monolingual children may point to an important mechanistic difference between how
bilingual and monolingual preschoolers process error. However, it is unclear from our
results whether bilingual preschoolers generated dampened error-detection signals, or

simply did not generate one, given that their error signals were smaller than baseline
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negativity. However, based on the negative deflection seen within the expected range and
at the expected electrode site, and based on the negativity difference between error-trials
and correct-trials, we argue that bilingual preschoolers did generate error-detection
signals.

If we assume the presence of error-detection signal in both groups, the next
question that arises is: what do the bigger (more negative) ERN amplitudes in
monolinguals mean? In previous studies, bigger ERN amplitudes have been associated
with higher anxiety (Ladouceur, Dahl, Birmaher, Axelson, & Ryan, 2006; McDermott,
Westerlund, Zeanah, Nelson, & Fox, 2012; Meyer et al., 2012). It is unlikely that a
heterogeneous group of bilingual preschoolers differed systematically from monolinguals
in their level of anxiety, but the difference may point at a difference in the extent to
which children focus on accuracy during the task. Further, most developmental studies
have associated higher ERN amplitudes with increases in age (Grammer et al., 2014;
Kim, Iwaki, Imashioya, Uno, & Fujita, 2007; Meyer et al., 2012). It should be noted
though that studies have also found that the ERN fluctuates in childhood, and only
stabilizes around age 12 (Davies, Segalowitz, & Gavin, 2004), and that young children
and adults have similar ERNs, with bigger ERN responses found in middle childhood
(Kim et al., 2007). Since ERN research in preschoolers is sparse, and the age range in the
current study is narrowly restricted, it is hard to draw definite conclusions about whether
bilingual or monolingual preschoolers showed more mature ERN responses.

While it is difficult to draw conclusions of the relative development of bilingual

and monolingual preschoolers’ error-processing mechanism, there are two pieces of
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evidence from adults that should be considered in interpreting these results. First, ERN
amplitudes in adults appear to be larger when errors are made motivationally significant,
i.e. when participants have a higher stake in their performance (Hajcak, Moser, Yeung &
Simons, 2005). Thus it is possible that monolingual preschoolers are more invested in the
accuracy of their performance. In this study, larger ERN amplitudes in the motivationally
significant error condition were not reflected in behavioral performance. Our results were
consistent with this, as there was no group difference in card-sort accuracy. Behavioral
results showed no difference in accuracy between groups in spite of ERN differences,
consistent with Hajcak et al.’s findings in adults.

A second piece of evidence to consider is that ERN amplitudes appear to be
smaller when the goal is to be faster, and bigger when the goal is to be accurate
(Gentschet al., 2009). Our behavioral results showed that bilingual preschoolers were
faster at the same level of accuracy, in at least one condition of both the cool and hot card
sorts. This could indicate faster processing speeds, a higher focus on speed than accuracy,
or both. Future research could attempt to measure participants’ self-reported goals, which
may underlie the difference in ERN amplitudes seen between monolingual and bilingual
preschoolers.

The current study investigated neural mechanisms underlying failed attempts at
inhibition during an EF task, adding an important dimension to the neural mechanisms of
successful inhibition and monitoring studied by Barac et al. (2016). We also found a non-
significant trend consistent with the direction of Barac et al.’s results, with bilinguals

showing shorter P3b latencies than monolinguals. In our results, this trend was only seen
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in the more purely cognitive context. One limitation of our neural results was that given
the common challenges of EEG research with preschoolers, and the use of a low to
moderately challenging task, we could not extract enough clean ERN trials from all
conditions of interest.

In addition to differences between performance and neural activity, we found
differential relationships between cognitive and demographic variables, and performance,
in monolinguals and bilinguals. Most notably, in bilinguals, older ages predicted greater
gains in cool inhibition, cool cognitive flexibility, and hot cognitive flexibility, but
smaller gains in hot inhibition, compared to in monolinguals. Further, when accounting
for this interaction between language background and age, having a bilingual background
predicted decreases in accuracy in the cool inhibition condition. There were also
differential relationships between receptive vocabulary and SES, and performance in the
two groups. For example, higher receptive vocabulary predicted greater gains in hot
inhibition in monolinguals, but higher SES backgrounds predicted greater gains in hot
inhibition and hot cognitive flexibility in bilinguals. Results suggest that developmental
trajectories of cool and hot EF may differ between groups during this time of rapid EF
development. Further, the demographic and cognitive predictors commonly associated
with EF in childhood, such as receptive vocabulary and SES, may not be equally
applicable to bilingual preschoolers. Bilingual children are more buffered by higher SES
backgrounds than monolinguals, and their receptive vocabulary in English does not
predict their EF performance to the same extent as in monolinguals. Given these

differential associations, and the finding that bilingual backgrounds predict poorer
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accuracy in the absence of motivationally-salient and rewarding contexts, future studies
should carefully consider background variables as a focus of investigation. These
findings further emphasize potential differences in speed-accuracy tradeoffs between
bilingual and monolingual children, and future studies should attempt to disentangle the
effects of such strategy, from cognitive abilities.

This is the first study to consider both cool and hot EF in bilingual and
monolingual preschoolers, and to compare neural indices of task-related error-processing
between groups. Behaviorally, our results showed selective bilingual advantages in
preschoolers’ RTs, but not in their task accuracies. In addition, our results showed neural
differences in error-awareness between bilingual and monolingual preschoolers during
executive processing, with bilinguals showing smaller ERNs than monolinguals.

Our study builds upon previous work reporting bilingual advantages in children’s
EF skills, by exploring the sparsely studied preschool years. Further, we compared RTs in
addition to accuracies, and introduced a hot condition that provided both feedback and
rewards, but was matched to the cool DCCS in terms of stimuli. Compared to previous
studies using the same task in preschoolers, our study included a slightly younger sample,
and a more heterogeneous group of bilinguals. In contrast to our behavioral results,
Bialystok (1999) found a bilingual advantage in 4 year olds using a manual DCCS task,
and Bialystok & Martin (2004) found bilingual advantages in task accuracies on 4
different versions of a computerized DCCS task in 4 and 5 year old children. In both
previous studies, all DCCS versions were cool or more purely cognitive in nature, and

groups were not compared on their RTs. These inconsistencies could potentially arise
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because of the younger age and increased heterogeneity of our sample, which would
suggest potential interactions between age and bilingualism during this period of rapid EF
development.

Our results indicate that any bilingual advantages in preschoolers are sensitive to
socio-emotional context and feedback. One limitation in our study was that it was
difficult to separate the role of feedback, from that of socio-emotional stake, or
motivation. Research on motivation in adults suggests that feedback can increase intrinsic
motivation because of individuals’ inherent need for competence (Ryan & Deci, 2000). In
preschoolers, as few as one instance of corrective feedback can improve preschoolers’
performance on a new rule during a card sort (Bohlmann, 2001). Concurrently,
preschoolers’ EF performance is sensitive to the expectation of rewards, leading to
increased inhibitory control and decreased flexible switching when rewards are
anticipated (Li et al., 2012). Future studies should attempt to disentangle the effects of
motivation and reward, as they may be particularly relevant for the early development of
both cool and hot EF systems. However, due to the interrelatedness of emotion and EF
systems at this age (Blair, 2002), this may prove difficult. The role of feedback and
motivation should be kept in mind when designing studies to test the bilingual advantage
in preschoolers’ cool and hot EF skills.

Lastly, our study shows that bilingual and monolingual preschoolers can utilize
different error-processing mechanisms, even when they achieve the same level of task
performance. This is a promising result that speaks directly to early ways in which

bilingualism may shape cognition, and in particular the executive function system. One
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limitation of our study was that we were unable to analyze ERNs in the hot DCCS task,
and separately in cool pre-switch and post-switch conditions, due to high accuracies and
insufficient error trials. This can be addressed in future studies with longer pre-switch
conditions and harder tasks for this age-group. Given that bilingual advantages were seen
only in cool pre-switch and hot post-switch conditions, future research should explore
ERNSs in bilingual and monolingual preschoolers separately in cool and hot EF.
Comparing error-processing mechanisms in cool and hot versions of a conflict task can
shed light on whether motivational significant and other affective processes are driving
the difference in ERN signals. Future research should be conducted on ERN patterns in
bilingual and monolingual children, and may help clarify differences in inhibitory control
and cognitive flexibility between groups. Further, more research on ERN patterns is
needed to test whether the pattern found in our study persists beyond preschool.

The current study highlights overall that a more nuanced understanding of
bilingual advantages in EF skills is needed in young children. The developing EF system
in preschoolers appears to be sensitive to a number of variables such as motivation or
processing speed. Considering the importance of neurocognitive mechanisms and
affective/motivational factors when designing comparative studies of bilingual and
monolingual children could help understand some of the contradictory results found
when testing the bilingual advantage hypothesis. Ultimately, the search for unique
neurocognitive features of bilingual populations can provide a window into
developmental mechanisms relevant to executive function more broadly, such as

motivation, feedback, and neuroplasticity.
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INHIBITION IN BILINGUAL AND MONOLINGUAL SCHOOL-AGED
CHILDREN: INTERFERENCE CONTROL, RESPONSE INHIBITION, AND
THE ROLE OF EMOTION.

Inhibition is a core EF skill involving the control of one’s attention, behavior,
thoughts, and emotions. A number of reports of bilingual advantages in children pertain
specifically to inhibitory control advantages (see Bialystok, Craik, Green, & Gollan,
2009, for review), indicating that early bilingualism shapes inhibitory control function.
However, behavioral inhibition involves two dissociable processes: an “interference
control” process and a “response inhibition” process (Booth et al., 2003; Brydges et al.,
2012; Bunge et al., 2002; Johnstone et al., 2009; Jongen & Jonkman, 2008; Vuillier,
Bryce, Sziics, & Whitebread, 2016; Luk et al., 2010). Interference suppression refers to
resisting interference from irrelevant or misleading information, whereas response
inhibition refers to stopping a pre-potent, usually motor, response (Vuillier et al., 2016).
This distinction may have a reliable neural basis given that underlying neural
mechanisms of interference control and response preparation are dissociable (Brydges et
al., 2012), with interference suppression areas developing relatively earlier (Bunge et al.,
2002; Jongen & Jonkman, 2008). Little is known about the development and function of
interference suppression and response inhibition processes in bilinguals.

In bilingual children, Flanker, Stroop, and Simon tasks are used to measure
interference suppression, sometimes referred to as “cognitive control” in the literature.
Results are inconsistent, but suggest that any bilingual advantages in inhibitory control

are likely related to better interference suppression skills, rather than better response
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inhibition skills (Martin-Rhee & Bialystok, 2008; Esposito et al., 2013). For example,
Martin-Rhee & Bialystok found that bilingual preschoolers and school-aged children
outperformed monolingual controls on tasks requiring interference suppression, but not
on tasks such as the Day-Night Stroop, requiring verbal or non-verbal response
inhibition. Esposito et al. found that bilingual preschoolers outperformed monolingual
controls on a modified Stroop version requiring interference suppression but not on a
version requiring only response inhibition. A popular child-friendly variation of the
classic Flanker task is the modified use of colorful fish instead of arrows, designed by
Rueda et al. 2004. School-aged bilingual children have shown smaller interference costs
using this task (Mezzacappa, 2004; Yoshida, Tran, Benitez, & Kuwabara, 2011). In
preschoolers, Carlson & Meltzoff (2008) showed an overall pattern of bilingual
advantages on conflict tasks but not delay task. In this case, conflict tasks represent those
requiring cognitive control, and delay tasks represent response inhibition of some kind.
Overall, a pattern has emerged suggesting more selective differences in bilingual
inhibitory control than may have been originally thought. The recent exception to this is
Barac et al.’s (2016) finding that 5 year old bilinguals show an advantage on the Go/No-
Go task, a common measure of response inhibition. However, Barac et al. also found
ERP measures of interference suppression (e.g. the N2 waveform), suggesting that the
Go/No-Go task captures both mechanisms.

While very few studies have examined the different inhibitory control processes
in bilingual children, findings from adults can help direct our research efforts. For

example, using functional magnetic resonance imaging (fMRI) methods, Luk et al.
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(2010) found that different brain regions are activated in monolinguals and bilinguals
during interference suppression, whereas similar regions underlie response inhibition
processes. Interference suppression was measured using a Flanker task whereas response
inhibition was measured using a Go/No-Go task. Unlike monolinguals, who activated
different brain regions during interference suppression compared to response inhibition,
bilinguals activated a similar bilateral network of frontal, temporal and subcortical region
during interference suppression and response inhibition. Moreover, an extensive network
of frontal, temporal and sub-cortical structures was activated during incongruent trials in
bilinguals, and during response inhibition in both groups. Further, on incongruent trials
requiring interference suppression, faster response times were associated with different
brain regions in the two groups. Adult studies have also shown that bilingual advantages
may be specific to interference costs, measured by the difference between interference
(incongruent) and non-interference (congruent) conditions, rather than globally faster
RTs (e.g., Luk, De Sa, & Bialystok, 2011; Yang, Yang, & Lust, 2011). Interestingly, a
meta-analysis of studies ranging a wide age-group suggest that bilinguals may
outperform monolinguals on both congruent and incongruent conditions of inhibitory
control tasks (Hilchey & Klein, 2011), indicating overall cognitive advantages in
bilinguals, and complicating the interpretation that bilinguals show better inhibition
skills. The meta-analysis included studies with both children and adults, and therefore
does not shed light on more sensitive periods of EF development. Overall, much more
research is needed to understand Zow bilingualism may shape inhibitory control in

childhood.
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Without neural explorations of interference control and response inhibition, our
ability to disentangle inhibitory control processes in bilingual children may be limited. As
highlighted here, interference suppression is often measured using variations of Stroop
and Flanker tasks. However, these behavioral measures of inhibitory control elicit
interference suppression, conflict monitoring, and response inhibition processes to
varying extents, contingent on factors such as the frequency of incongruent trials in
Stroop and Flanker tasks (Kane & Engle, 2003; Tillman & Wiens, 2011). As Vuillier et
al., (2016) argue, both interference suppression and response inhibition processes are
likely used in all inhibition tasks, and beahvioral indicators such as RTs likely correspond
to a combination of the two processes. In order to truly disentangle interference
suppression and response inhibition, we ideally need to look “behind-the-scenes” of
interference tasks.

It is possible to look behind-the-scenes of inhibitory control in this way by
examining Lateralized Readiness Potentials (LRPs). The LRP is a motor-cortex ERP
component indexing motor response preparation. LRPs can be used to distinguish
between participants’ correct and incorrect response preparations before correct
responses, shedding light on when incorrect responses are inhibited and correct responses
are prepared. LRP analyses have shown that in monolingual school-aged children,
interference costs (RT differences between incongruent and congruent trials) are more
associated with response inhibition than interference suppression at a neural level,
contrary to the common framing of Stroop tasks as interference suppression tasks (Sziics

et al., 2009). A comparison of response preparation processes between 5 year olds and 8
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year olds during a non-verbal Stroop task showed that incorrect response preparation
signals are similar in younger and older children, whereas correct response preparation
signals are stronger at older ages (Bryce, Szlics, Soltész, & Whitebread, 2011). Currently,
examination of LRPs in bilinguals are limited to issues of language competition,
selection, and production (Hoshino & Thierry, 2011; Kaan, 2007; Ng & Wicha, 2013;
Verhoef, Roelofs, & Chwilla, 2009), and the potential to extend this technique to
understanding bilingual children’s inhibitory control mechanisms is untapped. As Bryce
et al. (2011) discuss, current theories that bilingualism shapes interference suppression
and not response inhibition can be further tested by examining neural mechanisms of
both processes within the same task. We would expect that differences in neural markers
of interference suppression, such as N2 ERP waveforms, would underlie any bilingual
advantages in inhibition, and would expect no differences in LRP waveforms indexing
response inhibition processes. That is, in the presence of a behavioral bilingual advantage
in inhibition, ruling out differences in LRPs would lend further support to the theory that
such an advantage is not driven by response inhibition skills.

Other ERP components have recently been utilized to directly compare the neural
correlates of monolingual and bilingual inhibition for the first time, with promising
results (Barac, Moreno, & Bialystok, 2016). Five year old bilinguals showed better
response inhibition skills, as measured by a Go/No-Go task, and also showed distinct
ERP waveforms. Specifically, bilinguals showed differences in N2 amplitudes and
latencies, and P300 latencies, compared to monolinguals. Further, these neural markers

were functionally associated with better performance in their sample. Contrary to these
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findings, Study 1 of this dissertation found no differences in bilingual and monolingual
N2 and P300 waveforms in young children. However, our study differed from Barac et
al. in important ways. For example, we had a younger sample (3.5-4.5 year olds),
asymmetrical SES backgrounds in monolinguals and bilinguals, and used a non-speeded
conflict task, the Dimensional Change Card Sort (DCCS). Study 1 of this dissertation
also examined error-related negativities (ERNs) in monolingual and bilingual
preschoolers, finding stronger ERN signals in monolinguals compared to bilinguals,
suggesting a greater focus on task performance in monolinguals, even though bilingual
and monolingual children performed equivalently on accuracy, and bilinguals were faster
in one of two conditions. More research is needed in young children to replicate and
interpret the few neural findings available, and to understand the effects of bilingualism
on neural correlates of inhibition. To summarize, ERP methods combined with
behavioral methods can be used to provide a more complete picture of bilingual
inhibitory control mechanisms.

A final consideration in the study of inhibitory control mechanisms in bilingual
children is the distinction between cool, or more purely cognitive, and hot, more affective
contexts, discussed in more detail in Study 1. In Study 1, we created a hot context using a
modified DCCS paradigm with a heightened emotionally and motivationally salient
component in the form of trial-by-trial feedback and rewards (Tarullo, Nayak, St. John, &
Doan, in prep.). On correct trials, preschoolers saw happy faces, accompanied by positive
sounds and stickers appearing in a virtual book. On incorrect trials, children saw

disappointing sad faces, accompanied by negative sounds and stickers disappearing from
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a virtual book. Results showed bilingual advantages in conflict inhibition in terms of
faster RTs, in cool but not hot conditions. This suggests that emotional and
motivationally salient contexts are relevant for bilinguals’ inhibitory control, relative to
monolinguals. However, in Study 1, the study design did not enable us to disentangle the
separate effects of motivation and emotion.

The presence of emotional stimuli has been shown to affect children’s inhibitory
control performance even in the absence of enhanced motivational salience by engaging
emotional regulation capacities (Ikeda, Okuzumi, & Kokubun, 2014). The Happy-Sad
Stroop task, a simple variation of the child-friendly Day-Night Stroop task involving
happy and sad faces, elicits significant interference in both young children and adults. In
contrast, the Day-Night Stroop task has been found to have ceiling effects in older
children (Lagattuta, Sayfan, & Monsour, 2011). Like the Day-Night Stroop, children
make verbal responses in the Happy-Sad Stroop, labelling the emotion of the faces
congruently (label happy faces “happy”), or incongruently (label happy faces “sad”).
Ikeda et al. (2014) found that compared to non-verbal tasks using the same emotional
stimuli, and non-emotional Stroop tasks using similar verbal labelling, children
experience higher interference effects in the Happy-Sad task. This result suggests that the
combination of emotional stimuli and emotional responses engage emotion-regulation
capacities, which influence inhibitory control mechanisms. Currently, the development of
bilingual children’s inhibition mechanisms is poorly understood in hot, emotional

contexts.
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The Current Study

In the current study, we measured bilingual and monolingual school-aged
children’s interference costs in response times and error rates during a cool non-verbal
Stroop task involving congruent and incongruent animal sizes. We also recorded high-
density EEG while participants completed the task, in order to analyze four ERP
components of interest: N2, P3b, ERNs, and LRPs. In addition, we measured interference
costs during the hot, emotionally salient, Happy-Sad Stroop task. The current study
extends previous work on bilingual advantages in inhibitory control in two ways. First,
by comparing bilingual and monolingual interference control in cool and hot contexts, we
shed light on how early bilingualism shapes distinct pathways underlying cognitive
control and emotion regulation, or hot EF processes. Second, by comparing neural
mechanisms of interference control and response inhibition, and electrophysiological
correlates of response inhibition, we help disentangle how bilingualism shapes different
inhibitory control mechanisms.

Methods

Participants

One hundred and twelve participants (55 females; 57 males; 51 bilinguals; 61
monolinguals) ranging from 68 years old (M = 6.98 years; SD = 0.57 years) were
included in the final analyses. During an initial phone screen, participants were excluded
from the study if they had any history of neurological problems or diagnosed attention
difficulties, or were premature at birth (had a gestational age of less than 37 weeks).

Based on the initial phone screen, participants were classified as monolingual if parents
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reported < 5% regular exposure to an L2, and as bilingual if parents reported 20% or
greater exposure to an L2. The entire set of questions used to determine language
background during the phone screen is given in Appendix B. Specific thresholds for
monolingual and bilingual groups were decided based on previous research which
suggests that for children to be bilingual they need to receive about 10% — 25% exposure
to each language (Place & Hoff, 2011; Marchman, Fernald, & Hurtado, 2010). Within
this range, some consider 20% to be the specific threshold of bilingualism (Gutierrez-
Clellen & Kreiter, 2003), which is consistent with the finding that children are much less
likely to make utterances in a second language if they are exposed to it less than 20% of
the time (Pearson et al., 1997). Based on our interest in comparing monolinguals and
bilinguals, children with > 5% and < 20% regular exposure to L2 were excluded from the
study after the initial phone screen. Children exposed to South Asian languages (e.g.
Hindi, Urdu, Punjabi, Bengali, Gujarati) were also excluded due to the specific exclusion
criteria applied to the study described in chapter three of the current dissertation, which
utilized the same participant sample. Further, based on our interest in linguistic and non-
linguistic tasks, only children who were dominant in English were included in the
sample. While all bilingual children were dominant in English, the final bilingual sample
was linguistically heterogeneous, representing a wide range of L2s. Monolinguals and
bilinguals were from comparable, and high SES backgrounds, and were of similar ages.
Table 6 shows the demographic breakdown of both groups. The complete set of questions

used to determine language background during the phone screen is given in Appendix B.
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Table 6. Demographic variables by language background

Monolinguals Bilinguals
Age (in years) 6.98 (0.57) 6.85 (0.62)
Gender (% female) 47.5 51
Ethnicity (%)
Caucasian 77 32.7
African-American 6.6 8.2
Hispanic/Latino 1.6 10.2
Asian 33 20.4
Other/Mixed Race 11.5 28.6
SES 0.07 (0.74) -0.06 (0.91)
Parent Occuptational Prestige 0.14 (0.80) -0.17 (1.19)
Parent Education 0.04 (0.98) -0.04 (1.03)
Income-to-Needs Ratio 0.04 (0.89) -0.06 (1.15)
Annual Income ($1000) 125 (63) 111 (75)

Note. SES composite variable and the components of the SES composite are
standardized (M =0,S5D =1).

Procedures

Children between the ages of 6 and 8 years visited the laboratory with their parent
to participate, which lasted between 2 and 2.5 hours. After informed consent was
obtained from the parent, additional verbal assent was obtained from the child if they
were 7 years or older, as per Institutional Review Board (IRB) guidelines. After consent
and assent procedures, children’s vocabulary measures were obtained while EEG nets
were soaked and prepared for recording. Next, children’s inhibition and cognitive
flexibility skills were measured using a computerized task, while high-density EEG was
recorded. Following this, children’s hot EF skills were measured using a paper-based

task. In addition, children completed a two part linguistic task (reported in Study 3 and
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Study 4). The first and second parts of the linguistic task were separated by a 15 minute
distractor period in between, during which non-verbal intelligence was measured. The
experimenter engaged in free play with the child for any time that remained of the 15
minute distractor period. Small prizes and stickers were given to the child throughout to
keep them motivated. EEG data were pre-processed offline, and ERP components of
interest were statistically extracted for analyses. All study procedures were approved by
the university’s IRB committee.
Behavioral Measures

Cool inhibition: Animal Size Stroop Task. Interference control skills were
measured using the Animal Size Stroop Task (ASST), a non-verbal Stroop task
measuring interference control. The current study utilized a modified version of the
Animal Size Stroop Task, adapted from Bryce et al. (2011). Figure 4 illustrates the basic

design of the task and stimuli.

A

Figure 4. Animal Size Stroop Task adapted from Bryce et al., (2011). Pairs of animals
appear on screen and children rapidly identify the animal that is “bigger in real life.” Pair
A shows a congruent (baseline) trial, and paid B shows an incongruent (Stroop) trial. This
illustration appears in Bryce et al. (2011).
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The modified version was programmed in E-Prime Professional 2.0 (Psychology
Software Tools) for the purposes of this dissertation research’. Our modifications
included changing many of the animal images, and limiting image sizes to two
categories, “smaller” and “bigger,” unlike the “small,” “medium,” and “large” categories
utilized by Bryce et al. Our modifications also included changes in the training
procedures for the game, given our older participants, for whom the instructions were
much less challenging. The task was a computer game in which the child made rapid
decisions about pairs of animal images via button press. Specifically the child was
instructed to press the button corresponding to “which animal is bigger in real life?” for
each pair of animals that occurred on screen. Trials were either congruent, in which the
bigger animal on screen is also the bigger animal in real life, or incongruent, in which the
smaller animal on screen is bigger in real life. The task was speeded using an automatic 4
second time-out after which the next trial was automatically presented. High-density EEG
was recorded while the child completed the task. Due to the goal of measuring accuracy
and reaction time, the child was instructed to respond as fast as possible, and to also try to
get as many answers correct as possible. Further, due to the goal of measuring neural
indices of motor planning, the response pad was placed on the table within comfortable
reach of the child, and they were asked to stay very still during the game, and to only
move their fingers. The experimenter demonstrated how to press the response keys,
instructing the child to press the left button with their left index finger, and the right

button with their right index finger. The task began with 8 practice trials, during which

> The modified ASST was programmed by the author, in collaboration with Hiba Salem.
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the experimenter ensured that the child had correctly understood the task. After the
practice trials, the child was asked to indicate when they were ready to play, at which
point the experimenter inside the booth signaled to the experimenter outside the booth to
start the first block of trials.

The task consisted of 4 blocks of 48 trials, with breaks in between each block.
The experimenter stood behind the child throughout the task, and provided one reminder
about the goal, halfway through each block, e.g. “which animal is bigger in real life?”
Apart from these reminders, there were no interactions between the experimenter and
child during the blocks. Each block of 48 trials consisted of an equal amount of congruent
and incongruent trials, presented in a predetermined pseudo-random order. Neither
congruent nor incongruent trials were presented more than three times in a row. Since
EEG was being recorded, children were asked to stay in their chair during the breaks, but
were free to relax and move their bodies. Before starting each new block, the child was
asked to get into “ready position,” at which point the experimenter ensured that their
index fingers were ready over the correct response buttons, that they were within
comfortable reach of the response pads, and that they were staying very still. Since the
ASST served as a measure of cool interference control, no feedback or rewards were
provided during the task, or in the breaks.

The task yielded two Stroop effect variables, pertaining to RTs and accuracy,
indexing the extent of Stroop interference experienced. Smaller Stroop effects indicated
better interference control abilities. Since the ASST did not include a salient emotional-

motivational component, and was more purely cognitive in nature, Stroop variables
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yielded from the task are henceforth referred to as cool Stroop effects. Cool Stroop
effects in RTs and accuracy were calculated as follows:

a) Stroop effects in RTs = [RT on incongruent trials] — [RT on congruent trials]

b) Stroop effects in accuracy = [Accuracy on congruent trials] — [Accuracy on
incongruent trials].

Raw data were measured and extracted using E-Prime Professional 2.0 (Psychology
Software Tools). Only RTs on accurate trials were included in RT calculations, and
variables were computed such that in most cases, Stroop effects were represented by a
positive value. Smaller Stroop effects represented smaller amounts of interference
experienced, and therefore better interference control.

Hot inhibition: The Happy-Sad Stroop Task (HSST). The HSST is an
emotional Stroop task, which has been previously utilized with the present age group (6—
8 years) (Lagattuta et al., 2011). The stimuli in this task are emotionally-salient
(happy/sad), and therefore the task is thought to engage hot EF processes, based on the
original characterization of hot EF as pertaining to “motivationally and emotionally
significant situations” (Zelazo & Muller, 2002). In adults, interference or conflict tasks
with emotional stimuli engage distinct neural pathways compared to tasks with non-
emotional stimuli or distractors (Edgar, Etkin, Gale & Hirsch, 2008).

The version of the HSST utilized in the present study was modified from
Lagattuta et al.’s (2011) task. In our modified version®, children were shown a laminated

card displaying a grid of 24 happy and sad faces (12 each, randomized). Each face

% The modified HSST was created by me, with assistance from research assistant Hiba Salem.
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appeared in a bordered 1.75 inch square panel. In the congruent condition, children were
instructed to verbally identify the happy faces as “happy” and the sad faces as “sad”
while going down through the sheet from left to right, as many times as possible within a
I-minute period. After the child completed one round of 24 panels, they started again
from the top and repeated the process until the 1 minute was up. In the incongruent
condition, the child was instructed to verbally identify the happy faces as “sad,” and the
sad faces as “happy,” while going through the sheet as many times as possible within a 1-
minute period. Children were instructed to go through the squares in the grid as fast as
possible, and were also asked to place their index finger on each face as they labelled
them. The child’s verbal responses, along with their finger placements on the laminated
card were video recorded, and videos were scored at a later time.

An additional independent rater rescored 30% of the videos. Independent raters
achieved high inter-rater reliability (IRR). According to the methods outlined by Hallgren
(2012), IRR was assessed using a two-way mixed, absolute agreement, single-measures
inter-class correlation (ICC; McGraw & Wong, 1996), to assess the degree that coders
agreed on their scoring of the HSST. The resulting ICC was in the excellent range, ICC =
0.99 (Cicchetti, 1994), indicating that coders had a high degree of agreement in rating the
accuracy of HSST trials from recorded videos.

The task yielded two Stroop effect variables, pertaining to speed and error rate,
indexing the extent of Stroop interference experienced. Smaller Stroop effects indicated
better interference control abilities. Since the HSST is thought to engage the hot EF

system, Stroop variables yielded from the task are henceforth referred to as hot Stroop
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effects. Hot Stroop effects in speed and error rates were calculated as follows:

a) Hot Stroop effects in speed = (# congruent trials completed) — (# incongruent trials
completed). Smaller Hot Stroop effects in speed represent less interference experienced.
b) Hot Stroop effects in accuracy = (# incorrect incongruent trials) / (# correct
incongruent trials). Smaller hot Stroop effects in accuracy represent less interference
experienced.

Receptive vocabulary: Peabody Picture Vocabulary Test — Fourth Edition
(PPVT-4). The PPVT-4 is a norm-referenced assessment of receptive vocabulary for
English words which has been previously validated for use with this age range (Dunn &
Dunn, 2007). The PPVT-4 yields a standardized scores (M = 100; SD = 15) ranging from
20 to 160, referenced to age-norms. In the current study, the PPVT-4 was available for a
subset of the total sample (n = 61).

Non-verbal intelligence: Kaufman Brief Intelligence Test (KBIT-2). The
KBIT-2 is a validated measure of verbal and non-verbal intelligence for this age range
(Kaufman & Kaufman, 2004). In the present study, participants were administered the
Matrices subtest of the KBIT 2, which provides a measure of nonverbal intelligence. The
Matrices subtest includes 46 visual items, both meaningful (people and objects) and
abstract (designs and symbols), and tests children’s understanding of the relationships
between items in a multiple choice format. Responses are made by pointing, and are
manually noted on an official scoring sheet by the experimenter. Items increase in
difficulty over the course of the task. If the child provides 4 consecutive incorrect

responses, the task is discontinued. Once the task has been completed or discontinued, the
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“ceiling item” or last tested item before discontinuing the task is noted. Further, the total
number of errors committed on items, before the task is discontinued, is also noted. The
task yields a raw score which is calculated by subtracting the number of errors from the
ceiling item. The maximum value achievable on the KBIT-2, representing non-verbal
intelligence, is 46, which can be achieved only if the child completes all 46 items, and
commits zero errors. In the current study, the KBIT-2 was available for a smaller subset
of the total sample (n = 65). Sixty one participants with available KBIT scores also had
available PPVT scores available.

Socio-economic status (SES). Parents reported on their household’s annual
income and composition, highest maternal and paternal level of education attained, and
maternal and paternal occupation (as applicable). From these reports, a maternal and
paternal occupational prestige variable was coded using the job zone coding scheme from
the Occupational Information Network (O*NET,

http://www.onetonline.org/help/online/zones), which ranks U.S. census-based

occupational categories on a 1-5 scale based on the education, experience, and training
required. Parental educational attainment and occupational prestige were computed by
averaging across maternal and paternal variables. Further, an income-to-needs ratio
variable was computed from household income and composition information, using 2016
U.S. federal poverty guidelines. Parent educational attainment, parent occupational
prestige, and income-to-needs ratio were standardized and averaged to create an SES
composite variable. For participants who chose not to report annual income data, income-

to-needs ratio could not be calculated. For these participants, the SES composite variable
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was computed by combining the parental education and occupational prestige.
Neural Measures

High-Density EEG Recording. Dense array EEG was recorded utilizing the
Clinical Geodesic EEG System 300 (Electrical Geodesics, Inc.), consisting of a 128-
channel Hydrocel GSN 130 net, Net Amps 300 Amplifier, an experimental station with
E-Prime Professional 2.0 (Psychology Software Tools) and E-Prime Extensions for Net
Station, and Net Station 4.5 software. While consent and assent were collected, head
circumference was measured to determine the best size of EEG net, after which the net
was soaked for 10 minutes in a hot Potassium Chloride solution. EEG recordings were
collected while the child was seated inside the electrically shielded EEG booth, wearing
the EEG net. Before recording began, impedances were checked and electrodes were
adjusted till impedances were below a threshold of 80 Q, an adequate level of impedance
for research with young children using a high-impedance EEG acquisition system. EEG
was recorded to a vertex reference at a 500 Hz sampling rate.

EEG Processing and ERP Extraction. Oftline, EEG data was filtered, applying
a bandpass filter of 1-30 Hz. Next, data was segmented into epochs of interest. Segments
were created time-locked to stimulus presentation for examination of N2s, P3bs, and
LRPs, and time-locked to participant responses for examination of ERNs. Details of the
segmentation criteria for each ERP component are given below. For each segment, an
automatic artifact rejection paradigm identified channels with excessive artifact (> 200
uV), and replaced bad channels via interpolation. Next, the Ocular Artifact Removal tool

in NetStation 4.5 was used to excise eyeblink artifacts from the data with a 20 uV/ms
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blink slope threshold, and the cleaned data were again subjected to artifact rejection and
bad channel replacement. Channels that were bad on >15% of the segments were marked
as bad for the entire recording. Segments with > 15 bad channels or with remaining
eyeblinks (>140 pV differential average) were excluded. Stimulus-locked segments (N2,
P3b, and LRPs) were baseline corrected against a window -200 ms to 0 ms relative to
stimulus onset, whereas response-locked segments (ERNs) were baseline corrected
against a window of -300 ms to -100 relative to participant response. Further details
about ERP extraction are given below for each waveform of interest.

N2 extraction. Based on prior analyses of the N2 in children (Espinet et al., 2005;
Rueda et al., 2005; Todd et al., 2008), the N2 amplitude was defined as the peak negative
amplitude of the second negative peak, occurring 300-500 ms after stimulus onset in
fronto-central regions. During EEG processing, two categories of segments were created:
correct congruent segments and correct incongruent segments. Segment lengths were
chosen to include baseline activity, and activity of interest. Segments were 1000 ms long:
-200 ms to 800 ms relative to stimulus onset. Grand-averaged waveforms for the
congruent and incongruent ASST conditions showed that the N2 did indeed fall within
this 300-500 ms window for our sample. The individual averaged waveforms were then
examined to ensure that the second negative peak fell within the 300-500 ms window for
each participant. Time windows were adjusted slightly to contain the peak where
necessary. N2 peak amplitudes and latencies-to-peak were then computed separately for
congruent and incongruent ASST conditions at midline fronto-central sites where the N2

was maximal (6, 11, 16). Only participants with a minimum of 10 usable segments in
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each condition were included in the grand average, statistical extraction, and the final
analyses.

P3b extraction. Based on prior developmental studies (Polich, 2007; Bryce et al.,
2011; Davis et al. 2003), and visual examination of the grand-averaged waveforms in
parietal regions, the P3b was defined as the third positive peak in parietal regions, with
peak amplitude occurring 450700 ms after stimulus onset. During EEG processing, two
categories of segments were created: correct congruent segments and correct incongruent
segments. Segment lengths were chosen to include baseline activity, and activity of
interest. Segments were 1000 ms long: -200 ms to 1000 ms relative to stimulus onset.
Individual averaged waveforms for midline parietal electrode sites were examined to
ensure that the P3b fell within the 450—700 ms window and that the peak amplitude in
that window was indeed the third positive peak. When needed, the window was adjusted
slightly to include an earlier P3b or exclude a late occurring second positive peak. P3b
peak amplitudes and latencies-to-peak were then computed separately for congruent and
incongruent conditions for the midline parietal electrodes where the P3b was maximal
(62, 72). Only participants with a minimum of 10 usable segments in each condition
were included in the grand average, statistical extraction, and the final analyses.

Error-related negativity (ERN) and correct-response negativity (CRN).
During EEG processing, two categories of segments were created: incorrect congruent
segments and incorrect incongruent segments. Based on previous literature pertaining to
this age group, the response-locked ERN waveform is expected between -100 to + 100

ms relative to response onset. During EEG processing, two categories of segments were
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created: incorrect congruent segments and incorrect incongruent segments. Segment
lengths were chosen to include baseline activity, and activity of interest. Extracted
segments were 700 ms long: -300 ms to 400 ms relative to participants’ responses.

Individual ERPs were then re-referenced to an average reference, and baseline
corrected against a window of 200 ms, between -300 and -100 ms prior to response
latency. ERP segments were grand-averaged and visualized at the following sites: Fz,
FCz, Cz, CPz and Pz. In our sample, ERNs were only visible at Fz, FCz, and Cz, and
were maximal at Fz. Based on where ERNs are expected in young children, and where
they were maximal in our sample, ERNs were extracted at electode site Fz (electrode 11
on the EGI 128 channel EEG net). ERN amplitudes and latencies-to-peak were extracted,
defined as the highest negative peak within -100 ms and 100 ms of incorrect responses.
These parameters for ERN extraction are consistent with other investigations of the ERN
in children (Meyer, Weinberk, Klein & Hajcak, 2011; Brooker et al., 2010).

Next, individual-waveform averages, averaging across good ERP segments, were
examined to ensure that the ERN fell within the defined window. When needed, the
window was adjusted slightly to contain the ERN waveform. ERN amplitudes and
latencies-to-peak were computed by averaging across clean segments from congruent and
incongruent conditions of the ASST. Only participants with a minimum of 6 good ERP
segments were included in the grand average, statistical extraction, and final analyses,
consistent with previous ERN analyses (Brooker, Buss, & Dennis, 2011; Grammer et al.,

2014).



65

Lateralized readiness potential (LRP). During EEG processing, four categories
of segments were created: correct left hand responses on congruent trials, correct right
hand responses on congruent trials, correct left hand responses on incongruent trials, and
correct right hand responses on incongruent trials. Segment lengths were chosen to
include baseline activity, and activity of interest. Segments were 1200 ms long: -200 ms
to 1000 ms relative to stimulus presentation. The LRP is calculated based on the
following formula (Coles, 1989), as is common in the literature:

LRP = [(ER-EL) left hand response + (EL-ER) right hand response|/2

EL and ER represent electrical activity from left and right motor cortex electrode sites
respectively. EL corresponds to C3 in the international 10-20 system and electrode 36 in
the EGI 128 channel net, and ER corresponds to C4 in the 10-20 system, and electrode
104 in the EGI 128 channel net. Bryce et al. have previously validated the electrode sites
used in the current study. Based on Coles’ formula, LRPs elicited during correct
incongruent (Stroop) trials should show an initial positive component reflecting incorrect
motor-response preparation, followed by a negative component reflecting correct motor-
response preparation. In the current study, positive and negative peak amplitudes and
latencies-to-peak were examined as measures of incorrect and correct motor-response
preparation during Stroop trials.

Electrical activity for each participant was extracted from the electrodes of
interest, for the total segment time of 1200 ms, including baseline. Electrical activity for
segments marked as “good” during pre-processing were extracted separately for correct

left hand responses on incongruent trials, and correct right hand responses on incongruent
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trials, using NetStation 4.5 (Electrical Geodesics, Inc.). Using MS Excel, LRP values
were then computed for each participant by applying Coles’ (1989) formula to the raw
data. Since individual participants’ LRPs tend to be highly noisy, rendering the peak
amplitude and latency-to-peak values harder to determine, each participants’ LRPs were
then smoothed according to the technique applied by Bryce et al., 2011, wherein
amplitude values at each time point on the curve were recalculated as the mean amplitude
in the 150 ms surrounding it (75 ms before to 75 ms after). Individual participants’
smoothed LRP values were then averaged at each time point to compute a grand-
averaged LRP for the total sample, and separately for monolinguals and bilinguals. To
establish whether responding correctly to Stroop trials elicited significant incorrect and
correct response preparations in the overall sample, one-sample t-tests were conducted
within each time bin of interest in the LRP waveform. This showed the time windows
within which the positive deflection indexing incorrect response preparation, and the
negative deflection indexing correct response preparation, were significantly greater than
0. In the total sample, positive deflections from 0 were found in the 152 ms to 290 ms
time window, and negative deflections from 0 were found in the 488 ms to 744 ms time
window.

Mean positive and negative peak values, and latencies-to-peak were identified for
each participant using MS Excel. Since the positive and negative components of the
smoothed LRPs were expected to be unimodal, they were computed in MS Excel using
the MAX and MIN functions to locate the positive and negative peaks, within the time

range in which the waveform was found to significantly deflect from zero. Latencies-to-
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peak were computed using the SUMIF function, which returned time values
corresponding to the peak positive and peak negative values. Peak amplitudes and
latencies-to-peak for each participant were imported in SPSS for statistical analyses. Only
participants with a minimum of 10 usable segments in each condition were included in
the grand average, statistical extraction, and the final analyses.
Preliminary Analyses

In order to test whether variables met the assumptions of normality, skew and
kurtosis were analyzed for each background, behavioral, and neural variable of interest.
Outliers were winsorized if they fell outside the range of +/-3 SDs from the mean. After
the data cleaning process, all variables of interest showed skew and kurtosis within the
acceptable range of -3 to +3, and met the assumptions of normality. EEG data were
extracted using NetStation 4.5, and further prepared for statistical analyses using MS
Excel where necessary. Once the raw data were correctly formatted, statistical analyses
were carried out using IBM SPSS Statistics 24.

Results

Preliminary Results

Performance by language groups. Two-tailed independent t-tests showed that
bilinguals and monolinguals did not differ on SES, Age, or KBIT scores. As is common
in the literature, bilinguals showed lower PPVT scores in English, compared to
monolinguals (¢ =2.27, p <.05).

Correlations between demographic and cognitive variables, and

performance. Bivariate correlations were analyzed in order to understand associations
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between demographic and cognitive variables and performance on ASST and HSST
tasks. Demographic and cognitive variables included Age, SES, PPVT scores, and KBIT
scores. ASST performance variables included ASST Stroop effects in RTs and
accuracies, and HSST Stroop effects in speed and accuracies.” Table 7 details the
correlations in the overall sample. In both cool and hot tasks, smaller Stroop effects
indexed better interference control. In the cool context, Age, SES, PPVT scores, and
KBIT scores were all associated with smaller ASST Stroop effects in RTs. SES, PPVT
scores, and KBIT scores, but not Age, were associated with experiencing smaller ASST
Stroop effects in accuracy. In the hot context, KBIT scores were associated with smaller
HSST Stroop effects in speed, and Age was associated with bigger HSST Stroop effects
in accuracy. That is, in the overall sample, older children were slowing down more in
incongruent trials relative to congruent trials, compared to younger children.

Table 7. Correlations between demographic and cognitive variables, and performance.

Stroop Effects

ASST Accuracy ASST RT HSST Accuracy HSST RT
Age -14 .25 -07 25"
SES -28" 221 -07 -11
PPVT 417 .25 -05 17
KBIT -42" -32" -32" .07

Note. N(monolinguals) = 61; N(bilinguals) = 51. ASST = Animal Size Stroop Task (cool), HSST
= Happy-Sad Stroop Task (hot). * p < .05; **p < .01

Correlations between ERP variables and performance. Bivariate correlations

were analyzed in order to understand associations between neural activity and task

7 Since response times were not directly recorded during the HSST, but derived from the number of
trials children attempted in 1 minute, the term “speed” and not RTs will be used throughout when
referring to HSST.
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performance in our sample. ERP variables of interest included N2, P3b, and ERN
amplitudes and latencies-to-peak, extracted from the ASST task. N2 and P3b amplitudes
and latencies were included for both congruent and incongruent conditions, whereas ERN
amplitudes and latencies were collapsed across conditions. In addition, we analyzed LRP
positive-peak and negative-peak amplitudes and latencies. Positive LRP peaks index
incorrect response preparations, and negative LRP peaks index correct response
preparations. Performance variables of interest included ASST and HSST Stroop effects
in RTs and speed respectively, and Stroop effects in accuracy on the tasks. Overall,
results showed that children with larger negative LRP peaks, indexing more efficient or
mature correct-response preparation, experienced smaller Stroop effects in Accuracy (r =
.23, p <.05). Further, children with shorter latencies to negative LRP peaks, indexing
earlier transitions to correct response preparation, experienced smaller Stroop effects in
RTs (r=.33, p =.001). In addition, correlational analyses showed that larger P3b
amplitudes on incongruent ASST trials were associated with experiencing smaller HSST
Stroop effects in accuracy (» = -.22, p <.05). No other ERP variables were correlated
with performance in our sample.
Behavioral Results

Cool Stroop effects. Table 7 shows Stroop effects in accuracies and RTs on the

ASST, in monolinguals and bilinguals.
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Table 8. Cool Stroop effects by language group

Switch Costs

Accuracy RT

Mean (SD) Mean (SD)
Monolinguals 9 (.08) 127.95 (90.51)
Bilinguals .08 (.08)  137.45(133.82)

Note. N(monolinguals) = 61; N(bilinguals) = 51.

In order to investigate whether bilingualism confers an advantage on suppressing
interference, we conducted two separate one-way ANCOVAs to test for group
differences in Stroop effects on RT and Stroop effects in Accuracy, on the ASST.
Demographic, cognitive, and neural correlates of the dependent variable were included in
the model as covariates based on the correlational analyses previously described. A one-
way ANCOVA testing for group differences in Stroop effects in RTs, with Age and SES
included as covariates based on preliminary analyses, showed no difference between
monolinguals and bilinguals. Similarly, a one-way ANCOVA testing for group
differences in Stroop effects in accuracy, with SES included as a covariate based on
preliminary analyses, showed no difference between monolinguals and bilinguals. Since
KBIT scores and PPVT scores were only available for a subset of participants, we
initially excluded these variables from the models, in order to have a larger sample size.
We then confirmed that the results were replicated in the smaller sample, by reanalyzing
the models in the smaller sample, with KBIT scores and PPVT scores included as

covariates based on correlational analyses.
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Hot Stroop effects. Table 8 shows Stroop effects in accuracies and speeds on the
HSST, in monolinguals and bilinguals.

Table 9. Hot Stroop effects by language group.

Stroop Effects (HSST)

Accuracy Speed

Mean (SD) Mean (SD)
Monolinguals 0.20 (0.13) 18.86 (8.04)
Bilinguals 0.18 (0.12) 17.04 (7.62)

Note. N (monolinguals) = 60; N (bilinguals) = 51. Stroop effects in accuracy
represent the proportion of correct to incorrect trials in the incongruent condition.
Stroop effects in speed represent the difference between number of trials completed
in the incongruent condition compared to in the congruent condition. Congruent and
incongruent conditions lasted 1 min.

In order to investigate whether bilingualism confers an advantage on suppressing
interference in the context of emotional stimuli and responses, two separate one-way
ANCOVAs were conducted to test for group differences in Stroop effects on speed, and
Stroop effects in accuracy, on the HSST. Demographic, cognitive, and neural correlates
of the dependent variable were included in the model as covariates based on the
correlational analyses previously described. A one-way ANOVA testing for group
differences in Stroop effects in accuracy, with no covariates included based on
preliminary analyses, showed no differences between monolinguals and bilinguals. A
one-way ANCOVA testing for group differences in Stroop effects in speed, with Age
included as a covariate based on preliminary analyses, showed no differences between
monolinguals and bilinguals. Since KBIT scores and PPVT scores were only available
for a subset of participants, we initially excluded these variables from the models, in

order to have a larger sample size. We then confirmed that the results were replicated in
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the smaller sample, by reanalyzing the models in the smaller sample, with KBIT scores
and PPVT scores included as covariates based on correlational analyses.

ERP Results

Table 10 and Table 11 show descriptive statistics for stimulus-locked ERP components:
N2, P3b, and ERN.

Table 10. Amplitudes of stimulus-locked ERP components by language group.

Amplitudes

N2 Cong N2 Incong P3b Cong P3b Incong ERN

Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)

Monolinguals -9.31(6.98) -11.00 (6.88) 18.70 (12.38) 19.05 (11.41) -5.33 (4.34)
Bilinguals 911 (531) -883(571) 20.84(8.71) 22.04(8.83) -5.68 (8.25)

Note. Amplitudes are given in microvolts. Amplitudes for N2 and P3b compnents were separately
derived from accurate congruent and incongruent trials of the Animal Size Stroop Task. ERNs were
derived from error-trials across congruent and incongruent conditions.

Table 11. Latencies of stimulus-locked ERP components by language group.

Latencies

N2 Cong N2 Incong P3b Cong P3b Incong ERN

Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)

Monolinguals 387.12 (60.27) 392.73 (50.38) 549.82 (61.30) 559.16 (52.10) -20.59 (43.94)
Bilinguals 386.15 (50.93) 386.64 (56.52) 542.29 (57.69) 573.24 (53.72) -17.41 (47.05)

Note. Latencies are given in milliseconds. Latencies for N2 and P3b compnents were separately derived
from accurate congruent and incongruent trials of the Animal Size Stroop Task. ERNs were derived from
error-trials across congruent and incongruent conditions.

N2 and P3b component. In order to test for the effects of language background
on N2 and P3b amplitudes and latencies-to-peak, we conducted a 2-way Language
Background (monolingual/bilingual) X Condition (congruent/incongruent) MANOVA,

with N2 and P3b peak amplitudes and latencies-to-peak included as dependent variables.



Results showed no significant differences between bilinguals and monolinguals on N2
and P3b peak amplitudes or latencies-to-peak.

In the subset of participants that had PPVT and KBIT scores, a similar 3-way
repeated-measures MANCOVA was tested, with the addition of PPVT and KBIT
included in the model as covariates. Again, in the restricted sample, results showed no
significant differences between bilinguals and monolinguals on N2 and P3b peak
amplitudes or latencies-to-peak.

ERN Component. To test for any effects of language background on ERN
amplitudes and latencies-to-peak, we conducted a one-way MANOVA with Language
Background (monolinguals/bilinguals) included as a fixed factor, and ERN peak
amplitudes and latencies-to-peak as the dependent variables. Based on results of
preliminary analyses, no covariates were included in the model. Results showed no
differences in ERN amplitudes between monolinguals and bilinguals.

LRP Component. Figure 5 shows the averaged LRP for the total sample, along

with time windows for significant positive and negative deflections.
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Figure 5. Stimulus-locked Lateralized Readiness Potential (LRP) event-related potential in
the overall sample. The x-axis represents time in milliseconds. Stimulus is presented at time
= 0. The y-axis represents scalp-level electrical signals in microvolts. Solid black lines
represent the time window within which positive and negative waves are significantly
different from 0. The early positive going wave represents incorrect response preparation,
and the later negative going wave represents correct response preparation. All LRP
segments included here were correct responses.

Using a similar method, we tested for meaningful LRPs separately in the two
language groups. Interestingly, monolinguals did not show significant positive
deflections. That is, when responding correctly to Stroop trials, monolinguals did not
elicit a meaningful index of incorrect response preparation. In monolinguals, negative
deflections occurred between 474 ms and 714 ms after stimulus presentation. In
bilinguals, positive deflections occurred between 162 ms to 268 ms after stimulus

presentation, and negative deflections occurred between 570 ms to 650 ms after stimulus



presentation. Figure 6 shows LRPs for monolingual and bilingual children, along with

time windows where positive and negative deflections were significant for each group.
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Figure 6. Stimulus-locked Lateralized Readiness Potential (LRP) event-related potential in
monolinguals and bilinguals. The x-axis represents time in milliseconds. Stimulus is

presented at time = 0. The y-axis represents scalp-level electrical signals in microvolts. Solid

black lines represent the time window within which positive and negative waves are
significantly different from 0. The early positive going wave represents incorrect response

preparation, and the later negative going wave represents correct response preparation. All
LRP segments included here were correct responses. Peak amplitudes and latencies to peak

do not differ significantly between groups.

Four features of the LRP waveform were of interest here:

1) Positive peak amplitudes, measuring peak incorrect response-preparation signal

after stimulus presentation.

2) Latencies-to-positive-peak, measuring the time elapsed between stimulus

presentation, and when incorrect response-preparation signal peaks.
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3) Negative peak amplitudes, measuring peak correct response-preparation signal

after stimulus presentation.

4) Latencies-to-negative-peak, measuring the time elapsed between stimulus

presentation, and when correct response-preparation signal peaks.
Table 12 shows amplitudes and latencies for positive and negative LRP peaks, in

monolinguals and bilinguals.

Table 12. Amplitudes and latencies of response-locked Lateralized Readiness Potentials
(LRPs) in monolinguals and bilinguals

Lateralized Readiness Potentials

Positive Amp Positive Lat Negative Amp Negative Lat
Monolinguals 2.08 (3.96) 227.83 (47.92) -4.09 (5.47) 615.21(93.54)

Bilinguals 330 (5.12) 223.24 (53.77) -4.01(584) 624.71(91.56)

Note. Amp = Peak amplitude. Lat = Latency-to-peak. LRP amplitudes and latencies were
derived from accurate incongruent trials of the Animal Size Stroop Task. Raw LRPs were
smoothed using a moving average of 150 ms. Amplitudes are given in microvolts and
latencies are given in milliseconds from the time of response.

In order to test for the effects of language background on the LRP variables of
interest, we conducted a two-way Language Background (monolingual/bilingual) X
Response Preparation Stage (correct/incorrect) repeated-measures MANCOVA, with
LRP amplitudes and latencies-to-peak included as dependent variables. Results showed
no differences between monolinguals and bilinguals on the LRP variables of interest.
Differences in Patterns between Monolinguals and Bilinguals

In order to test for any group differences in the patterns of association between
variables, we conducted a series of backward stepwise regression analyses. Regression

models tested for any group differences in associations between background and
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cognitive variables, and cool and hot interference control. Age, SES, PPVT scores, and
KBIT scores were included as predictors, along with Language Background, and
interaction terms between language background and each variable (e.g. Language
Background X Age). The best fitting regression models were determined through
backward elimination of variables that did not fall within a 10% confidence interval.
Separate models were tested for each performance variable of interest.

Cool Stroop effects. In the cool, more purely cognitive ASST, results showed a
main effect of PPVT scores (5 = -.42, p =.001), and interaction effects between language
background and KBIT scores (ff = -.25, p <.05), in predicting ASST Stroop effects in
accuracy. All additional predictors were excluded from the final model (R’ = .24, F (2,
59) =8.735, p <.001). Results also showed a main effect of PPVT scores (f =-3.67, p <
.01), and interaction effects between language background and KBIT scores (5 = -.49, p
<.05) and language background and PPVT scores (5 = .47, p <.05) in predicting ASST
Stroop effects in RTs. All other variables were excluded from the model (R’ = .17, F (3,
59)=3.743, p <.05).

Hot Stroop effects. In the hot, more affective contexts, results showed a main
effect of KBIT (8 =-.343, p <.01), and no interaction effects between demographic and
cognitive variables, and language background, on HSST Stroop effects in accuracy. All
other variables were excluded from the model (R° = .12, F (1, 58) = 7.61, p < .01).
Further, there was a main effect of KBIT scores (5 = .88, p < .01) and interaction effects
between language background and KBIT scores (8 = -1.38, p <.01), and language

background and Age (f = .99, p <.01), on predicting HSST Stroop effects in speed.
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There was also a non-significant trend towards interaction effects between language

background and SES, in predicting HSST Stroop effects in speed (p = .06). All other

variables were excluded from the model (R” = .20, F (5, 58) = 2.63, p <.05).
Discussion

The current study compared 6—8-year-old monolingual and bilingual children’s
interference control skills in cool, more purely cognitive and hot, more affective contexts,
along with the underlying neural mechanisms, and demographic and cognitive correlates
of these skills. In both cool and hot contexts, bilinguals and monolinguals experienced
equivalent Stroop effects, indicating similar abilities to control and respond to stimulus
interference. In addition, bilinguals and monolinguals showed similar
electrophysiological mechanisms of inhibition, monitoring, error-processing, and motor-
response planning, indexed by N2, P3b, ERN, and LRP ERP components respectively.
Similar to Bryce et al. (2011), the ASST elicited N2, P3b, and LRP waveforms in our
sample. In addition, the ASST also elicited ERNs on incorrect responses. Correlations
between demographic and cognitive variables, and behavioral and neural measures
revealed interesting group differences in the associations between these factors.

Our results reveal interesting patterns about the relationship between behavior,
and neural mechanisms relevant for inhibition skills, in the overall sample of school-aged
children. First, larger LRP peaks, indexing correct response preparation, were associated
with smaller Stroop effects in RTs. This finding reinforces the role of response
preparation and inhibition in Stroop tasks, which are traditionally thought to measure

interference suppression. In addition, N2 amplitudes and latencies, indexing cognitive
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aspects of inhibition, were not associated with behavior on the task. This is consistent
with previous indications of motor-response conflict in Stroop tasks (Szucs, Soltész, &
White, 2009). Second, shorter latencies to correct response preparation peaks were
associated with better, but not faster, Stroop interference control. This again suggests that
successful interference control is partly a function of efficiency in response preparation
processes.

Overall, there were no behavioral differences between monolinguals and
bilinguals, and neural differences were limited to incorrect response preparation
mechanisms. However, a number of differences emerged between groups in the
associations between demographic and cognitive variables, and interference control. In
the cool context, receptive vocabulary and non-verbal intelligence were differentially
associated with Stroop effects in the two groups. In bilingual children, higher non-verbal
intelligence predicted greater gains in interference control, but receptive vocabulary
predicted smaller gains in interference control, compared to monolinguals. In the hot
context, Age, non-verbal intelligence, and SES were differentially associated with
interference control in the two groups. In bilinguals, older ages and higher SES predicted
lower interference control, but greater non-verbal intelligence predicted greater gains in
interference control, compared to in monolinguals. These results may suggest that
emotional stimuli were more salient to older children compared to younger children
within our age range. Given that in the overall sample, age was specifically correlated
with Stroop interference in accuracies but not in RTs in the cool task, this suggests that

bilingual children were making speed-accuracy tradeoffs in favor of accuracy on the hot,
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or more emotionally-salient task. A previous study in 4—6 year olds and adults found that
interference control on the HSST is more demanding in terms of response times, even
compared to variant tasks utilizing the same emotional stimuli (Ikeda, Okuzumi, &
Kokubun, 2014). Authors concluded that the increased demand stems from emotional
stimuli combined with emotional responses

In contrast to the one previous examination of neural measures in monolingual
and bilingual children (Barac et al., 2016), we did not find direct differences in neural
function in bilingual children. Specifically, we found no difference in N2, P3b, ERN, or
LRP amplitudes and latencies, whereas Barac et al. reported larger P300 amplitudes and
shorter N2 and P300 latencies in bilinguals. However, Barac et al. studied a slightly
younger age group (5 year olds) and examined inhibition skills using a Go/No-Go task, in
contrast to our Stroop interference task, which may partly explain the difference. Barac et
al. also reported behavioral bilingual advantages in 5 year olds, which were absent in our
findings. Consistent with some recent examinations of inhibition in bilinguals, we did not
find behavioral differences in executive function skills between groups. Bilingual and
monolingual children performed equivalently on measures of cool and hot interference
control. This extends previous findings by adding to the evidence-base showing the lack
of a bilingual advantage, in a controversial body of literature. This study also finds no
differences between groups in a more emotionally relevant context, and along with Study
1 of the dissertation research, is the first to compare both cool and hot executive function
skills between monolinguals and bilinguals.

One possibility worth systematically examining in the future is whether
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behavioral or neural differences are most likely to appear in the preschool years, when
executive function skills are still emergent. By 68 years old, executive function skills
and mechanisms may have leveled off in the two groups, particularly in children from
high SES backgrounds, as in the current study. This interpretation is in line with lifespan
findings of bilingual advantages in early childhood and older adulthood, but not during
peak cognitive ability in college-aged and other adult participants (Bialystok & Martin,
2005; Bialystok, 2009; Bialystok, 2011). Previous reports of bilingual advantages in
Stroop interference have also been in younger preschool-age samples. Overall, carefully
selecting narrow age ranges, and comparing across age ranges using the same task are
important next steps to examine potential bilingual advantages.

By examining the correlates of cool and hot interference control, this study
extends previous work comparing monolingual and bilingual executive function, which
has traditionally focused on whether or not bilingual children show an advantage in task
performance, and focused on more purely cognitive contexts. Our results indicate that we
may need to more carefully consider the effects of developmental timing when
comparing monolingual and bilingual EF, as the age-related gains in these skills may
differ between groups. Further, while non-verbal intelligence, receptive vocabulary, and
SES skills have been associated with EF skills, the specific EF skills that are sensitive to
these variables may differ between groups. In order to better understand the nuances of
bilingual EF development, future research comparing monolinguals and bilinguals should
also emphasize any differences in correlates in the monolingual and bilingual children.

Lastly, our results show that the contexts in which children utilize EF matters, and
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that more purely cognitive, and more affectively relevant contexts should be
distinguished. Previous work has emphasized the difference in behavioral and neural
correlates, between when children engage cool and hot EF skills (Zelazo & Mueller,
2002; Happeney et al., 2004, Zelazo and Carlson, 2012; Tarullo, Nayak, St. John &
Doan, 2015). Our results extend these findings by showing the increased salience of
emotional stimuli in older relative to younger children, and increased relevance of neural
updating and monitoring processes, in the context of emotional stimuli compared to non-
emotional stimuli. Our study was also the first to compare monolingual and bilingual
children on both cool and hot interference control skills, and found differences in the
demographic and cognitive correlates of cool and hot inhibitory control between groups,
indicating that the two EF systems may be developmentally sensitive to different
variables.

There were a few limitations in the current study that should be addressed in
future work. The task used to measure hot interference control processes involved verbal
responses, whereas the task used to measure cool interference control involved button
press responses, and was entirely non-verbal. We cannot rule out that hot inhibitory
control performance would have been different using a non-verbal task. However, given
that the verbal aspect of the task involved saying two simple English words, and that the
groups performed equivalently even though bilinguals in our sample had lower receptive
vocabulary, we do not think the verbal aspect of the task had a large role to play in
inhibitory control. Future studies should carefully manipulate cool and hot contexts using

non-verbal and verbal tasks to address this gap.
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Taken together, the results of this study add to the growing body of literature that
shows the absence of bilingual advantages in school-aged children. Further, our results
emphasize the importance of understanding developmental and neurocognitive correlates
of bilingual EF development, and of creating a developmental evidence base specific to
bilingual children, as exists in monolingual children. As future research begins to explore
neural mechanisms of bilingual executive function, it will be particularly important to

move beyond a model where monolingual brains are the default brains.
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COGNITIVE FLEXIBILTY IN BILINGUAL AND MONOLINGUAL SCHOOL-
AGED CHILDREN: ATTENTIONAL ORIENTING TO SWITCHES IN
LINGUISTIC AND NON-LINGUISTIC STIMULI
EF skills consist of distinct yet interrelated core areas including inhibition,

cognitive flexibility, and working memory skills (Miyake et al., 2000). While most
studies comparing monolinguals and bilinguals on executive function have examined
inhibitory control, bilingual advantages also appear in cognitive flexibility skills, in both
children (Bialystok & Barac, 2012; Carlson & Meltzoff, 2008) and adults (Prior &
MacWhinney, 2010; Merzecova et al., 2013). Cognitive flexibility refers to the ability to
flexibly shift between mental sets (reviewed in Barac, Bialystok, Castro, & Sanchez,
2014), and is often measured by “switch costs” incurred when switching from one task or
mental set, to another.

Switching tasks typically consist of two possible goals or mental sets that are
presented in mixed or single-task blocks, and participants are cued as to when they
should switch between the two tasks, goals, or mental sets. For example, participants may
be asked to sort images by colors, or by shape, depending on a cue. Switching tasks yield
local switch costs (sometimes referred to as specific switch costs), and global switch
costs (sometimes referred to as general switch costs). Local switch costs refer to the
difference in performance between switch and repeat trials in mixed blocks of tasks,
whereas global switch costs refer to the difference in performance between mixed blocks
of tasks compared to single-task blocks. Previous studies have found bilingual advantages

in global switch costs in children (reviewed in Barac et al., 2014). Global switch costs
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index difficulty maintaining and manipulating two different task sets, compared to when
only one mental set is activated. Local switch costs index the executive functions
associated with switching between sets (Reimer & Maylor, 2005).

Developmental studies show a U-shaped curve for cognitive flexibility skills,
which improve with age till about 18 years, after which they begin to decline through the
lifespan (Reimer & Maylor, 2005). Given bilingualism’s cumulative effects on neural
function (Buchweitz & Prat, 2013; Costa & Sebastian-Gallés, 2014; Grady, Luk, Craik,
& Bialystok, 2015; Klein, Mok, Chen, & Watkins, 2014; Kovelman, Baker, & Petitto,
2008; Stocco & Prat, 2014), it is important to understand bilingual advantages in
cognitive flexibility at a range of ages, and how this may relate to neural correlates of
flexible shifting abilities. Studies in monolingual adults have shown that switching tasks
such as the Wisconsin Card Sort Task (WCST) elicit P3b or P3b-like waveforms
(Barceld & Rubia, 1998; Francisco Barceld, Munoz-Céspedes, Pozo, & Rubia, 2000;
Mestrovi¢, Palmovié, Boji¢, Treselj, & Nevajda, 2012). In a study comparing bilingual
and monolingual adults, Garbin et al. (2010) found that bilinguals showed reduced switch
costs compared to monolinguals, but activated brain areas associated with language
control during the task. These findings suggest that regular language control and dual-
language management processes confer advantages onto cognitive flexibility in non-
linguistic domains, and echoes other studies showing that language control and EF
processes are related in bilinguals (e.g. Calabria, Hernandez, Branzi, & Costa, 2012).

The literature exploring bilingual advantages in cognitive flexibility traditionally

measures switch costs incurred during non-linguistic switching tasks. In these tasks, the
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relevant goals of the task switch back and forth between two options, for example,
switching between sorting images by color or by shape (Carlson & Meltzoft, 2008;
Bialystok & Barac, 2012). One exception to this is Marzecova et al.’s (2013) “temporal
orienting task,” in which the goals of the task stayed constant, but participants were
required to flexibly orient to long or short durations of time elapsed between trials. The
study found bilingual adults were better at the task than monolinguals, indicating that
bilingual advantages extend beyond flexible switching between task goals, to flexible
orienting to features of the task environment, such as inter-trial interval. Overall, findings
about bilingual cognitive flexibility are inconclusive, with mixed findings of local and
global switch costs reported in both children and adults (Hernandez et al. 2010; Bialystok
& Viswanathan, 2009; Bialystok, Craik, & Ryan, 2006; Prior & Macwhinney, 2010;
Bialystok & Barac, 2012; Wiseheart, Viswanathan, & Bialystok, 2016). This pattern is
applicable to rapid task switching in bilingual children compared to monolinguals.
However, it is currently unclear whether bilingual children show enhanced cognitive
flexibility in terms of orienting to task features, as in Merzecova et al.’s findings with
bilingual adults. Understanding flexibly orienting in addition to flexible task switching
can shed light on a potentially different set of attention, learning, and working memory
processes involved in cognitive flexibility.

Previous studies comparing cognitive flexibility in bilinguals and monolinguals
have focused on switching in non-linguistic contexts (Hernandez et al. 2010; Bialystok &
Viswanathan, 2009; Bialystok, Craik, & Ryan, 2006, Bialystok & Barac, 2012;

Wiseheart, Viswanathan, & Bialystok, 2016). Studies of bilingual language switching
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have also been conducted to measure linguistic task switching (Abutalebi & Green, 2008;
Bobb & Wodniecka, 2013; Guo, Liu, Misra, & Kroll, 2011). However, due to the central
role of language switching in the tasks utilized, such studies cannot include monolinguals
as they speak only one language and, consequently, cannot compare bilinguals and
monolinguals. Therefore, studies of bilingual language switching are not further
discussed here. A gap in this literature is the lack of studies examining non-linguistic
switching abilities in linguistically salient task contexts. Based on their additional
practice with managing two languages, bilingual learning, attention, and memory
processes in linguistically salient contexts may be different from those of monolinguals.
For example, bilinguals show stronger neural activation in EF areas during syntactic and
semantic processes (Kovelman, Baker & Petitto, 2008b; Kovelman et al., 2008),
suggesting stronger relationships between executive processing and language processing
in bilinguals compared to monolinguals. Further, at different stages of childhood, these
bilinguals outperform monolingual children at a host of language acquisition skills such
as word recognition (Vihman et al., 2007), phonological awareness (Yeong & Liow,
2012), and reading development (Kovelman, Baker & Petitto, 2008a), suggesting
increased language awareness. Therefore it is important to investigate EF skills such as
cognitive flexibility in linguistic contexts during development, and within different types
of bilingual populations.

Behavioral and neural measures utilized in the current dissertation research lend
themselves to studying cognitive flexibility in both a non-linguistic and linguistic context,

within a sample of bilingual and monolingual school-aged children. Study 2 of this
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dissertation research examined Stroop effects in bilingual and monolingual children in a
non-linguistic context, using Bryce et al.’s (2011) version of the Animal Size Stroop Task
(ASST). In this task, children were presented with images of big and small animals and
were asked to rapidly indicate which animal was bigger in real life. The relative sizes of
the animal images were either congruent or incongruent with the relative sizes of the
animals in real life. Study 4 of this dissertation examines word-object mapping in
bilingual and monolingual children. The exposure phase of the word-object mapping task
in Study 4 functioned as a task in itself, and is the focus of the present study. The
exposure phase took the form of a novel task called the Fruit Attention Task (FAT). In
this task, children are presented with an image of a fruit at the center of the screen,
accompanied by serially presented labels for the image, in a familiar and unfamiliar real
language. After a short visual presentation, children are asked the location of either the
familiar or unfamiliar fruit label from memory, based on a cue. In the FAT, children were
presented with images of common fruits, accompanied by the real Hindi (unfamiliar) and
English (familiar) label for the fruit, and were then cued to respond to the on-screen
position of the English or Hindi word. Both study designs included pseudorandom
counterbalancing of stimuli features in terms of varying the on-screen position of stimuli
in an unpredictable order.

Taken together, the ASST and FAT presented an excellent opportunity to examine
whether bilinguals showed any advantages in switch costs in non-linguistic and linguistic
contexts, and whether there were any interactions between language group and task

context. Specifically, the tasks provide an opportunity to measure local switch costs
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incurred when children are confronted with multiple unpredictable changes in task
features. In this case, the task feature being manipulated is the on-screen positions of
stimuli. Similarly to Merzecova et al.’s study of “temporal orienting” in adults, our tasks
provide a measure of un-cued “endogenous orienting.” Endogenous orienting, a term
used in visual attention literature, traditionally refers to the voluntary and goal-oriented
focus of visual attention on a stimulus (Berger, Henik, & Rafal, 2005; Chica, Bartolomeo,
& Lupianez, 2013; Hopfinger & West, 2006; Rohenkohl, Coull, & Nobre, 2011; Rosen et
al., 1999). In both the ASST and FAT, the goals for orienting are implicit and remain
constant, and the goal for succeeding at the task also remains constant. For example, in
the ASST, the goal for succeeding is to attend to the relative sizes of the animals, and in
the FAT, the goal for succeeding is to attend to lexical information in the target language.
Understanding endogenous orienting in both non-linguistic and linguistic contexts can
give provide insights into attention and cognitive flexibility in bilingual and monolingual
children, and into any interactions between bilingualism, cognitive flexibility, and the
presence of linguistic information.
The Current Study

In the current study, we examined cognitive flexibility in bilingual and
monolingual school-aged children, derived from two pre-existing measures: ASST,
which provided a non-linguistic context, and the FAT, which provided a linguistic
context. In both cases, we focused on local switch costs within the mixed blocks of each
task. In Study 2 of the dissertation research, we compared one aspect of EF skills, namely

inhibitory control, between bilingual and monolingual school-aged children, and explored
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demographic, cognitive, and neural correlates in both groups. In the current study, we
build upon this by studying another distinct but related component of EF, namely
cognitive flexibility in the same sample of bilingual and monolingual school-aged
children. Due to the availability of demographic, cognitive, and neural measures for the
sample, we were able to examine cognitive flexibility in a non-linguistic and linguistic
context more holistically, considering its correlates. We focused here on local switch
costs, yielded by the ASST and FAT, indexing the flexible use of voluntary and goal-
oriented visual attention, or endogenous orienting. Further, we explored relationships
between switch costs in non-linguistic and linguistic contexts, and cognitive,
demographic, and neural factors in monolingual and bilingual children.

The same unpredictable order was presented to all participants, while tasks
differed in total number of trials, both tasks included an equal proportion of switch to
repeat trials (1:1). That is, in both tasks, half the trials presented stimuli in the same
relative positions as the previous trial (repeat trials), and the other half of the trials
presented stimuli in the opposite spatial orientation as the previous trial (switch trials). In
the ASST, stimuli being switched were the “bigger” and “smaller” animal images,
whereas for the FAT, stimuli being switched were familiar and unfamiliar word labels for
fruits. Demographic, cognitive, and EEG data were collected from children in the sample.
The primary aim of the current study was to understand bilingual and monolingual
school-aged children’s cognitive flexibility in both non-linguistic and linguistic contexts.
A second aim of the current study was to extend previous research on bilingual

advantages in cognitive flexibility by studying flexible orienting to task features.
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Methods

Participants
The participant sample for the current study was the same as Study 2.
Procedures
The procedures in the current study were the same as Study 2.
Measures

Animal Size Stroop Task (ASST). The ASST is more fully described in Study 2.
In addition to the Stroop Effect variables described and analyzed in Study 2, the ASST
yielded two switch cost variables, indexing flexible endogenous orientation of visual
attention in a non-linguistic context. In the case of the ASST, stimuli were visual, and
non-linguistic in nature. Switch costs were calculated as follows:
a) Switch cost [RT] = (RT on accurate switch trials) — (RT on accurate repeat trials)
b) Switch cost [Accuracy] = (Accuracy on repeat trials) — (Accuracy on switch trials)

“Linguistic” switch costs: Fruit Attention Task. The Fruit Attention Task
(FAT) is a novel task created for the present dissertation research (Nayak, Mittone, Salem
& Tarullo, 2016). The task functions as the exposure phase for a word-object mapping
task involving word labels in an unfamiliar real language. The word-object mapping
portion of the task is reported and discussed in detail in Study 4. In the FAT, children
were presented with an image of a common fruit (e.g. banana), along with an auditory-
visual presentation of its English label (e.g. “banana”) for 2000 ms. Presentation of the
English label appeared on either the left or right of the image (counterbalanced), with the

Hindi label appearing for 2000 ms on the opposite side of the image. A voice then asked
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one of the following questions (counterbalanced): “Where was the English word?,” or
“Where was the Hindi word?” Two boxes then appeared containing question marks. The
boxes appeared where the fruit labels had been presented, and children responded with a
left or right button press to indicate a response. If there was no response, the trial timed
out after 3 seconds, and the next trial began. Participants completed a total of 12 practice

trials and 48 test trials. Figure 7 illustrates a single trial of the FAT.

Stimulus sequence
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Figure 7. Design of a single trial of the Fruit Attention Task (FAT). Fixation cross is
presented, followed by a fruit image accompanied its Hindi/English (counterbalanced) label.
After an interval, the corresponding English/Hindi (counterbalanced) label is presented.
Once both labels have been presented, the cue “English” or “Hindi” is presented, and the
auditory cue “Where was the [English/Hindi] word?” is presented simultaneously.
Responses are made via button press, to indicate the position of the word label cued on a
given trial.

The FAT yielded the following variable of interest:
“Linguistic” switch costs, indexing flexible endogenous orienting skills in a linguistic
context. Trials were classified as repeat trials if the English and Hindi fruit labels

appeared on the same side as the preceding trial, and as switch trials if the labels
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appeared on the opposite sides of the preceding trial. In total there were 24 switch and 24
repeat trials, of the 48 total trials. The FAT specifically yielded local switch costs, and
provided a measure of flexible endogenous orienting of visual attention to linguistic
stimuli. FAT stimuli were auditory-visual and linguistic (lexical) in nature. Switch costs
were calculated as follows:
a) Switch cost [RT] = (RT on accurate switch trials) — (RT on accurate repeat trials)
b) Switch cost [Accuracy] = (Accuracy on repeat trials) — (Accuracy on switch trials)

ERP variables. In addition to the measures detailed above, the current study
analyzes ERP variables detailed in Study 2. Specifically, ERP variables of interest from
Study 2 include N2, P3b, and ERN amplitudes and latencies derived from the ASST.
Preliminary Analyses

In order to test whether variables met the assumptions of normality, skew and
kurtosis were analyzed for each demographic, cognitive, behavioral, and neural variable
of interest. Along with the behavioral variables of interest discussed, demographic
variables included Age and SES, cognitive variables included PPVT and KBIT scores,
and neural variables included peak amplitudes and latencies-to-peak for N2 and P3b ERP
components. Outliers were winsorized if they fell outside the range of +/-3 SDs from the
mean. After the data cleaning process, all variables of interest showed skew and kurtosis

within the acceptable range, and met the assumptions of normality.
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Results
Preliminary Results

Correlations between demographic and cognitive variables, and
performance. Bivariate correlations were analyzed in order to test for potential
covariates of switch costs, and to understand associations between demographic and
cognitive variables, and switch costs on the ASST and FAT. Demographic variables
included Age and SES, and cognitive variables included TPVT and KBIT scores.
Performance variables included switch costs in RTs and accuracies on the ASST and
FAT. No demographic or cognitive variables were correlated with switch costs on the
ASST or FAT, and were therefore not included in subsequent analyses.

Correlations between ERP variables and performance. Bivariate correlations
were analyzed in order to understand associations between ERP variables on the ASST,
and performance variables on the ASST and FAT. ERP variables analyzed included N2
and P3b amplitudes and latencies, indexing inhibition, and context updating and
monitoring mechanisms, respectively. Results showed that longer P3b latencies elicited
during congruent (baseline) trials were associated with smaller ASST switch costs in RTs
in our sample (» = -.27, p <.05). Based on the correlation between neural mechanisms of
context updating and monitoring, indexed by P3b latencies, and ASST switch costs in
RTs, subsequent models involving ASST switch costs included P3b latencies as potential
predictors. That is, we statistically measured effects of the main predictors of interest

(e.g. language background) over and above the effects of neural processing.
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Behavioral Results
Switch costs in a non-linguistic context (ASST). Descriptive statistics for ASST
switch costs in monolinguals and bilinguals can be found in Table 13.

Table 13. Non-linguistic local switch costs in accuracy and RTs by language group

Local Switch Costs (ASST)

Accuracies RTs
Mean (SD) Mean (SD)
Monolinguals 0.05 (0.04) 11.26 (61.21)
Bilinguals 0.04 (0.04) 11.83 (66.70)

Note. N (monolinguals) = 61; N (bilinguals) = 50. Local switch costs
represent differences between switch and repeat trials on the ASST.

In order to investigate whether the ASST elicited switch costs in accuracy and
RTs, one-sample t-tests were conducted on ASST switch costs in RTs and ASST switch
costs in accuracies. Results showed the ASST elicited switch costs in accuracies but not
in RTs (stats). However, there was a non-significant trend towards switch costs in RTs (p
=.06). Based on the trend in the overall sample, further analyses included both ASST
switch costs in accuracies, and ASST switch costs in RTs, however any results involving
the latter should be interpreted with caution.

In order to test whether bilingualism confers an advantage on cognitive flexibility
in a non-linguistic context, group differences were tested in ASST switch costs in
accuracy. One way ANOVAs were conducted, with ASST switch costs in accuracies as
the dependent variable, and language background as the independent variable. Based on
preliminary analyses, no covariates were included in the model analyzing ASST switch

costs in accuracies, whereas P3b latencies on baseline ASST trials were included as a
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covariate in the model analyzing ASST switch costs in RTs. Results showed that
bilinguals and monolinguals experienced equivalent switch costs in both accuracies and
RTs, in the context of non-linguistic visual stimuli.

Switch costs in a linguistic context (FAT). In order to investigate whether the
novel FAT task elicited switch costs in accuracy and RTs, one-sample t-tests were
conducted on FAT switch costs in RTs and FAT switch costs in accuracies. Results
showed that neither type of switch costs were elicited by the task. Therefore, further
analyses were not conducted on FAT switch costs, and these variables were found to not
measure cognitive flexibility.

Differences in Patterns between Monolinguals and Bilinguals

In order to test for any group differences in the patterns of associations between
switch costs and demographic and cognitive variables, we regressed ASST switch costs
in Accuracy onto Age, SES, PPVT scores and KBIT scores, along with Language
Background, and interaction terms between language background and each variable (e.g.
Language Background X Age). Due to the trend seen towards ASST switch costs in RTs,
we also conducted a parallel regression with ASST switch costs in RTs as the dependent
variable. Both regression models used a backward stepwise design, wherein the best
fitting regression models were determined through backward elimination of variables that
did not fall within a 10% confidence interval. Results showed no significant main effects
or interaction effects of demographic and cognitive variables, and language background,

on ASST switch costs in accuracies and RTs.
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Discussion

The current study examined cognitive flexibility within a non-linguistic and
linguistic context in monolingual and bilingual school-aged children. The study also
considered demographic, cognitive, and neural correlates of cognitive flexibility, and any
differences in these associations between the two groups. Here, cognitive flexibility was
measured by the ability to flexibly orient attention to target stimuli, as their positions
change on-screen in an unpredictable manner. This “endogenous orienting,” or voluntary
and goal-directed attentional orienting was captured by measuring switch costs between
switch and repeat trials on the tasks. Results showed that the non-linguistic task elicited
significant switch costs in accuracy, and that monolingual and bilingual children
experienced these equally. Further, switch costs in a non-linguistic context were not
associated with Age, SES, receptive vocabulary, or non-verbal intelligence, but were
associated with shorter P3b latencies, index efficient monitoring and context updating
processes. Lastly, the association between demographic and cognitive variables, and
switch costs, were equivalent in bilingual and monolingual children.

Two tasks were utilized in the current study: the ASST, which featured visual
stimuli, and provided the non-linguistic context, and the FAT, which featured written and
spoken language stimuli, and provided the linguistic context. In our sample, only the
ASST task elicited significant switch costs, and within these, significant switch costs
were experienced in terms of task accuracies, but not RTs. That is, children performed
less accurately on trials with switched positions of bigger and smaller animal images,

compared to repeated positions from the preceding trial. The ASST did elicit numerically
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smaller RTs on repeat trials compared to switch trials, and the task showed a non-
significant trend towards switch costs in RTs. That is, on accurate trials, children were
slowed down by the switched positions of bigger and smaller animal images, but this
slowing was not statistically significant.

Within the ASST, bilingual and monolingual children experienced equivalent
local switch costs, i.e. they experienced equivalent levels of interference in flexible
orienting on switch compared to repeat trials. Our tasks specifically measured local
switch costs, and our findings were consistent with previous research showing no
bilingual advantages in local switch costs in children (Bialystok & Barac, 2012;
Wiseheart et al., 2014; Bialystok & Viswanathan, 2009). Thus, we replicated previous
findings in local switch costs in non-linguistic contexts. Whereas previous studies have
examined fask switching, we examined the effect of attentional orienting as features of
stimuli were unpredictably switched. Therefore, our results show that bilingual and
monolingual school aged children are equally able to control their goal-directed
attentional orienting, and adjust to visual changes in the task environment.

Our results provide evidence that shifting features of stimuli (e.g. on-screen
position) during EF tasks, can incur switch costs in children even when not explicitly
related to task goals. This should be considered when utilizing counterbalancing methods
in executive function tasks with children. Our results suggest that switch costs are
incurred even within the same task, when the position of visual stimuli switches in an
unpredictable manner, and that these costs are equally experienced by bilingual and

monolingual school-aged children. Given that performance on the ASST required
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attending to the visual features of stimuli (children had to respond to “which animal was
bigger in real life,” by first considering the bigger and smaller animal images), we
speculate that the costs incurred in accuracy were related to visual attention and
conceptual demands incurred by switching the position of the bigger animal images.
Interestingly, switch costs in RTs were related to longer P3b congruent latencies,
suggesting that brain mechanisms for updating and monitoring were associated with rapid
attentional orienting. An important difference between the ASST and FAT was the
difference between the two stimuli presented on any trial, which may have contributed
the presence of switch costs in the former and not the latter. In the ASST, animal images
in any trial were visually contrasted in size (e.g. big and small images), whereas in the
FAT, they were only contrasted in terms of phonetic and orthographic familiarity.

In our sample, successful flexible attentional orienting to the changing task
environment was associated P3b ERP signals, particularly P3b latencies. This was
unsurprising given the visual elements of our stimuli, and the relevance of the P3b to
visual attention and context updating. For example, P3bs are elicited during switching /
shifting tasks such as the Wisconsin Card Sort Task in adults (Barceldé & Rubia, 1998;
Mestrovi¢ et al., 2012), and the DCCS in preschoolers (Study 1 of this dissertation). Our
results show that in school aged-children, local switch costs are incurred simply by
changing stimuli position on speeded tasks, even when switching is not directly related to
task goals, extend previous findings about P3bs in switching tasks to endogenous
orienting. It should be noted here that while endogenous orienting was maintain

performance on the task, we cannot completely rule out the role of “exogenous”



100

orienting, or involuntary orienting of attention to surprising or changing visual stimuli.

An important limitation of our study was that the novel task we used to measure
switch costs in the context of linguistic stimuli, did not elicit significant switch costs.
Therefore, questions of whether shifting and switching skills differ between bilinguals
and monolinguals in a linguistic context, whether they have differential correlates in the
two groups, and whether they are predicted by language mixing in the home, remain
unanswered. The FAT task did not elicit switch costs in task accuracies or RTs, in our
sample. We speculate that the absence of switch costs in endogenous orienting in the
FAT was because of the relative ease of the task. Since the FAT was designed to provide
exposure to fruit images and their labels, the lexical stimuli on switch and repeat trials
were presented for a fixed amount of time. Therefore, even the fastest responses occurred
after a full 4 seconds of exposure to the stimuli location. Once the target language was
cued (after stimulus exposure), children recalled the location from memory. Therefore, it
is possible that switch FAT trials provided more time to orient attention to the switched
location. This was in contrast with the ASST, where children aimed to respond as fast as
they could after stimulus exposure, and oriented their attention to the relevant stimuli
immediately in order to correctly respond to the trial. This may have enhanced the costs
incurred in performance. A second important difference between the ASST and the FAT
is the presence of auditory / verbal stimuli in the FAT, introducing an additional sensory
modality which may have bolstered attentional orienting on switch trials, leading to lower
switch costs.

Another limitation of our study was that the ASST and the FAT, originally
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designed to measure other aspects of cognition, did not allow us to measure general
switch costs, which have shown bilingual advantages in the past (e.g. Bialystok & Barac,
2012; Bialystok & Viswanathan, 2009). Global switch costs measure the cost incurred by
mixing mental sets of information, compared to holding a single set of information in
working memory (Reimers & Maylor, 2005). By examining local switch costs, our study
compared monolingual and bilingual performance when higher levels of attention are
required overall, to orient to changes in visual stimuli. It is possible that previously found
bilingual advantages in global switch costs in children extended to attentional orienting ,
and this can be measured by separately measuring performance on blocks pertaining to
each stimuli feature, and comparing this to a mixed block such as in the current task.
Future studies on bilingual advantages in cognitive flexibility should consider the
distinction between switch tasks that require rapid and flexible attentional orienting,
versus tasks that require activating mental sets and applying a rule, such as in task
switches.

Overall, the current study reaffirms previous findings that bilinguals do not show
advantages in local switch costs, in this case indexing the EF skills involved in effective
attentional orienting despite interference from switch trials. Further, we find that
endogenous attentional orienting skills in 6 — 8 year olds are not sensitive to demographic
and cognitive variables commonly associated with EF skills, but rather are associated
with individual variation in neural mechanisms of context updating and monitoring.
These results advance our understanding of visual attentional orienting in school-aged

children, and of the constraints of bilingual advantages in cognitive flexibility.
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FURTHER EXPLORATIONS: LANGUAGE LEARNING AND LANGUAGE
MIXING IN BILINGUAL AND MONOLINGUAL CHILDREN

Research on how bilingualism shapes cognitive and neural function has largely
focused on executive function skills such as inhibitory control and cognitive flexibility.
Further, bilingual advantages are thought to stem from dual-language management
processes such as switching back and forth between languages, and inhibiting one
language while using the other. Therefore, there has been increased interest in examining
direct relationships between linguistic and non-linguistic inhibitory control and cognitive
flexibility, within bilinguals. Given significant disagreement and contradictions in the
literature, many researchers have called for an increased focus on mechanisms of the
bilingual advantages (see Valian, 2015 for discussion), and on trying to better understand
variations in bilingual experiences (e.g. Yow & Li, 2015; Prior & Gollan, 2011). This
section reviews relevant research in two areas that can help us expand our understanding
of bilingual advantages: word-object mapping, and relationships between home language
mixing and EF in non-linguistic contexts.
Word-Object Mapping in Monolinguals and Bilinguals

A number of studies have reported bilingual advantages in metalinguistic skills,
such as phonological, morphological, and syntactical awareness (reviewed in Barac,
Bialystok, Castro, & Sanchez, 2014). Conversely, bilingual children also show
disadvantages in metalinguistic skills, particularly in phonological awareness and word
retrieval (Dodd et al., 2008; Bialystok et al., 2003; Bialystok, 2009; Bialystok et al. 2010;

Festman et al., 2012). A small number of studies have shown that literacy in two
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languages may have benefits for learning additional languages (Swain et al., 1990; Cenoz
& Valencia, 1994; Sanz, 2000; Cenoz, 2003; Park, 2016).

Word learning is a fundamental aspect of language development, and involves
domain general processes such as learning and memory, as well as more specific
language-learning processes such as fast-mapping. Fast mapping refers to young
children’s ability to rapidly acquire the meanings of words from linguistic and non-
linguistic contexts surrounding the presentation of the word (Carey & Bartlett, 1978). By
adulthood, bilinguals show advantages in word learning (Bartolotti et al., 2011;
Kaushanskaya & Marian, 2009; Kan et al., 2014). Bartolotti et al. found bilingual
advantages in statistical learning of novel words compared to monolinguals, but only in
low level of interference from other natural or novel languages. When language
interference was high, better inhibitory control predicted word learning. This suggests
that bilingualism shapes word learning ability, and that the effects of bilingualism on
word learning are independent of its effects on inhibitory control. Further, Kaushanskaya
& Marian (2009) found bilingual advantages in learning phonologically unfamiliar novel
words in conjunction with their corresponding English translations.

The mechanisms of a bilingual advantage in word-learning in adults may stem
from overall differences in word-learning strategies between bilinguals and
monolinguals. Given that children growing up in a bilingual environment must readily
learn more than one word-label for each object and referent around them, differences in
word learning strategies may be adaptive for bilinguals. Indeed, from a young age,

bilingual and monolingual children differ in their word learning strategies, particularly in
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their use of the mutual exclusivity bias or strategy (Bialystok et al., 2010; Byers-Heinlein
& Werker, 2009; Verhagen et al., 2017; Yow et al., 2017; Graf Estes & Hay, 2015; Frank
& Poulin-Dubois, 2002). The mutual exclusivity bias refers to children’s preference to
assign new labels to objects that they don’t already know the label for, instead of to an
object with a known label (Markman & Wachtel, 1988; Merrimen et al., 1989). Bialystok
et al. found that bilingual 3 and 4.5 year olds do not show the mutual exclusivity bias for
word learning compared to monolinguals. In a recent study, Yow et al. (2017) replicated
this pattern, finding a bilingual (and trilingual) advantage in 4.5 years olds’ fast-mapping
of word-object associations, compared to monolinguals, when they were explicitly asked
to recall the correct word-object mapping. Similar patterns have been observed in infancy
(Houston-Price et al., 2010), 2—4 year olds (Verhagen, Grassmann, & Kiintay, 2017), and
6 year olds (Davidson et al., 1997). Building on behavioral findings, comparisons of
ERPs and pupil dilation between 2—3-year-old bilingual and monolingual children show
greater tolerance in bilingual children for a new and unfamiliar word-object mapping,
once a specific word-object association has been learnt (Kuipers & Thierry, 2013).
Importantly, Au & Glusman (1990) found that by 6 years, monolinguals and bilinguals
readily accept two labels for an object if they know the second label is from a new
language. However, again, when labels were from the same language, bilinguals did not
adhere to the mutual exclusivity strategy as often as monolinguals. It is currently
unknown whether these differences in word-object mapping strategies persist at later
stages of child development. In order to understand how bilingualism shapes early

cognitive development, it is important to investigate developmental trajectories of
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mapping strategies in bilinguals and monolinguals.

A bilingual advantage in word learning in adults may also partly be driven by
conscious and/or automatic attention to semantics during bilingual word learning.
Kaushanskaya & Rechtzigel (2012) found the bilingual advantage on learning novel
words to be stronger when novel words had concrete referents, such as helmet, rather than
abstract referents, such as virfue. The finding that bilinguals have a greater sensitivity to
semantic information in word learning is supported by the electrophysiological finding
that bilinguals access the meanings of real words before they access information about
the language membership of the word (Ng & Wicha, 2013). However, this result was
reversed in bilinguals who used their second languages with higher frequency, compared
to those who used their second languages with lower frequency. This suggests that
semantic salience is prone to the effects of bilingual variation in language use, and that
dual-language shapes word-learning strategies in bilinguals.

It is currently unclear whether bilingual advantages in word learning in adults
extend to children. Although word-learning and retention has been examined in bilingual
children (Kan, 2014; Kan & Kohnert, 2012), no published studies have directly compared
the levels of rapid word-object mapping between monolingual and bilingual children
exposed to an unfamiliar language. Relatedly, studies of fast mapping in children have
not measured longer-term retention and recall of any word-object associations. Questions
that remained to be answered include: Do bilinguals maintain different strategies for
word-object mapping throughout development? How might early experiences with

bilingualism in young children shape language learning in middle childhood?
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Word-object mapping tasks. A typical word-object mapping task consists of an
exposure phase, in which a novel word form is paired with a referent, and a probe phase,
in which the participant is asked to identify the object that corresponds to the new word
(Kan & Kohnert, 2008). The task may be embedded in a goal-directed activity, such as in
user-friendly computer activities (e.g. Alt & Plante, 2006). Word-object mapping tasks
usually either test “just-mapped” associations less than 5 minutes after exposure (Ellen
Bialystok & Martin, 2004; Kaushanskaya & Marian, 2009), or longer-term retention of
associations, more than 24 hours after exposure (Horst & Samuelson, 2008; Kan &
Sadagopan, 2014; Wilkinson & Mazzitelli, 2003). While bilingual adults show
advantages in immediate recall of word-object associations, bilingual and monolingual
adults show equivalent retention of novel words after a week post exposure (Kan &
Sadagopan, 2014).

Neural investigations have shown that rapid word-object mapping has a reliable
neural basis, and can be observed as shifts in neural activation over a time-span as short
as 15 minutes (Shtyrov, 2012). Further, electrophysiological correlates of word-object
mapping are enhanced when word-meanings are derived from contexts, or when words
belong to familiar real languages (Mestres-Missé, Rodriguez-Fornells, & Miinte, 2007).
Language Mixing and Executive Function within Bilinguals

Many have argued that frequent language switching and mixing “trains the brain”
and has spillover effects onto domain-general switching abilities (Abutalebi & Green,
2007; Moreno et al., 2008; Bialystok et al., 2006), such as cognitive flexibility skills.

However, direct studies of the link between the degree of language switching and EF task
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performance have been sparse, and limited to behavioral investigations in adults (Soveri
etal., 2011; Yim & Bialystok, 2012; Yow & Li, 2015; Prior & Gollan, 2011). A great
amount of variation exists in the daily productive and receptive language experiences of
bilinguals. Studies of how EF skills varies with variation in these bilingual experiences
are important for testing theories on the links between language experience and EF skills,
and also for generating further hypotheses about when we can expect bilingual
advantages, and what the mechanisms of such advantages may be. Methodologically, it is
important to understand many aspects of bilingual variation in order to design better
studies, and the frequency of use of a second language, or the frequency of switching
back and forth between two languages are a promising domain to focus our efforts in. For
example, higher frequencies of language switching are associated with better cognitive
flexibility (Soveri et al., 2011; Prior & Gollan, 2011), but on the other hand, more
balanced use and proficiency of two languages have also been associated with inhibition
and cognitive flexibility skills (Yow & Li, 2015), or with no advantages in non-verbal EF
(Yim & Bialystok, 2015). It should be noted that all these studies have been carried out in
adults, and used different methods of determining frequency of language switching, such
as self-report (Soveri et al., 2011; Prior and Gollan, 2011; Yow & Li, 2015) and a
naturalistic semi-structure conversation task (Yim & Bialystok, 2015).

More studies are needed to investigate variation in language mixing within
bilingual children, and the effects this may have on their rapid EF development in
childhood (Weintraub et al., 2013). In addition, positive effects of regular language

switching (productive bilingualism) may also extend to situations of regular language
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mixing in the environment (receptive bilingualism), which is relevant for many bilingual
children growing up in the United States today. One way to test for receptive bilingual
language mixing in the home is to understand parents’ language use as directed towards
their children. For example, Byers-Heinlein (2012) has developed the Language Mixing
Questionnaire (LMQ) for use with the parents of bilingual children. The questionnaire
provides a way for parents to rapidly self-report their code-switching and language
borrowing behavior in speech directed to their children. Code-switching and language
borrowing refers to spontaneously switching between languages, or mixing elements of
different languages within a single speech event, such as a conversation of sentence, and
occurs commonly in bilingual communities (Mahootian & Keith, 2006). Using the LMQ,
parent language mixing has been found to relate to aspects of language development in
infants. For example, children who experience higher language mixing show smaller
vocabularies at 18 and 24 months compared to children who experience less language
mixing (Byers-Heinlein, 2012). Such a tool could prove useful when studying variation in
bilingual experiences in children. A final consideration when understanding how
bilingual experiences, such as home language mixing, may shape EF, is the potentially
mediating role of neural mechanisms. Since early neuroplasticity is the proposed
developmental reason for the bilingual advantage (Bialystok, 2011), direct neuroimaging
studies with children are needed to better understand how language switching and mixing
experiences within bilingual populations translate into shaping developing brain

mechanisms.
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The Current Study

The current study aims to improve our understanding of the scope and nature
bilingual advantages, both by expanding the cognitive domain of inquiry, and by delving
deeper into mechanisms. First, we examine word-object mapping in bilingual and
monolingual children, a short but significant duration after they are exposed to real
unfamiliar words in Hindi, paired with familiar labels and images for fruits. The exposure
phase consists of children focusing on the unrelated goals of the novel Fruit Attention
Task (FAT) detailed in Study 3. Based on Au & Glusman’s (1990) finding that by 6
years, monolinguals and bilinguals readily accept two labels for an object if they know
the label is from a new language, we used visually engaging materials to explain to the 6
and 7 year old children in our sample that Hindi is a real language from India, and
familiarized them with the idea that one Hindi and one English label would be presented
for each fruit image. In this way, we eliminated differences in word-object mapping
purely due to differences in mapping strategies such as the mutual exclusivity principle.
We also went beyond testing just-mapped associations, by testing recall 15 minutes after
exposure, and including cognitive distractor tasks to examine the extent to which word-
object associations would persist, and whether these would differ between bilingual and
monolingual children.

We also examined relationships between bilingual experiences of home language
mixing and school-aged children’s EF skills as found in Study 2 and Study 3 of this
dissertation research. We used a self-report measure of parents’ own home language

borrowing and code-switching behavior as directed to the child, in order to determine
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children’s regular exposure to language mixing in the home environment. We included
both behavioral and neural correlates of each EF skill in question, from available findings
in Study 2, and Study 3 in order to understand associations between variations in
bilingual experience, neural function, and behavioral EF skills in school-aged bilingual
children. Together, these areas of research will help shed light on language learning
processes such as word-object mapping and word recall and retention, in bilingual
compared to monolingual school aged children, and on relationships between bilingual

variation and bilingual EF skills in childhood.

Methods

Participants

The participant sample for the current study was the same as Study 2.
Procedures

The procedures in the current study were the same as Study 2 and Study 3. As
part of the study procedures, parents of bilingual participants (n=51) were administered a
questionnaire regarding language mixing in the home, in which they rated their own
language mixing behavior. Parents completed the questionnaire while children completed
the study procedures (detailed in Study 2 and Study 3).
Measures

Incidental Word-Object Mapping Task (IWM). This novel task was created

for the proposed research®. “Incidental” word-object mapping in a novel language is

¥ The task was designed by me, in consultation with Dr. Amanda Tarullo. The task was programmed
by me, with assistance from research assistant Hiba Salem.
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defined here as word-object mapping that occurs effortlessly, or unconsciously, while the
participant concentrates on a different primary task. The task includes words from an
unfamiliar natural language (Hindi). Participants are exposed to six Hindi fruit names as
part of the Fruit Attention Task (FAT), in Study 3, which functioned as the exposure
phase of the IWM task. No instructions were given to remember or attend to unfamiliar
labels. After a fifteen minute break, they are presented with auditory-visual presentations
of each Hindi fruit name, e.g. “kaddu,” followed by a six picture array. The child points
to the corresponding picture, and the experimenter keys in the response. The task is
neither speeded nor timed, and participants are asked to make their best guess. Each
Hindi fruit name from the FAT is presented three times in the IWM, totaling 18 trials.
The IWM yields a total accuracy score; and a “consistent mapping accuracy’ score,
wherein only fruits that are identified correctly all three times are counted. Variables
were calculated as follows:

a) Total Accuracy = (# of accurate trials)/(# of total trials)

b) Consistent Mapping Accuracy = # of Fruits recalled correctly all three times

Pilot testing of this novel task demonstrated no floor or ceiling effects, and showed that
there is sufficient variation in task performance in this age group.

Bilingual language mixing: The Byers-Heinlein Language Mixing
Questionnaire. The Byers-Heinlein Language Mixing Questionnaire (LMQ; Byers-
Heinlein, 2012) is a parent-report questionnaire about the extent and type of language
mixing in the child’s home environment, in speech directed toward the child. The LMQ

yields a continuous variable — the Language Mixing Scale Score (LMSS) — indicating
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the extent to which language mixing between two primary languages occurs in the home
(specifically when directed towards the child). The LMSS is a value from 0 to 35, with 0
indicating no language mixing and 35 indicating highly frequent language mixing. The
Language Mixing Scale has high reliability (oo = .84) and psychometric properties such
that it is valid to sum across the five Likert scale items to obtain a single LMSS (Byers-
Heinlein, 2012). The LMQ has previously been validated for use with the parents of
bilingual infants, and is utilized here as a parent-report measure of children’s exposure to
language mixing in the home. Questionnaire items pertain to the responding parents’
ratings about their own language mixing behavior, as it is directed to the child in the
home. In the current study, the LMQ was administered to parents of all participants
classified as bilingual in the sample (n = 51), but were only completed by parents who
used the child’s non-English language in the home (n = 47).

Behavioral and ERP variables. In addition to the measures detailed above, the
current study analyzes behavioral and ERP variables detailed in Study 2 and Study 3.
Specifically, behavioral variables of interest from Study 2 pertain to cool interference
control: Animal-Size Stroop Task (ASST) Stroop effects in RTs and ASST Stroop effects
in accuracy; and hot interference control: Happy-Sad Stroop Task (HSST) Stroop effects
in speed, and HSST Stroop effects in accuracy. Behavioral variables from Study 3 pertain
to cognitive flexibility in a non-linguistic context: ASST switch costs in RTs, and ASST
switch costs in accuracies. Study 2 found that the Fruit Attention Task (FAT) did not
elicit significant switch costs, and the task was therefore not included in further analyses

here. ERP variables of interest from Study 2 include N2 and P3b congruent amplitudes
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and congruent latencies, derived from congruent (baseline) trials of the ASST, and N2
and P3b incongruent amplitudes and latencies, derived from incongruent (Stroop) trials of
the ASST.
Results

Preliminary Analyses

Correlations of demographic and cognitive variables, with incidental word
object mapping. In order to understand associations between background variables and
incidental word-object mapping skills, bivariate correlations were tested between Age,
SES, PPVT scores, and KBIT scores on one hand, and the two IWM variables of interest:
Total Accuracy, and Consistent Mapping Accuracy. In the overall sample, both levels of
IWM accuracy were highly correlated with each other (» = 0.92; p <.001). Therefore,
further analyses were limited to total accuracy scores. Total accuracy was positively
correlated with Age (r = 0.33; p <.001), PPVT scores measuring receptive vocabulary
skills (= 0.40; p <.01), and KBIT scores measuring non-verbal intelligence (r = 0.36, p
<.01). Neither level of accuracy was correlated with SES.
Behavioral Results

Incidental word-object mapping in monolinguals and bilinguals. Table 10
shows descriptive statistics for total accuracies and consistent mapping accuracies on the

IWM, in monolingual and bilingual children.



114

Table 14. Incidental word-object mapping by language group

Incidental Word-Object Mapping

Total ACC Consistent Mapping ACC

Mean (SD) Mean (SD)
Monolinguals 0.56 (0.24) 2.21 (1.70)
Bilinguals 0.57 (0.25) 241 (1.85)

Note. N (monolinguals) = 58; N (bilinguals) = 51. Total ACC represents the proportion
of correct to total trials. Consistent mapping ACC represents number of word-object
pairs correctly recalled 3 times, out of 6 possible pairs.

In order to establish whether children in the overall sample were able to map word-object
associations, and recall these after engaging briefly with distractors, we conducted a
within-sample t-test, to compare performance against chance levels. In this case, as each
trials of the IWM contained six options to choose from, chance levels were determined to
be an accuracy of 16.66% or one-sixth of the total possible accuracy. Within-sample t-
test showed that total accuracies were above chance levels (t (1,108) =-692.10, p <.001).
In order to investigate whether bilingualism confers an advantage on incidental word
mapping, a Language Background X Accuracy Type (Total Accuracy/Consistent
Mapping Accuracy) repeated-measures ANCOVA was conducted to test for group
differences. Age, PPVT scores, and KBIT scores were included in the model as
covariates, based on correlational analyses. Results showed no differences between
monolingual and bilingual children on word-object mapping.
Differences in Patterns between Monolinguals and Bilinguals

In order to test for any group differences in the patterns of association between
IWM total accuracy and demographic and cognitive variables, we regressed IWM total

accuracy onto Age, SES, PPVT scores and KBIT scores, along with Language
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Background, and interaction terms between language background and each variable (e.g.
Language Background X Age). Due to the high correlation between IWM total accuracy
and IWC consistent mapping accuracy, separate analyses were not conducted with
consistent mapping accuracy as a dependent variable. Results showed main effects of
PPVT (5 =.301, p <.05) and KBIT (3 = .271, p <.05), but no interaction effects of
demographic and cognitive variables, and language background, on IWM total accuracy.
All other variables were excluded from the final model (R° = .22, F (2, 57)=7.88, p =
.001).
Bilingual Variation: Home Language Mixing

Language mixing and Stroop effects in bilinguals. In our sample, bilingual
children were exposed to relatively less home language mixing (M = 11.02; SD = 7.58).
LMSS:s in our sample ranged from 0 to 28, on a scale from 0 to 35. In order to understand
whether language mixing in bilinguals’ home environment was associated with inhibition
in cool and hot contexts, and cognitive flexibility in non-linguistic contexts, bivariate
correlational analyses were conducted between the LMSS, and behavioral and ERP
measures of interest. ASST Stroop effects in RTs and accuracies, HSST Stroop effects in
speed and accuracies, and N2 and P3b amplitudes and latencies were analyzed for
correlations with LMSSs. Results showed that within bilinguals who had sufficient clean
P3b segments from congruent ASST trials (n = 33), higher language mixing in the home
environment (indexed by the LMSS variable) was associated with smaller P3b congruent
amplitudes (r = -.36; p <.05). Correlational analyses also showed that within bilinguals,

P3b congruent amplitudes were correlated with ASST Stroop effects in RTs. In order to
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understand whether home language mixing predicts neural mechanisms of executive
processing, P3b congruent amplitudes were regressed onto ASST Stroop effects in RTs
— the behavioral correlate of P3b congruent amplitudes — and the LMSS variable. A
Backward Stepwise Linear Regression model was conducted, involving backward
elimination of variables that fell outside a 10% confidence interval. Results indicated that
home language mixing exposure uniquely predicted P3b amplitudes (5 = -.36, p <.05)
with no other significant predictors included in the model (R’ = .13, F(1,32) = 4.63, p<
.05).

Based on visual examination of the scatterplot of P3b congruent amplitudes
relative to LMSS, we conducted curve estimations to test whether quadratic or cubic
curves may better fit the data. A cubic fit was found to best explain the relationship
between language mixing scale score and P3b amplitudes on baseline (congruent) ASST

trials (R* = .29, p <.05,). Figure 8 illustrates the cubic line-of-best-fit.
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Figure 8. Cubic relationship between home language mixing and stimulus-locked P3b
amplitudes on congruent ASST trials. The x-axis denotes Language Mixing Scale scores
derived from the Language Mixing Questionnaire, in which parents responded about their
home language mixing behavior at home. The y-axis denotes peak amplitudes of the P3b
waveform averaged across congruent trials of the ASST, time-locked to stimulus
presentation. Orange curves represent 95% confidence intervals.

Language mixing and flexible attentional orienting in bilinguals. In the next
analysis, to investigate whether greater practice with language mixing in bilinguals’ home
environment was associated with greater cognitive flexibility in attentional orienting in
non-linguistic contexts, we regressed ASST switch costs in accuracy, onto the amount of
home language mixing that bilingual participants were exposed to, measured by the
LMSS. Due to the trend that the ASST elicits switch costs in RTs, we also examined the
relationship between LMSS and ASST Switch costs in RTs, regressing ASST Switch

costs in RTs, onto LMSS, and P3b congruent latencies, which were correlated with the
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dependent variables.

The best fitting regression model predicted almost 18% of the variation in ASST
switch costs in RTs (F(1,31) = 6.31, p <.05). The amount of home language mixing
uniquely predicted ASST Switch costs in RTs in bilinguals (f = -.42, p <.05), when
accounting for variation in P3b latencies. The higher the exposure to home language
mixing, the smaller the switch costs incurred. Importantly, the difference between
bilingual and monolingual children’s switch costs in RTs were not detectable when
variation in P3b latencies were excluded from the model (F (1,45) = .63, n.s.).

Discussion

This study explored two nascent research directions related to understanding how
bilingualism shapes neurocognitive function. To understand whether bilingual advantages
in metalinguistic awareness and EF extend to language learning skills such as word
learning, we compared word-object mapping abilities in an unfamiliar real language,
between monolinguals and bilinguals at school-age. We also examined any demographic,
cognitive, and neural correlates of performance on the task, and whether these differed
between monolinguals and bilinguals. Results showed no differences between word-
object mapping ability in bilingual and monolingual children, and no differential
associations. To further our understanding of bilingual language background variations
and bilingual children’s EF skills, we explored whether within bilinguals, the amount of
language mixing they are exposed to in the home is associated with behavioral or neural
measures of EF. Bilinguals with greater exposure to home language mixing experienced

lower specific switch costs, when accounting for differences in P3b activity, indexing
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context updating and monitoring processes. Taken together, results showed that
bilingualism does not confer advantages in fast mapping in an unfamiliar language in
school-aged children, and that variation in exposure to home language mixing is a
significant factor in bilingual EF development.

Our findings suggest that overall, 6-8 year olds can reliably map word-object
associations in short durations of exposure, even as they focus on unrelated task-goals,
and retrieve them after engaging in significant distractors. This finding has implications
for language learning mechanisms in a second or foreign language, in both monolingual
and bilingual children. However, there were no differences in the extent to which
monolinguals and bilinguals were able to learn word-object associations when exposed to
unfamiliar labels for familiar fruits. Previous studies in adults have found bilingual
advantages in novel word learning, particularly when these novel words refer to concrete
referents (Kaushanskaya & Marian, 2009; Kaushanskaya & Rechtzigel, 2012). Previous
studies have shown that bilingual children and adults show disadvantages in verbal skills
such as lexical access and representations (Bialystok, Craik, & Luk, 2008; Costa,
Hernandez, & Sebastian-Gallés, 2008). Our studies extend this research by directly
examining word-object mapping abilities in monolingual and bilingual school-aged
children. Our novel child-friendly task used concrete referents (six different fruits), and
presented unfamiliar real words (in Hindi) paired with their familiar English labels and
corresponding images. The task included an intermediate level of retrieval, with 15
minutes of distractor tasks administered between exposure and recall phases, which

neither tested immediate recall (usually 5 minutes after exposure or less), nor long-term
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retrieval (24 hours after exposure or more). At this intermediate level of recall, results
showed that the bilingual advantage in word-object mapping in adults does not extend to
school-aged children. It remains unclear whether the difference between previous
findings in adults and our findings in children are due to the duration of recall, or due to
developmental differences in retrieval. The current study extends previous investigations
of bilingual advantages into the domain of fast-mapping, word-learning, and word
retrieval.

A small number of previous studies have suggested that bilingual adults may
show advantages in learning a new language, compared to monolinguals (Abu-Rabia &
Sanitsky, 2010; see Cenoz, 2003 for review). Learning unfamiliar labels for familiar
objects is a necessary aspect of learning a new language. Learning and remembering new
words in a foreign language partly relies on being able to map unfamiliar labels onto the
one we already know. Our task measured the ability to recall foreign language words for
known objects when they were presented alongside familiar labels and images.
Specifically, our task measured the extent to which words were mapped onto objects
through repeated exposure, when no explicit instructions were given to remember them.
Unlike previous studies in adults, measuring immediate recall of learnt words (Bartolotti
et al., 2011; Kaushanskaya & Marian, 2009; Kan et al., 2014), we found no bilingual
advantages at school-age. However, our results were consistent with studies measuring
longer-term retrieval in adults (e.g. Kan & Sadagopan, 2014). A limitation of the study is
that our task only measured recall on a short term basis, and only in terms of recognizing

correct word-object mappings from options. Future studies should explore any
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differences between bilinguals and monolinguals in longer term retention, to understand
whether these advantages fade by adulthood, or simply don’t arise, in spite of differences
in mapping strategies. Further, future studies should distinguish between recognition of
word-object pairs, and the more difficult recall of unfamiliar labels. These directions
would help to identify the developmental trajectories and constraints of word-learning
abilities in monolinguals and bilinguals, from childhood to adulthood, to better
understand whether and how early bilingualism may shapes these processes.

In order to understand how bilingualism may shape executive function along a
spectrum of language experiences, we explored whether the amount of language mixing
bilingual children are exposed to in the home is associated with behavioral or neural
measures of EF. Bilinguals with greater exposure to home language mixing showed
better flexible attentional orienting to stimuli. Importantly, home language mixing
predicted flexible attentional orienting only when also accounting for variation in neural
measures of context updating and monitoring, measured by P3b baseline amplitudes.
However, this effect was obscured when neural correlates were not taken into account,
emphasizing that examining behavioral performance and neural measures concurrently
can provide additional insights into relationships between bilingual experiences and EF.
Further, P3b amplitudes showed non-linear variation with increases in language mixing,
suggesting that there may a range of language mixing that is most likely to shape neural
mechanisms of EF. Future studies should be careful when mixing heterogeneous groups
of bilinguals in studies. Home language mixing, either receptive or expressive, may have

a bearing on results, and should at the very least be statistically examined in models.
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Further, since aspects of the bilingual experience may have effects on mechanisms of
executive function, but may not appear as direct effects on behavior, this provides a
strong impetus to begin focusing on neural mechanisms when trying to understand
bilingual advantages, consistent with the larger emphasis on understanding mechanisms
(Valian, 2015).

Extending previous research on word-object associations in bilinguals, our study
shows that the overall ability to recall these associations after a significant time interval is
equivalent in the two groups at school age. Further, our study builds on previous research
on language mixing and executive function ability to confirm that associations between
bilingual language mixing experience (even just at the level of receptive exposure) and
executive function development do exist. Importantly, our study had the advantage of
accounting for neural correlates of performance, and demonstrated that without this
piece, predictors of bilingual executive function can be obscured. These results extend
our current understanding of language learning processes in bilingual children compared
to monolinguals, and emphasize the need to consider variation in bilingual language

backgrounds when studying bilingual advantages.
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GENERAL DISCUSSION

The idea that bilingualism shapes the brain, and makes children “smarter,” or
better able to manage cognitive demands, has academic and popular appeal. However,
research on bilingual advantages has received pushback in recent years, reaching an
impasse as contradictory results are found in differing demographic samples, using
differing methodologies, or in differing cognitive processes. One way forward is to shift
focus from whether there are bilingual advantages, to understanding the mechanisms of
executive function and cognition in bilinguals, and understand the nuances of bilingual
cognitive development in its own right. The body of work contained in this dissertation
examines both neurocognitive mechanisms and scope of bilingual advantages in
childhood, and any differential correlates of neurocognitive function in monolingual and
bilingual children.

This dissertation research compared the neurocognitive mechanisms and scope of
bilingual advantages in childhood executive function skills, fundamental skills that
underlie children’s success as they learn to plan, organize, follow instructions, switch
between tasks, or control their attention. Brain pathways underlying executive function
skills develop rapidly during early childhood, and continue developing well into early
adulthood, as coordination between frontal and pre-frontal brain areas become more
efficient. The primary focus of the research was to examine behavioral and neural
correlates of inhibition and cognitive flexibility in bilingual and monolingual children, in
cognitive, affective, and linguistic contexts. In addition, we also examined word learning

skills in bilingual and monolingual children, and the relationship between variation in
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language experiences, and EF skills in bilingual children. Throughout, we tried to
understand any differential associations between demographic, cognitive, behavioral, and
neural correlates, between groups.

Study 1 compared monolingual and bilingual preschoolers’ performance on cool,
more purely cognitive, and hot, more affective inhibition and cognitive flexibility. Cool
and hot EF systems are distinct but correlated systems (Hongwanishkul, Happaney, Lee,
& Zelazo, 2005; Prencipe et al., 2011; P. D. Zelazo & Carlson, 2012) and research on the
development of these systems during the crucial preschool and early schooling years is
still in its nascent stages. The literature on bilingual advantages has traditionally been
limited to cool EF skills, which does not capture enhancements or impairments in EF
skills in motivationally and emotionally-salient contexts. Results of study 1 found that in
cool contexts, bilingual preschoolers outperformed monolinguals on a less complex
conflict inhibition task, but not when the task was more challenging. Conversely, in hot
contexts, when feedback and rewards were present, both groups performed equivalently
on the less challenging task, but bilinguals outperformed monolinguals on a more
challenging task tapping both inhibition and cognitive flexibility skills. In addition,
bilingual advantages were limited to response times and did not apply to overall
accuracy. Together, behavioral results showed that bilingual preschoolers’ baseline
inhibition skills were better than monolinguals,’ particularly in terms of faster processing
speeds. Further, results showed that relative to monolinguals, bilingual preschoolers may
be better able to incorporate and learn from feedback, or may be better able to gain boosts

in performance from a rewarding and motivating context.
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Study 1 also compared neural mechanisms of inhibition, monitoring and updating,
and error-processing in a cool EF context. Bilinguals showed weaker error-awareness
signals, indexed by smaller ERN amplitudes, and a non-significant trend towards faster
error-processing, indexed by ERN peak latencies. Stronger error-awareness signals in
monolingual preschoolers may indicate more awareness of, and attention to, task
accuracy and error. Error-awareness signals are also thought to be a learning mechanism
through which task performance is adjusted (Holroyd & Coles, 2002), and larger error-
awareness signals are associated with higher anxiety (Meyer, Hajcak, Torpey-Newman,
Kujawa, & Klein, 2015). Taken together with behavioral results, which showed faster
response times in bilinguals on a cool inhibition task, results suggest that monolingual
preschoolers are more focused on errors and accuracy, and perhaps more negatively
affected by errors, which may be one mechanism of bilingual advantages in EF. A second
notable finding was a trend towards faster context monitoring and updating mechanisms
in bilinguals, indexed by shorter P3b latencies, which echoes Barac et al.’s (2016) results.
However, unlike in Barac et al., P3b latencies were not related to behavioral performance
in our sample. Lastly, in both cool and hot contexts, results showed group differences in
associations between age and socioeconomic status, and executive function skills.

Study 2 compared school-aged monolingual and bilingual children’s interference
control skills in cool and hot contexts. Again, the aim was to extend previous findings on
bilingual advantages on inhibitory control by examining the effects of both purely
cognitive and more affective contexts. Inhibitory control consists of both interference

control and response inhibition skills (Brydges et al., 2012; Bunge et al. 2002) and
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studies have found bilingual advantages primarily in the former (Martin-Rhee &
Bialystok, 2008; Esposito et al., 2013). However, results are mixed, and behavioral
measures may not succeed in studying interference control distinctly from response
inhibition processes. Therefore, in this study we aimed to begin disentangling these
processes in bilingual and monolingual children by examining neural mechanisms of
interference control, namely inhibition, monitoring and updating, and error-processing, in
addition to neural mechanisms of response preparation during an interference control
task, which have not previously been compared between monolingual and bilingual
children. In both cool and hot contexts, bilinguals and monolinguals experienced
equivalent Stroop effects, indicating similar abilities to control and respond to stimulus
interference. In addition, bilinguals and monolinguals showed similar
electrophysiological mechanisms of inhibition, monitoring and updating, error-
processing, indexed by N2, P3b, and ERN components, and group differences in
incorrect response preparations preceding correct responses, indexed by LRPs.

These results extend previous investigations of neural mechanism in monolingual
and bilingual children to an older age-group than has previously been studied, and offered
novel insights into response preparation mechanisms. Monolingual school-aged children
did not show significant incorrect response preparation in our sample, which may
indicate a heavier reliance on cognitive interference control in monolinguals. However,
there were no group differences between inhibition, updating and monitoring, or error-
processing mechanisms in this age group, suggesting that the difference may simply be

that monolingual children wait for more information about the correct response before
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preparing motor responses. Similar to Study 1, this suggests that monolinguals are more
greatly focused on accuracy compared to bilinguals. Given the lack of behavioral
differences, these results suggest that bilingualism does shape neural mechanisms of
inhibitory control, but that the differences may lie in response inhibition processes.

Importantly, our study showed that LRPs were associated with performance on a
non-verbal Stroop task, traditionally thought to measure interference control and not
response inhibition. This is consistent with previous findings using LRPs in children
(Dénes Szucs et al., 2009), and suggests that more carefully designed measures are
needed to make claims about distinct interference control and response inhibition
processes in bilinguals compared to monolinguals, as existing measure most likely
measure both, and often to unexpected extents, as in the case of Stroop tasks. Lastly,
results showed that age was associated with better cool interference control skills in
monolinguals, but with better hot interference control skills in bilinguals, suggesting a
difference in age-related sensitivity to emotional information in the two groups. In hot
contexts, older bilingual children made speed-accuracy trade-offs more in favor of
accuracy, and not in favor of speed as was seen in bilingual children in Study 1.

Study 3 examined cognitive flexibility in attentional orienting within a non-
linguistic and linguistic context in monolingual and bilingual school-aged children. The
aim was to qualify previous mixed findings of bilingual advantages in cognitive
flexibility. While past studies have examined flexible task switching, this study examined
flexible attentional orienting to unpredictable changes in stimuli features, such as stimuli

position. This “endogenous orienting,” or voluntary and goal-directed attentional
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orienting, was measured as it pertained to non-linguistic and linguistic stimuli. Results
showed that the monolinguals and bilinguals showed equivalent flexible orienting to non-
linguistic stimuli. Further, performance was not associated with Age, SES, receptive
vocabulary, or non-verbal intelligence, but was associated with shorter P3b latencies,
indexing efficient monitoring and context updating processes. Lastly, the study found that
associations between demographic and cognitive variables, cognitive flexibility, were
equivalent in bilingual and monolingual children. Flexible orienting to linguistic stimuli
were not compared between groups because the linguistic task was not found to elicit
significant costs in flexible orienting. Taken together, results suggest that unpredictable
changes in stimuli features elicit equivalent processing costs in monolingual and bilingual
school-aged children, when presented in a mixed block. These results extend previous
findings showing no differences between monolingual and bilingual children in local
switching skills.

Study 4 compared word-object mapping abilities in an unfamiliar real language,
between bilingual and monolingual school-aged children, to better understand how
bilingualism may shape the development of language learning skills. In addition to
performance on the task, we examined any demographic, cognitive, and neural correlates,
and whether these differed between monolinguals and bilinguals. Results showed no
differences between word-object mapping ability in bilingual and monolingual children,
and no differential associations. Study 4 also explored whether the amount of language
mixing that bilingual children are exposed to in the home is associated with their EF

skills. In our sample, bilinguals were exposed to relatively low amounts of home
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language mixing. Within the range of home language mixing exposure represented in the
sample, results showed that electrophysiological measures of monitoring and updating,
indexed by P3b waveforms vary with amount of home language mixing exposure.
However the best characterization of this variation was non-linear such that P3b
amplitudes were higher at lower levels of home language mixing but lower at higher
levels of home language mixing. Further, higher exposure to home language mixing
predicted better cognitive flexibility in attentional orienting.

The current dissertation research, comprising four studies, moves beyond
exploring whether bilingual advantages exist on behavioral measures of cognitive
abilities such as EF and word learning skills. Rather, the central aim of this research was
to understand the neurocognitive mechanisms of executive processes in bilingual
children, and to understand if these processes differ from monolingual children from
comparable backgrounds. The studies in this dissertation were motivated by the absence
of sufficient research on bilingual children’s executive function skills and processes.
When comparing monolingual and bilingual cognitive ability, the focus is usually limited
to testing for differences. The current body of work qualifies and extends findings from
over two decades of inquiry into bilingual advantages, by systematically examining
relationships between demographic and cognitive factors such as Age, SES, non-verbal
intelligence and receptive vocabulary, cognitive abilities, and language background.

Another important contribution of these studies was the ability to account for
neural correlates of behavioral measures while testing for differences between bilinguals

and monolinguals, and within bilinguals. This approach has not been previously utilized
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in the literature on bilingual advantages in children, but can clearly provide new insights
into neurocognitive mechanisms of bilingual EF. For example, home language mixing
exposure was found to predict cognitive flexibility in bilinguals, but this relationship was
obscured without also accounting for variation in electrophysiological activity.

Results of the four studies re-emphasize the need to consider narrow age-ranges in
developmental research on bilingualism, executive function, and the ways in which they
interact. Since both the cognitive and affective executive function skills are developing
rapidly in the preschool years, this may be a particularly sensitive time for experience-
dependent plasticity due to bilingual exposure, and bilinguals showed advantages at this
age. On the other hand, no behavioral advantages were found in 6—8-year-old school aged
children, and Barac et al.’s (2016) findings of neural differences between 5-year-old
bilinguals and monolinguals were also not replicated.

A few limitations of this research, discussed in more detail in each chapter,
pertained to the available samples of bilinguals, available measures, and limits to our
ability to interpret neural results. For example, in Study 1, analyzes were conducted on a
pre-existing set of data, in which bilinguals were found to be from lower SES
backgrounds. While we statistically controlled for the differences in SES when these
differences were correlated with variables of interest, this difference could have affected
behavioral and neural results. We addressed this problem with targeted recruitment
efforts for the sample pertaining to Study 2, Study 3, and Study 4, to ensure similar SES
in monolingual and bilingual groups. It is noteworthy, however, that bilingual advantages

were found in behavior despite lower SES in bilinguals. Due to issues of scope, this
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research also did not take into account the wide variety of contexts that bilingual children
grow up in, and the relative contributions of expressive and receptive bilingualism.
Instead, for the purposes of this research, children were categorized as bilingual if they
regularly heard a second language more than 20% of the time. Another limitation was the
partial lack of associations between neural measures and performance in both Study 1
and 2, which made it difficult to fully interpret neural findings in terms of EF skills.
Lastly, receptive vocabulary and non-verbal intelligence were only available for a subset
of the total sample, decreasing the statistical power available to understand associations
between these cognitive variables, and performance and neural variables in our sample.
Further, the use of available measures to explore flexible attentional orienting in non-
linguistic and linguistic contexts only allowed us to measure one aspect of cognitive
flexibility, as compared to the two aspects traditionally measured. Specifically while we
examined local switch costs, the task did not allow for examining global switch costs,
which have previously shown bilingual advantages in task switching in children.
Relatedly, the use of a novel task originally designed to study word-object mapping did
not elicit processing costs in flexible attentional orienting, and therefore did not allow us
to examine differences between cognitive flexibility in linguistic and non-linguistic
contexts.

While there is ample disagreement in the field about methodology, one thing that
researchers can agree on is that defining and measuring bilingualism and its effects in a
nuanced and meaningful way is an incredibly complex endeavor, and will require

collaborative efforts from psychologists, linguists, parents, and educators. To this end,



132

there are a few steps that future studies should take. First and foremost, future studies
must build a substantial base of research understanding, exploring, and replicating neural
patterns in bilingual development, to shed light on mechanisms of behavior, and perhaps
begin to unravel contradictory findings in the behavioral literature. Second, future studies
should carefully distinguish between expressive and receptive bilingualism when
exploring interactions between neurocognitive development and bilingualism, and study
comparable groups of monolingual and bilingual children. Third, far from relegating
demographic and cognitive factors such as non-verbal intelligence, vocabulary, or age to
background variables, future studies should consider the ways in which early
bilingualism may lead to different developmental trajectories, and predictors of cognitive
abilities such as executive function and language learning. Fourth, variations in
bilinguals’ language experiences and their executive function and language skills should
be studied in parallel with research on bilingual advantages, as this may shed light on
specific aspects of bilingualism-related neuroplasticity.

More broadly, research investigating the neurocognitive development of
executive function in any sample of children should examine their results for any effects
driven by language background. At the very least, it would be useful for future research
to report basic information about the number and basic language background information
for any bilinguals included in analyses, in the way that gender breakdowns are
commonplace in developmental literature. Records of bilinguals included in cutting edge
studies of executive function could help foster much needed conversation between

developmental neuroscientists studying executive function, and bilingualism researchers.
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APPENDIX A

HydroCel Geodesic Sensor Net
128 Channel Map

Version 1.0

Schematic map of HydroCel 128 Channel Geodesic Sensor Net (Electrical Geodesics, Inc.)

with corresponding sites in the international 10-20 system.
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APPENDIX B

Questions for Language Phone Screen

1. Does your child understand any languages other than English?
[If yes]

2. Which language(s)? Are any of those languages north Indian languages?
[If no]

3. Would you say your child speaks and hears English at least salf the time?
4. You mentioned your child understands [other language]. Does your child hear
[other language] more than 20% of the time?

[If no]

5. Could you tell me something about the situations in which your child hears [other
language]?
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